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ABSTRACT 

 

Human immunodeficiency virus (HIV) is a lifelong disease that can destroy human immune 

system, thereby leading to life-threatening acquired immune deficiency syndrome (AIDS). 

Combined antiretroviral therapy (cART) can efficiently suppress HIV replication, but the 

cessation of cART usually results in viral rebound, mostly due to the presence of viral 

reservoirs. The mesenteric lymphatic system, including mesenteric lymph nodes (MLNs), is an 

important viral reservoir. In this work, lopinavir (LPV), a protease inhibitor, was selected as a 

drug candidate for mesenteric lymphatic targeting. In this work we focused on two main aims 

as follows: (1) development and validation of a sensitive HPLC-UV bioanalytical method for 

determination of LPV for pharmacokinetics and biodistribution studies in rats; (2) discovery 

of a novel lipophilic ester prodrug approach, combined with oral lipid-based drug delivery, to 

efficiently deliver lopinavir (LPV) to the mesenteric lymph and MLNs.  

 

A simple and sensitive HPLC-UV bioanalytical method for determination of LPV in rat plasma 

was developed and validated. The plasma sample preparation procedure includes a 

combination of protein precipitation using cold acetonitrile and liquid-liquid extraction with n-

hexane–ethyl acetate (7:3, v/v). A good chromatographic separation was achieved with a 

Phenomenex Gemini (C18, 150 mm × 2.0 mm, 5 μm) column at 40°C with gradient elution, at 

211 nm. Calibration curves were linear in the range 10–10,000 ng/mL, with a lower limit of 

quantification (LLOQ) of 10 ng/mL using 100 μL of plasma. The accuracy and precision in all 

validation experiments were within the criteria range set by the guidelines of the Food and 

Drug Administration (FDA). This method was successfully applied to a preliminary 

pharmacokinetic study in rats following intravenous bolus administration of LPV. Moreover, 

the method was subsequently fully validated for human plasma allowing its use in therapeutic 
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drug monitoring. In conclusion, this novel and simple bioanalytical method for determination 

of LPV is useful for pharmacokinetic and drug delivery studies in rats, as well as therapeutic 

drug monitoring in human patients. 

 

The combined antiretroviral therapy (cART) can efficiently suppress HIV replication, but the 

cessation of cART usually results in viral rebound, mostly due to the presence of viral 

reservoirs. The mesenteric lymphatic system, including mesenteric lymph nodes (MLNs), is an 

important viral reservoir into which antiretroviral drugs poorly penetrate. In this work, we 

proposed a novel lipophilic ester prodrug approach, combined with oral lipid-based 

formulation, to efficiently deliver lopinavir (LPV) to the mesenteric lymph and MLNs. A series 

of prodrugs was designed using an in-silico model for prediction of affinity to chylomicrons 

(CMs), and then synthesised. The potential for mesenteric lymphatic targeting and 

bioconversion to LPV in physiologically relevant media was assessed in vitro and ex vivo. 

Subsequently, LPV and selected prodrug candidates were evaluated for their in vivo 

pharmacokinetics and biodistribution in rats. Oral co-administration of lipids alone could not 

facilitate the delivery of unmodified LPV to the mesenteric lymphatic system and resulted in 

undetectable levels of LPV in these tissues. However, a combination of the lipophilic prodrug 

approach with lipid-based formulation resulted in efficient targeting of LPV to HIV reservoirs 

in mesenteric lymph and MLNs.  The maximum levels of LPV in mesenteric lymph were 1.6- 

and 16.9-fold higher than protein binding-adjusted IC90 (PA-IC90) of LPV for HIV-1 (140 

ng/mL) following oral administration of simple alkyl ester prodrug and activated ester prodrug, 

respectively. Moreover, the concentrations of LPV in MLNs were 1.1- and 7.2-fold higher than 

PA-IC90 following administration of simple alkyl ester prodrug and activated ester prodrug, 

respectively. Furthermore, the bioavailability of LPV was also substantially increased 

following oral administration of activated ester prodrug compared to unmodified LPV. This 
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approach, especially if can be translated to other antiretroviral drugs, has potential for reducing 

the size of HIV reservoirs within the mesenteric lymphatic system. 

 

Therefore, oral co-administration of lipophilic ester prodrugs and dietary lipids can improve 

the concentration of prodrugs and the release of the parent drug LPV in the mesenteric 

lymphatic system. The concentrations of LPV recovered in the mesenteric lymph and lymph 

nodes were significantly high and exceeded the therapeutic levels of LPV following 

administration of prodrug 7. In addition, the increase in systemic exposure to LPV following 

administration of prodrug 7 is of potentially high clinical importance as it could avoid drug-

drug interaction issues caused by co-administration of ritonavir. Therefore, prodrug 7 could be 

potentially selected for future development for the treatment of HIV. 

 

Following the investigation of lipophilic ester prodrug approach, five self-immolative codrugs 

were also designed using in-silico model for prediction of affinity to chylomicrons (CMs), and 

then synthesised. The lead compound codrug 4 showed high affinity to artificial CMs (around 

60%), good stability in FaSSIF (degradation half-life: 30.5 min). The half-life of codrug 4 was 

nearly 5-fold shorter and 24-fold longer compared to prodrugs 1 (shortest alkyl ester) and 7 

(activated ester), respectively, in rat plasma. Therefore, codrug 4 was selected for the 

subsequent in vivo studies. Unfortunately, the levels of codrug or released LPV could not be 

detected in plasma at any sampled time points during pharmacokinetic study. Although the 

reason for these in vivo results is unclear, it is likely that first-pass intestinal or hepatic 

metabolic loss is the main cause of lack of measurable levels of codrug 4 or LPV in plasma. 

Further investigation will be needed to assess the feasibility of self-immolative codrug 

approach.  
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In conclusion, in this PhD project, we have focused on the optimisation of drug delivery for 

maximising exposure of mesenteric lymphatic system, an important difficult-to-penetrate HIV 

reservoir, to the antiretroviral drug LPV. A sensitive bioanalytical method for the determination 

of LPV in rat plasma was a crucial part of this whole project as the measurement of drug 

concentrations in samples were achieved by means of HPLC-UV. Following the assessment of 

a series of stability, CM association, and in vivo studies, it was shown that the activated ester 

prodrug exhibited significantly efficient delivery of the active drug to the mesenteric lymph 

and lymph nodes. The results of the prodrug approach indicated that the delivery of high levels 

of antiretroviral drugs to viral reservoirs can be beneficial to improve the treatment of 

HIV/AIDS. 
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1. INTRODUCTION 

 HIV and AIDS 

1.1.1. Historical preview 

 

In the early 1980s, several reports announced a new infectious disease among men who have 

sex with men (MSM) which caused a high mortality rate in the US [1–5]. It was diagnosed as 

the deficiency of human cellular immune function, leading to Kaposi sarcoma (KS), 

Pneumocystis pneumonia (PCP) or other opportunistic infections, and is now known as 

acquired immune deficiency syndrome (AIDS) [2]. The human immunodeficiency virus 

subtype 1 (HIV-1) was first isolated from T cells of infected patients by Luc Montagnier’s 

group in 1983 [6]. Later on, other two groups of scientists isolated and characterised HIV-1, 

which suggested the relationship between HIV-1 and AIDS [7,8]. 

 

1.1.2. HIV infection and immune response 

1.1.2.1. HIV life cycle in host cells 
 

There are two subtypes of HIV: HIV-1 and HIV-2. HIV-1 is a highly virulent subtype that is 

found worldwide. In this PhD work, we mainly focused on the improvement of antiretroviral 

treatment for HIV-1 infection. It is well documented that there are several critical stages of the 

HIV life cycle, which represent specific targets for each class of antiretroviral drugs (Figure 

1-1) [9]. Initially, the introduction of HIV infection to target cells is mediated by interaction 

with surface receptor CD4 and the co-receptors CC-chemokine receptor 5 (CCR5), CXC-

chemokine receptor (CXCR4) or CCR5/CXCR4 [10]. The tropism of HIV is determined by 

the interaction of HIV envelope (Env) glycoprotein gp120 with the specific co-receptor on the 

surface of target cells [11]. HIV-1 isolates that target CCR5 co-receptor are known as 
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macrophage-tropic (M-tropic) or R5 viruses [12–14], whereas HIV-1 isolates that target 

CXCR4 co-receptor are known as T-cell line-tropic (TCL-tropic) or X4 viruses [15,16]. Once 

an HIV-1 virion fuses into the cytoplasm of target cell, the single-stranded viral RNA is 

transcripted into cDNA by reverse transcriptase [17]. The proviral DNA is then integrated into 

cellular DNA, permanently becoming a part of the genome of the infected cell [18]. After 

transcription of integrated viral DNA, mRNA is exported to cytoplasm for translation. At the 

end, all essential viral components are assembled near the cytoplasm membrane and immature 

virions are released and become infectious after maturation [19]. 

 

Mature infectious HIV-1 target host cells that express CD4 receptors on the surface, including 

T lymphocytes, monocytes, macrophages and dendritic cells (DCs). HIV-1 infection of target 

cells can happen via both cell-free virions and cell-to-cell transmission [20,21]. It is well known 

that viral cell-to-cell transmission is more efficient than cell-free viral infection [22–24]. In 

general, HIV infection of CD4+ cells results in one of the following outcomes: (1) turning into 

productively infected cells that release free infectious virions; (2) turning into latent HIV-

infected cells; (3) undergoing programmed cell death [25]. 
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Figure 1 - 1. HIV life cycle and potential target for antiretroviral drugs. HIV attaches to 

host cells through interaction with CD4 receptor and either CC-chemokine receptor 5 (CCR5) 

or CXC-chemokine receptor 4 (CXCR4) through envelope glycoprotein (Env) (step 1). Once 

fusion of cell membrane occurs, the viral particles are released into the cytosol, and viral RNA 

is subsequently reverse transcripted into cDNA (step 2). The viral cDNA is transported into 

nucleus, then integrated with host genome (step 3). In step 4, proviral DNA is transcripted into 

mRNA by host enzyme transcriptase. After transcription, these mRNA are transported back to 

the cytosol for translation into viral RNA and proteins (step 5). Following assembly, the virus 

is budding out of the host cells and then is processed to maturation by HIV protease (step 6). 

Adapted from [9]. 

 

1.1.2.2. Immune response 

 

In early HIV-1 infection stage, increased levels of proinflammatory cytokines (such as 

interleukin-1 (IL-1)) and extrinsic factors (such as lipopolysaccharide (LPS), which migrates 

from the gastrointestinal tract to systemic circulation) can be detected in patients’ blood [26]. 

Following the stimulation, natural killer (NK) cells and natural killer T (NKT) cells are 

activated during acute HIV-1 infection. Natural killer and nature killer T cells control the 

replication of HIV-1 by promoting DCs-mediated CD8+ T cell immune responses [27,28]. 
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Subsequently, HIV-1-specific CD8+ T cells start to reduce the rate of HIV-1 replication 

following post infection, thereby decreasing the levels of plasma viral load to the viral set point 

[29]. The viral set point is the viral load of a person infected with HIV, which stabilizes 

following a period of acute HIV infection. Meanwhile, the number of CD4+ T cells drops 

dramatically, especially in gut-associated lymphoid tissue (GALT) which contains a high 

proportion of effector and memory CD4+ T cells in the body [30,31]. It has been reported that 

nearly 80% of CD4+ T cells are depleted in GALT during the early acute phase of SIV-infected 

macaques or HIV-1-infected patients [30,32–34]. The SIV infection of macaques is an 

extremely valuable animal model for the study of HIV infection and human AIDS. 

Experimental inoculation of SIV to macaques will lead to a similar pathogenesis to humans 

who are infected with HIV. More importantly, the characterisation of immunologic and 

virologic parameters can be easily monitored and quantified throughout the study [35].  

 

 HIV reservoirs 

1.2.1. Establishment of HIV reservoirs 

 

HIV reservoirs are known as cellular and anatomical compartments where HIV can escape and 

hide from both, efficient ART (a combination therapy can reduce the viral load in the blood to 

undetectable levels) and immune response. It has been demonstrated that viral reservoirs are 

established in the very early stages of HIV-1 infection. Chun et al. [36] found that the initial 

antiretroviral treatment in HIV-1-infected individuals as early as 10 days following the onset 

of symptoms of primary infection cannot prevent the establishment of latent infected CD4+ T 

cells in viral reservoirs. Following this important finding, Chun et al. [37] demonstrated that 

efficient administration of ART in seven patients at early acute HIV-1 infection stage was able 

to significantly reduce the size of latent viral reservoirs, thereby achieving better clinical 
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outcomes. These results are in agreement with other published studies on SIV-infected 

macaques, in which the establishment of SIV reservoirs happened within 3 days post-infection 

(p.i.) [38–41]. Early efficient ART in SIV-infected macaques (at day 3 p.i.) substantially 

reduced the size of latent HIV reservoirs within lymphoid tissues compared with treatments at 

later time points, but still failed to completely eliminate viral reservoirs [41]. 

 

1.2.2. HIV reservoirs under efficient ART 

 

HIV-induced AIDS was one of the main causes of morbidity and mortality worldwide in the 

early 1990s before the appearance of antiretroviral drugs. In current clinical practice, ART is 

capable of suppressing the plasma viral load below the limit of detection (<50 copies/mL) in 

patients [42]. However, a rapid viral rebound (within several weeks) was observed in the vast 

majority of HIV-infected patients who discontinued suppressive ART [43–45] (Figure 1-2). 

Rothenberger et al. [46] demonstrated solid clinical evidence for the existence of HIV 

reservoirs within lymphoid tissues, which led to a large number of cases of viral rebound in 

peripheral blood following treatment interruption. The reasons for persistence of viral 

reservoirs are described as follows: (1) latent cellular reservoirs where proviral DNA integrates 

with host genome; (2) ongoing replication reservoirs in which presently known antiretroviral 

drugs have poor penetration; (3) immune dysfunctions fail to control viral replication and 

neutralise viruses [47]. The HIV-1 latent reservoirs can be formed within days of initial 

infection, and they have an extremely long half-life (44 months) even in patients undergoing 

suppressive ART [48–50]. These latent HIV-infected CD4+ T cells do not express viral RNA 

and proteins, thereby remaining invisible to effective ART and immune system. Following 

immune activation, the latent HIV-infected CD4+ T cells transcribe proviral DNA into viral 

RNA, thereby assembling virions that will become infectious upon maturation (Figure 1-1) 
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[51]. A number of studies have reported that ongoing HIV replication is attributed to the low 

levels of antiretroviral drugs in these difficult-to-penetrate tissues within viral reservoirs, 

especially in GALT [52–55]. In addition, an irreversible depletion of mucosal CD4+ T cells 

was observed in the gastrointestinal tract during acute infection stage, and only limited number 

of CD4+ T cells were repopulated following effective ART [56], which led to immune 

dysfunction. Therefore, development of an efficient therapeutic strategy to eliminate viral 

reservoirs and reconstitute immune function is an urgent unmet need for the development of 

an HIV cure. 

 

Figure 1 - 2. Plasma viral load rebound following treatment interruption in 8 Fiebig I acutely 

treated participants. Median (range) time to viral load rebound > 20 copies per ml was 26 (13–

48) days. The numbers on the right side of the figure represent patient ID numbers. Adapted 

from [43].  
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 Current antiretroviral therapy (ART) 

1.3.1. Historical preview 

 

Since the appearance of HIV/AIDS, discovery, development and optimization of an effective 

antiretroviral therapy has been the major goal. In 1987, zidovudine (AZT) was the first 

approved anti-HIV drug by the Food and Drug Administration (FDA), which showed 

significant reduction of plasma viral load following administration in HIV-infected patients 

[57]. After the successful application of AZT in HIV-infected patients, other classes of 

antiretroviral drugs with activity at different stages of the HIV life cycle were developed 

(Figure 1-1). In the late of 20th century, a novel combination antiretroviral therapy (cART), 

also known as the ‘AIDS cocktail’ therapy, was introduced to reduce plasma viral load to 

undetectable levels in patients [58,59]. Nowadays, with early initiation of cART, people living 

with HIV can have a near-normal life expectancy. Currently, there are more than 30 different 

approved antiretroviral compounds for HIV treatment in clinical settings [60]. 

 

1.3.2. Antiretroviral agents for the treatment of HIV-1 

 

There are five distinct classes of antiretroviral drugs categorised based on their mechanism of 

action on the HIV life cycle in host target cells (Figure 1-1). Antiretroviral agents include viral 

entry inhibitors (such as attachment inhibitors, CCR5/CXCR4 antagonists and fusion 

inhibitors), nucleoside reverse transcriptase inhibitors (NRTIs), non–nucleoside reverse 

transcriptase inhibitors (NNRTIs), integrase inhibitors (INSTIs) and protease inhibitors (PIs) 

[61]. To achieve a good outcome of the treatment, three or four different classes of 

antiretroviral agents are used as a combination therapy. 
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1.3.3. HIV protease inhibitors 

 

HIV protease belongs to the family of aspartic proteinases, which hydrolyses the HIV Gag and 

Gag-Pol polyprotein precursors and leads to viral maturations [62]. In this work, we focused 

on protease inhibitors (PIs). PIs were designed as substrates or peptidomimetic ‘transition-state’ 

analogues, which inhibit HIV protease from cleaving viral polyproteins during the viral 

maturation [63,64]. 

 

Lopinavir (LPV), an orally administered PI, was initially approved by the FDA for co-

administration with low-dose ritonavir under the brand name Kaletra (LPV/r) [65]. It has been 

reported that the oral bioavailability of LPV in humans is less than 1%, and around 25% in rats 

[66]. Poor oral bioavailability of LPV is related to extensive intestinal and hepatic first-pass 

metabolism by cytochrome P450 3A4 (CYP3A4) [67]. As a result, ritonavir, which is a potent 

inhibitor of CYP3A4, was utilized to increase the systemic exposure to LPV [66,68]. LPV/r 

has been consistently recommended as a PI for use in second-line ART regimens since 2006 

[69]. Moreover, LPV/r is still recommended as the preferred PI therapy for second-line ART 

regimen, alternative first-line ART regimen in children, and in special situations in neonates 

according to the latest WHO guidelines [70]. Most importantly, over 70% patients in 

developing countries undergoing second-line therapy are receiving LPV/r [71]. Therefore, 

LPV/r is one of the most widely used PIs. 
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1.3.4. Potential strategies under current investigation for elimination of 

HIV reservoirs  

1.3.4.1. ‘Shock and kill’ strategy 

 

In 2012, Archin et al. reported a proof-of-concept study, which demonstrated that vorinostat 

(VOR) can stimulate latent HIV-infected CD4+ T cells, and proposed a novel strategy for 

eradication of latent viral reservoirs [72]. In 2013, this strategy was termed as ‘shock and kill’ 

[73], which includes a two-step process: first, latency-reversing agents (LRAs) are applied to 

stimulate latent HIV-infected CD4+ T cells (the shock part); second, the infectious virions are 

produced by activated cells and killed by effective ART or immune system (the kill part). In 

the past few years, numerous LRAs were developed [74–77] and the proposed ‘shock and kill’ 

strategy was studied in both HIV-infected individuals [72,78,79] and SIV-infected macaques 

[75,80]. However, some important drawbacks of ‘shock and kill’ strategy have been reported. 

This includes: (1) the degree of the activation of resting CD4+ T cells exhibits large variation 

among individuals, suggesting LRAs may not strong enough for latent viral reservoirs 

stimulation in all patients [81]; (2) chronic HIV-infected patients with severely destroyed 

immune system may fail to efficiently respond to LRA-stimulated CD4+ T cells compared with 

acute HIV infection [82,83]; (3) LRA-stimulated CD4+ T cells are likely to produce viral RNA 

and proteins in tissues to which antiretroviral drugs poorly penetrate, such as brain, thereby 

leading to HIV associated neurocognitive disease (HAND) [84]. Due to these limitations, 

‘shock and kill’ strategy remains controversial to proceed with large-scale clinical studies. 
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1.3.4.2. ‘Block and lock’ strategy 

 

“Block and lock” strategy includes a two-step process as follows: (1) prevent latent HIV-

infected CD4+ T cells from activation (the block part); (2) prevent all proviral DNA from 

transcription even after the interruption of ART (the lock part). ‘Block and lock’ strategy is a 

novel strategy without clinical data; most of the studies are under the development with cell 

lines and/or primary cell models [82,85–88]. In addition, a limited number of preclinical studies 

have been carried out in recent years. One study showed that Tat inhibitor dCA delayed viral 

rebound for up to 19 days following treatment interruption in bone marrow/liver/thymus (BLT) 

humanized mice latency models [89]. Another study demonstrated that (Heat Shock Protein 90) 

HSP90 inhibitors could delay viral rebound up to 11 weeks following treatment interruption 

[90]. However, there is no evidence to confirm ‘block and lock’ strategy can maintain the latent 

viral reservoirs silent for an extended period of time [91]. Further studies of ‘block and lock’ 

strategy are needed. 

 

1.3.4.3. ‘Kick and go’ strategy 

 

The development of antibody-based therapies is becoming another promising strategy for the 

cure of HIV. In recent years, it became known that integrin α4β7, highly expressed on CD4+ 

T cells [92,93], is associated with both HIV and SIV infection risk [94]. Therefore, integrin 

α4β7 has become an interesting antigenic target for the treatment of HIV/AIDS. It has been 

demonstrated that anti-α4β7 antibody can modulate the cofilin pathway and repair T cell 

migratory defect, and restore T cell migration and repopulation in gut [95]. This ‘kick and go’ 

strategy can potentially contribute to immune reconstitution, thereby controlling viral 

replication within HIV reservoirs, especially GALT. Another interesting finding shows that 
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integrin α4β7 is able to efficiently incorporate into HIV, which facilitates viral infection of 

α4β7-expressing cells [96]. Both important findings provide further mechanisms detailing the 

protective effects of anti-α4β7 antibody (ACT-1) in SIV-infected macaques from a virology 

and immunology perspective [97,98]. However, phase I and phase II clinical studies showed 

that anti-α4β7 antibody (Vedolizumab) cannot effectively suppress viral rebound following the 

discontinuation of ART in patients [99,100]. A further investigation showed that administration 

of higher dose of Vedolizumab (300 mg) did result in lower viral rebound, compared to a lower 

dose (150 mg) [100]. Therefore, continuing investigation of anti-α4β7 antibody is necessary to 

interpret its potential role in future clinical studies. 

 

All these novel strategies above for the elimination of viral reservoirs are still under 

investigation, which means they are not at a stage to replace current antiretroviral therapy in 

clinical settings. However, it is necessary to continue investigation of therapeutic strategies for 

reducing the size of viral reservoirs, thereby improving the treatment outcomes of HIV-infected 

patients.  

 

 Lymphatic system 

1.4.1. Lymphatic transport system 

 

The lymphatic system is not a closed system. It comprises of lymphatic capillaries, collecting 

vessels, lymph nodes, trunks and ducts, which drains the lymph from capillaries back to the 

systemic circulation [101]. The lymph from the upper right quadrant drains into the right 

thoracic duct, and lymph from the rest part of the body (including intestinal lymphatics) drains 

into the left thoracic duct (Figure 1-3). In this study, we took advantage of the physiological 
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intestinal lymphatic transport of lipids and lipophilic molecules to deliver drugs to the gut-

associated lymphoid tissue (GALT) via the oral route.  

 

Figure 1 - 3. Schematic diagram of the lymph transport and lymphatic system. Adapted from 

[102]. 

 

1.4.2. Gut-associated lymphoid tissue (GALT) 

 

The GALT is the largest secondary lymphoid tissue in the body [103], and includes the lamina 

propria (LP), intestinal epithelium, Peyer’s patches, isolated lymphoid follicles (ILF) and 

mesenteric lymph nodes (MLNs) [103,104]. The MLNs are the largest gatherings of lymph 

nodes in the body [104], which drains lymphocytes, immunoglobulins and other proteins from 

the jejunum, ileum, cecum, and ascending colon [105]. Subsequently, these components flow 

from MLNs via the thoracic duct to the systemic circulation [104].  

 



36 

 

1.4.3. Gut-associated lymphoid tissue (GALT) involvement in HIV 

infection 

 

A disruption of mucosal homeostasis due to HIV infection (discussed in Section 1.2.2.), may 

contribute to the severe migration of bacteria and their products across the intestinal barrier to 

the systemic circulation [106]. Briefly, the antigens can be taken up by dendritic cells within 

the wall of small intestine by Peyer’s patches, then carried to the MLNs where dendritic cells 

present antigens to T lymphocytes [107]. Subsequently, the memory and naïve T lymphocytes 

are activated by the antigens in gut lymphoid tissues (mainly MLNs), as well as in peripheral 

blood [108]. Therefore, the MLNs are a crossover point between the intestinal antigen 

presentation and systemic immune response. As discussed in Section 1.1.2.2., GALT (mainly 

MLNs) contains the largest numbers of CD4+ T cells, which subsequently develop into the 

largest HIV cellular reservoirs in HIV-infected individuals.  

 

Many studies have demonstrated that GALT possesses the largest proportion of viral 

RNA/DNA in HIV-1-infected patients during suppressive ART [34,109–111], and rebounding 

virions in systemic circulation emerge from this important reservoir [46,112–114]. Estes et al. 

[54] comprehensively analysed some key organs in SIV-infected monkeys, and found that 

around 98% of SIV RNA+ cells were in GALT under otherwise efficient ART. To note, 

Siddiqui et al. [53] and Horiike et al. [55] reported that MLNs contain substantially higher 

numbers of HIV-infected cells, compared to peripheral LNs, in SIV-infected macaques after 

half year or one year of fully suppressive cART. Furthermore, Rabezanahary et al. [115] 

recently found the evidence of early viral seeding in MLNs (but not peripheral LNs) despite 

early administration of cART treatment in SIV-infected macaques, as well as maintaining 

higher replicative rate in MLNs than peripheral LNs during the whole infection stage (Figure 
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1-4). Taken together, these studies indicate that efficient delivery of antiretroviral drugs to the 

GALT (MLNs) is potentially much more important than to peripheral LNs throughout the acute 

and chronic HIV infection stages.  

 

Figure 1 - 4. The size is proportional to the relative amount of SIV DNA or RNA in total CD4+ 

T cells per organ (the absolute value is indicated below each graph and the size of the Ax-Ing 

LNs pie graph at the acute phase is used as reference). Ax-Ing LNs, axillary-Inguinal lymph 

nodes; Mex LNs, mesenteric lymph nodes, Naïve, naïve T cells; TCM, central memory T cells; 

TEM, effector memory T cells; TFH, follicular helper T cells; TTD, terminally differentiated 

T cells. Adapted from [115]. 

 

1.4.4. Intestinal lymphatic transport as drug delivery approach 

1.4.4.1. Conventional drug delivery routes 

 

In general, most orally administered drugs will transport into the small intestinal wall and be 

absorbed to hepatic portal vein via mesenteric vessels, then to the liver before reaching the 
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systemic blood circulation. The bioavailability of orally administered drugs could be affected 

by intestinal and hepatic first-pass metabolism. In general, the liver is a major site of first-pass 

metabolism following oral administration [116]. However, there are several routes for drug 

delivery which can bypass hepatic first-pass metabolism, such as intestinal lymphatic delivery 

[117–120], transdermal delivery, inhalation, sublingual and rectal administration [116], 

thereby increasing the drug exposure in systemic circulation.  

 

1.4.4.2. The physiological process of dietary lipid absorption 

 

In the mid-18th century, a famous Scottish anatomist William Hunter founded a doctrine of 

‘absorbent system’, which demonstrated  absorption into the lymphatic system rather than 

blood veins [121,122]. Furthermore, he and his younger brother John Hunter worked together 

to trace the path of lymphatic vessels by injection of mercury. By the late 20th century, 

processes involving intestinal digestion and absorption of dietary lipids were well documented 

[123–125]. Dietary lipids absorption consists of 4 main steps, including: digestion in the GI 

lumen, uptake into the enterocyte, intracellular processing and transport into mesenteric 

lymphatic system [126,127]. Lipids are initially digested by pancreatic lipase/co-lipase 

complexes in the lumen of the small intestine. Hydrolysis products (fatty acids and 2-

monoaclyglycerol) are incorporated into bile salt micelles, and then transported into the cells 

across the brush-border membrane of the intestinal enterocyte [128]. Triglycerides are re-

synthesised in smooth endoplasmic reticulum. At the same time, primordial chylomicrons 

(CMs) are assembled in rough endoplasmic reticulum [129,130]. Primordial CMs and a fusion 

(core expansion) of TG droplets are transported into Golgi apparatus, packed into vesicles and 

then released to the basolateral side [131]. CMs consist of LCTs (85-92%) as a central lipid 

core, and a layer of phospholipids (6-12%), cholesterol (1-3%), and apolipoproteins (1-2%) 
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[132]. Once the newly formed CMs arrive from thoracic duct the systemic blood circulation, 

the LCTs are hydrolysed by the activity of lipoprotein lipase (LPL) on the luminal surface of 

capillaries of certain tissues [133]. The released fatty acids can be rapidly taken up by skeletal 

muscle, heart and adipose tissue, and CM remnants are delivered to the liver for further 

metabolism [133,134].  

 

1.4.4.3. Intestinal lymphatic transport of lipophilic drugs 

 

The intestinal lymphatic pathway is physiological mechanism of absorption of dietary lipids,  

fat-soluble vitamins, and macromolecules molecules into the systemic circulation 

[104,117,118]. In addition, the intestinal lymphatic system represents an important 

compartment related to the pathophysiology of lymphomas, metastatic tumours, as well as HIV 

infection. Therefore, efficient promotion of drug exposure and activity in intestinal lymphatic 

system may potentially improve the treatment of lymphomas, tumour metastases [135] and 

reduce the size of HIV reservoirs [136].  

 

It has been reported that lipophilic drugs with a distribution coefficient at pH 7.4 (log D7.4) 

value more than 5, as well as a triglyceride (TG) solubility in excess of 50 mg/mL have 

potential to be absorbed into intestinal lymphatics following oral administration with LCT or 

other lipids [135,137]. In 2005, Gershkovich et al. [138] reported a linear relationship between 

the intestinal lymphatic transport in vivo and the degree of association of drugs with CMs ex 

vivo (Figure 1-5). As a result, the enterocyte-derived CMs were essential carriers to deliver 

lipophilic compounds to intestinal lymphatic system, instead of hepatic portal vein transport 

(Figure 1-6) [117,118,139]. In the further investigation, an in-silico modelling tool was 

developed to predict the affinity of drugs to CMs using a combination of eight different 
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molecular physicochemical parameters of tested compound [137]. The in-silico modelling can 

efficiently predict drug potential for intestinal lymphatic targeting; therefore it has been used 

to predict the CMs association (%) with designed molecules in this work.  

Figure 1 - 5. Lymphatic absorption of tested drugs (% of dose) in vivo vs. the degree of drug-

chylomicrons association ex vivo (% of amount). Adapted from [138]. 

 

 

Figure 1 - 6. Targeted delivery of lipophilic compounds to the mesenteric lymphatic system 

using the physiological pathway of dietary lipids absorption. Adapted from [139]. 
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 Current approaches for delivery of antiretroviral drugs to the 

reticuloendothelial system (RES) and lymphatic system. 

1.5.1. Erythrocyte-based drug approach for delivery of antiretroviral drugs 

to HIV reservoirs within reticuloendothelial system (RES) 

 

In 1970s, scientists started to use red blood cells (RBCs) as natural biological carriers for drug 

delivery to the reticuloendothelial system (RES), such as lymphoid organs, bone marrow and 

liver [140]. In 1990s, this strategy was applied for antiretroviral drugs delivery to the lymphatic 

system [140,141]. One of the main advantages of using the erythrocyte as a carrier is due to its 

high potential for drug-erythrocyte delivery to the RES [142,143]  ̶  are primarily responsible 

for clearing and recycling iron from erythrocytes [144]. Magnani et al. [145] successfully 

encapsulated ddTCP (nucleoside analogue) into erythrocytes and selectively delivered the drug 

to viral cellular reservoirs such as macrophage cells, resulting in a reduction of typical 

syndromes over 3 months treatment in the murine model of AIDS. Further investigation of this 

strategy revealed similar results following administration of two encapsulated nucleoside 

analogues (AZT + Didanosine (DDI)) with erythrocytes in mice [146]. In addition, the 

combination of AZT + DDI with erythrocytes in brain significantly reduced the levels of viral 

DNA, compared to administration of AZT + DDI alone. Similarly, a few other studies 

demonstrated that encapsulation of antiretroviral drugs within erythrocytes can efficiently 

inhibit viral replication in HIV-infected macrophages in vitro [147,148]. However, large 

variations for erythrocytes in drug loading, strict storage conditions for drug-loaded 

erythrocytes and possible contamination make this approach unsuitable for applications in the 

large scale treatment of HIV/AIDS [149].  
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1.5.2. Conventional approaches for delivery of antiretroviral drugs to HIV 

reservoirs within lymphatic system 

1.5.2.1. Liposomes 

 

Around the 1980s, liposome technology was developed and applied for drug delivery, some of 

which are commercially available for clinical treatments or are undergoing clinical trials in 

recent years [150]. A conventional liposome is a spherical vesicle composed of an aqueous 

core and one or more phospholipid bilayers, which closely resemble the structure of cell 

membranes [151]. The function of liposomes is to incorporate either lipophilic or hydrophilic 

drugs into the opposing phase of this vesicle, allowing targeted delivery of drugs into tissues 

[151]. Recently, many studies have reported selective delivery of antiretroviral drugs to HIV 

reservoirs in lymphatic system using liposome drug delivery approaches [152–154]. Bestman-

Smith et al. [152] reported that the levels of antibodies in MLNs following a single 

subcutaneous injection of antibody-incorporated sterically stabilized immunoliposomes were 

1.6-fold higher, compared to conventional liposomes in mice. In the study carried out by Kaur 

et al. [153], a mannose-coated liposomes of zidovudine led to increase in the percentage of 

administered dose present in LNs (cervical, mediastinal, and above colon) by nearly 15-fold 

compared to free zidovudine at 2 h after subcutaneous injection in rats. In another study, 

indinavir was investigated for evaluation of drug delivery to the peripheral LNs following 

subcutaneous injection of free indinavir or indinavir-incorporated in sterically stabilized 

immunoliposomes in mice [154]. This study showed that indinavir-incorporated in sterically 

stabilized immunoliposomes could selectively and efficiently deliver 126-fold higher levels of 

indinavir to LNs, compared to administration of free indinavir. This drug-incorporated 

liposome approach highlights an efficient therapeutic strategy for delivery of antiretroviral 

drugs to viral reservoirs for the treatment of HIV/AIDS. The main drawback of this approach 
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is that following subcutaneous administration only limited number of peripheral lymph nodes 

draining the lymph from the injection site can be targeted [155].  

 

1.5.2.2. Solid Lipid Nanoparticles and other nanoformulations 

 

Solid lipid nanoparticles (SLNs) are known as nanostructured lipid carriers, which consist of 

surfactant-stabilized lipids in a solid state at both room and normal body temperature. SLNs 

possess higher drug entrapment, better stability and controllable drug release compared to the 

liposome delivery system [156,157]. There are three models for drug incorporation, including: 

homogenous matrix model, drug-enriched shell model and drug-enriched core model [158]. 

The nanoformulations are commonly administered by routes of subcutaneous or intramuscular 

injection [159–165], and are likely to be taken up into the local lymphatic system, then 

delivered to lymphatic tissues due to their similar size (50-1000 nm [166]) to CMs. Studies in 

another group, lopinavir (LPV), ritonavir (RTV), tenofovir (TFV) and lamivudine (3TC) were 

efficiently delivered to the superficial lymph nodes following a single subcutaneous 

administration of antiretrovirals-SLNs in nonhuman primates [160–162]. One of the most 

promising results showed that the levels of LPV, RTV, TFV and 3TC in lymph node 

mononuclear cells (LNMCs) were 4.1-, 23.1-, 5.0- and 1.9-fold higher than peripheral blood 

mononuclear cells (PBMCs), respectively, at day 8 following subcutaneous administration of 

the 4-in-1 drug combination nanoparticle approach [162]. It is also reported that rilpivirine, 

dolutegravir and cabotegravir were effectively delivered to the superficial lymph nodes 

following a single intramuscular injection of antiretrovirals-containing nanoformulations to 

mice [163–165]. For example, the levels of cabotegravir in LNs following intramuscular 

administration of the latest nanoformulation in mice were significantly higher, compared to the 

first-generation nanoformulation, and drug concentration maintained above therapeutic levels 
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for up to 364 days [165]. Moreover, several studies showed that the nanoparticle-based drug 

delivery approach could achieve long-acting efficacy of antiretroviral drugs in systemic 

circulation [159–165]. As a result, this approach would not only improve the tissue 

biodistribution profiles of antiretroviral drugs but would also enhance patient adherence to 

ART regimens. However, the main disadvantage of this approach is that only superficial 

lymphatic tissues could achieve sufficient levels of drug, probably due to the fact that drug-

loaded nanoparticles are being preferably taken up from anatomical injection areas. 

 

In addition to the promising results above, studies from other groups investigating antiretroviral 

drug distribution to HIV reservoirs by the SLNs approach indicated similar outcomes [167–

170]. Their results showed that the levels of stavudine in LNs following oral [168] and 

intravenous [169] administration of stavudine-SLNs formulation in rats were significantly 

higher, compared to free stavudine. In addition, Dandagi et al. [168] showed that the levels of 

stavudine in LNs and brain following oral administration of stavudine-SLNs formulation were 

4- and 11-fold higher, respectively, compared to free stavudine. Makwana et al. [170] 

developed a novel SLNs approach using hot homogenisation technique followed by 

ultrasonication method which achieved high levels of efavirenz in the mesenteric lymph fluid 

at 4 and 6 h sampling time points following oral administration of the novel efavirenz-SLNs 

formulation in rats. Therefore, nanoformulation approaches showed high potential for delivery 

of antiretroviral drugs to the lymphatic tissues for reducing or even eliminating HIV anatomical 

reservoirs.  
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 Current prodrug approaches for delivery of active drugs to the 

mesenteric lymphatic system 

 

In recent years, TG-mimetic and long-chain fatty acid ester prodrug approaches were studied 

for delivery of prodrugs and active drugs to systemic circulation via intestinal lymphatic 

transport [171–176]. However, these studies mainly focused on the % of dose in lymphatic 

versus portal relative contribution to systemic bioavailability, as well as systemic 

bioavailability when administered orally in animals. For example, it is reported that the 

absolute bioavailability of released docetaxel following oral administration of TG-mimetic 

docetaxel prodrug in rats was over 4-fold higher than unmodified docetaxel [172]. In other 

work, when TG-mimetic and long-chain fatty acid ester prodrug approaches were applied to 

mycophenolic acid (MPA) in dogs, the % of dose of both MPA and its prodrugs were measured 

in lymph [174]. The % of 2-MPA-TG dose in lymph was as high as 36.4 % following oral 

administration, while the % of released MPA dose was the same as the % obtained after 

administration of free MPA. In addition to TG-mimetic and long-chain fatty acid ester prodrug 

approaches, activated ester prodrug approaches were applied to efficiently deliver parent drugs 

to the lymphatic system [177,178]. As an example, a study carried out by Lee et al. found that 

the maximum levels of active drug bexarotene in MLNs were 17-fold higher following oral 

administration of activated ester prodrug in rats, compared to unmodified bexarotene [177]. In 

another example, the levels of tenofovir diphosphate (TFV-DP) (pharmacologic-active moiety 

of TFV) in inguinal lymph nodes were 6.4-fold higher following oral administration of TFV 

novel prodrug in HIV-infected patients, compared to commercially available prodrug TDF 

[178]. These previous studies combined suggest that the levels of antiretroviral drugs in HIV 

reservoirs (mesenteric lymph and MLNs) can be potentially improved by lipophilic ester 

prodrug approaches.  
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 Current codrug approaches to improve the activity of antiretroviral 

drugs 

 

The codrug approach is more complex than prodrug approach. In general, two different drugs 

are conjugated via labile covalent bond (enzymatic cleavable linker) as a carrier to deliver to 

the HIV-infected cells, thereby exerting their pharmacological effects simultaneously [179–

181]. There are three different categories of antiretroviral codrugs: (1) codrugs targeting the 

same HIV enzyme [182,183]; (2) codrugs targeting different HIV enzymes [184,185]; and (3) 

codrugs containing one antiretroviral drug to target one HIV enzyme and one non-antiretroviral 

drug with potent anti-inflammatory pharmacological effects [186] or additive/synergistic 

effects [187]. One study carried out by Matsumoto et al. [184] showed that the anti-HIV-1 

activity of one hybrid molecule (AZT and KNI-727 [PI]) (EC50 = 0.1 nM) in Molt-4 cells was 

62- and 920-fold higher compared to that of either AZT (EC50 = 6.2 nM) or KNI-727 (EC50 = 

92 nM), respectively. In another example, the anti-HIV-1 activity of one hybrid molecule (AZT 

conjugated with κ-carrageenan) (EC50 = 6.8 nM) in MT-4 cells was 116- and 4-fold higher than 

κ-carrageenan (EC50 = 788 nM) and AZT (EC50 = 25 nM), respectively [187]. Taken together, 

the overall aim of the codrug approach above is to achieve higher antiretroviral activity, 

compared to individual parent drugs.  

 

 Project hypotheses and aims 

 

Despite antiretroviral therapy (ART) is capable of suppressing viral load to undetectable levels 

in the blood, viral RNA/DNA remains detectable in anatomical and cellular reservoirs into 

which antiretroviral drugs poorly permeate. Mesenteric lymph nodes (MLNs) harbour the vast 

majority of viral RNA/DNA in presence of ART. Therefore, the main hypothesis of this PhD 
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project is that improving the intestinal lymphatic transport of lipophilic prodrug by oral co-

administration with dietary lipids could deliver antiretroviral drug (LPV) to MLNs above 

therapeutic levels. 

 

The rationale behind lipophilic prodrug approach is based on the physiological process of lipid 

digestion and absorption, which directly associates with intestinal lymphatic transport of 

lipophilic drugs. LPV without chemical modifications has negligible association with 

chylomicrons. This indicates that LPV could not be delivered to the mesenteric lymphatic 

system following oral administration without chemical modifications. Therefore, the key 

aspect of this work is to design and synthesize lipophilic ester prodrugs which possess the 

necessary physicochemical properties for improvement of association with CMs. Another 

critical aspect is to ensure the rapid release of active drug from prodrug as soon as it reaches 

the effect-site in the lymphatic system. 

 

Specific objectives of this work include: 

 

Chapter 3: 

 Development of a simple and sensitive HPLC-UV method for determination of 

lopinavir in rat plasma 

 Validation of the developed method in rat plasma in different storage conditions  

 Application of the method to pre-clinical pharmacokinetic study in rats 

 Application and validation of the method in human plasma in different storage 

conditions  
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Chapter 4 

 Design of LPV prodrugs by means of in-silico modelling for prediction of drug 

association with CMs 

 Chemical synthesis and characterisation of designed prodrugs 

 Assessment of mesenteric lymphatic targeting potential of the prodrugs using in vitro 

and ex vivo CMs association experiments 

 Evaluation of the bioconversion of the prodrugs to the active drug (LPV) in 

physiologically relevant media in vitro 

 In vivo assessment of the pharmacokinetics of LPV and selected prodrugs 

 In vivo assessment of the biodistribution of LPV and selected prodrugs to the mesenteric 

lymph and mesenteric lymph nodes 

 In vitro antiretroviral efficacy evaluation of LPV and selected prodrugs 

 

Chapter 5 

 Design of LPV codrugs by means of in-silico modelling for prediction of drug 

association with CMs 

 Chemical synthesis and characterisation of designed codrugs 

 Assessment of mesenteric lymphatic targeting potential of the codrugs using in vitro 

artificial CMs association experiments 

 Evaluation of the bioconversion of the codrugs to the active drug (LPV) in 

physiologically relevant media in vitro 

 In vivo assessment of the pharmacokinetics of selected codrug 
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2. MATERIALS AND METHODS 

 Materials 

 

Lopinavir (LPV, CAS: 192725-17-0), Corning 96-well Transwell®, Costar Spin-X Centrifuge 

Tubes,  butyric acid, hexanoic acid, octanoic acid, decanoic acid, dodecanoic acid and 2-(2-

acetamidoacetamido) acetic acid were purchased from Fisher Scientific (Leicestershire, UK); 

2-butoxyacetic acid was from Enamine (Riga, Latvia). Thin-layer chromatography (TLC) 

Silica gel 60 Å F254 plates were purchased from Merck (Darmstadt, Germany). Cannabidiol 

(CBD, CAS: 13956-29-1) was purchased from THC Pharm (Frankfurt, Germany). 4,4-

Dichlorodiphenyltrichloroethane (DDT, CAS: 50-29-3) was purchased from Sigma Aldrich 

(Dorset, UK). Ritonavir (CAS: 155213-67-5), Intralipid®, esterase from porcine liver, NaF, 

sodium taurocholate (NaTc), lecithin, EDTA, KBr, NaCl, NaOH (pellets), NaH2PO4, 

propylene glycol, sesame oil, serum triglyceride determination kit, 1-ethyl-3-[N,N-

dimethylaminopropyl]-carbodiimide (EDCI), O-acetylsalicyloyl chloride, salicylic acid, 

butyryl chloride, hexanoyl chloride, octanoyl chloride, decanoyl chloride, DMSO-d6, 4-

dimethylaminopyridine (DMAP), magnesium sulfate, anhydrous dichloromethane (DCM), 

anhydrous N-Methyl-2-pyrrolidone (NMP), anhydrous N,N-Dimethylformamide (DMF), 

G418 (antibiotics) and puromycin were from Sigma-Aldrich (Gillingham, UK or St. Louis, 

MO, USA). Rat plasma was purchased from Sera Laboratories (West Sussex, UK) and human 

plasma from TCS Biosciences (Buckingham, UK). Lipofectamine 2000, Roswell Park 

Memorial Institute (RPMI) 1640, Dulbecco-modified Eagle’s medium (DMEM), penicillin-

streptomycin and fetal bovine serum (FBS) were purchased from Invitrogen (Carlsbad, CA, 

USA). The HIV Rev-dependent GFP indicator Rev-A3R5-GFP cells were provided by Virongy 

(Virginia, USA). HEK293T cells were kindly provided by Dr. Yuntao Wu. The infectious HIV-

1 molecular clone pNL4-3 was obtained from the NIH AIDS Reagent Program. HPLC-grade 
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water was obtained from PURELAB® Ultra system (ELGA LabWater, UK). All other research 

reagents used were of HPLC analytical grade or higher.  

 

 Bioanalytical methods for determination of lopinavir and its 

prodrugs/codrugs in plasma and tissues 

2.2.1. Plasma sample preparation 

This methodology was used to generate experimental results described in Chapters 3-5 

 

All samples went through the same process of combination of protein precipitation and liquid-

liquid extraction for HPLC-UV analysis. Ten microliters of IS was added to 100 μL of rat 

plasma in a 16 mm × 150 mm glass tube. Then 300 μL of cold acetonitrile (-20°C) was added, 

followed by vortex-mixing for 1 min. HPLC-grade water (300 μL) was then added and vortex-

mixed again for 1 min [188]. A volume of 3 mL of extraction solvent, consisting of a mixture 

n-hexane–ethyl estate (7:3, v/v), was added and the samples were vortex-mixed for 3 min. 

Following centrifugation (1160 g, 10°C, 10 min), the upper organic layers were transferred to 

fresh tubes using Pasteur pipette and evaporated under nitrogen at 40°C (Techne DRI- Block 

type DB-3D, Cambridge, UK). Dry residues were reconstituted in 100 μL of mobile phase (50% 

acetonitrile in water), vortex-mixed for 10 min and then transferred to HPLC vials.  

 

2.2.2. Validation of the stability of prodrugs in rat plasma 

This methodology was used to generate experimental results described in Chapter 4 

 

The stability assessment was performed by spiking prodrug solution in acetonitrile into rat 

plasma supplemented with 10 mg/mL of NaF. For the validation of prodrug 1, samples were 

kept on ice for 5 min, followed by centrifugation (3000 g, 0°C, for 3 min) to mimic the 
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procedure of blood collection and plasma separation. Following centrifugation, the ‘separated 

plasma’ samples were placed on ice for 1 h to mimic the time frame of temporary storage of 

samples during pharmacokinetic studies, and then kept frozen at -80°C (for 24 h) until analysis. 

For the validation of prodrug 7, plasma samples were kept on ice for 5 min and immediately 

centrifuged (3000 g, 0°C, for 3 min). Following centrifugation, proteins were immediately 

precipitated by 300 µL cooled (-20°C) acetonitrile and samples were processed for HPLC 

analysis. Sample preparation procedure and chromatography conditions are described in 

Sections 2.2.1 and 2.2.5. All experiments were performed in triplicates (data are shown as mean 

± SD). Tested prodrugs were stable at these conditions (97.6 ± 6.6% remaining of prodrug 1; 

92.3 ± 8.0% remaining of prodrug 7).   

 

2.2.3. Tissue sample preparation 

This methodology was used to generate experimental results described in Chapters 4 and 5 

 

Tissues were harvested at the end of pharmacokinetic studies and biodistribution studies at tmax 

observed in plasma during pharmacokinetic studies and 1 h before tmax time points. Tissues 

were thawed on the ice bath, then weighed. HPLC-grade water was added to tissues (1:3, w/v) 

collected from in vivo studies following administration of LPV. NaF solubilised in HPLC-

grade water (10 mg/mL) was added to tissues (1:3, w/v) harvested from in vivo studies 

following administration of LPV prodrugs. Prepared samples were then homogenised 

(POLYTRON® PT 10-35 GT, Kinematica AG, Luzern, Switzerland) on ice bath prior to 

sample preparation for analysis. Sample preparation was identical to Section 2.2.1.  

 

2.2.4. Validation of the stability of prodrugs in homogenised MLNs 

This methodology was used to generate experimental results described in Chapter 4 
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Prodrug 7 solution was spiked into homogenised blank MLNs with water (1:3, w/v) and placed 

on ice for 10 min (mimicking the time frame of lymph nodes isolation procedure), then stored 

in dry ice for 1 h and transferred to -80°C (for 24 h) until analysis. The prepared homogenates 

were thawed at ambient temperature and treated with NaF to achieve a final NaF concentration 

of 10 mg/mL, following by homogenisation on ice bath within 30 second to mimic the time 

frame of homogenisation procedure. Sample preparation procedure and chromatography 

conditions were described in Sections 2.2.3 and 2.2.5. All experiments were performed in 

triplicates (data are shown as mean ± SD). Prodrug 7 was stable in homogenised MLNs (93.9 

± 9.8% remaining). 

 

2.2.5. Chromatography conditions 

This methodology was used to generate experimental results described in Chapters 3-5 

 

The HPLC-UV system consisted of a Waters Alliance 2695 separations module equipped with 

a Waters 996 photodiode array detector. Separation was accomplished at 40°C using an 

analytical C18 Gemini column (150 mm × 2.0 mm I.D.) with a particle size of 5 μm, coupled 

with a guard column (2 mm × 4mm) with a particle size of 3 μm (Phenomenex, Macclesfield, 

UK). All compounds were monitored at λ = 211 nm.  The temperature of autosampler was 

maintained at 4°C and the column was kept at 40°C. Complete HPLC running conditions for 

all tested compounds including column, guard column and mobile phase are described in Table 

2-1 and Table 2-2. Empower™ 2 software was used for data acquisition and analysis. 
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Table 2- 1. Analytical method conditions for compounds studied in Chapter 4 

Compounds 

Moblie phase (%) 

column a 

Flow rate 

(mL/min) 

UV 

length 

(nm) 

Internal 

standard 

Reconstitution 

solvent b Acetonitrile water 

Prodrug 1 55 45 C18 0.5 211 CBD g 55% 

Prodrug 2 65 35 C18 0.5 211 CBD 65% 

Prodrug 3 70 30 C18 0.5 211 CBD 70% 

Prodrug 4 80 20 C18 0.5 211 CBD 80% 

Prodrug 5 85 15 C18 0.5 211 CBD 85% 

Prodrug 1, 6 and 7 Gradient 1c C18 0.3 211 CBD 50% 

Prodrug 2 Gradient 2d C18 0.3 211 CBD 50% 

Prodrug 3 Gradient 3e C18 0.5 211 CBD 50% 

Prodrug 4 and 5  Gradient 4f C18 0.5 211 CBD 50% 

a C18: Gemini C18 2.0 × 150 mm, 110Å, 5 µm particle size, coupled with a guard column (2 mm x 4mm) with a particle size 

of 3 μm 

b Reconstitution solvent expressed as % of acetonitrile in HPLC-grade water. 

c Gradient 1:  Acetonitrile 50% at 0-9.5 min, increase to 65% at 9.5-11.5 min, 65% at 11.5-20 

min, decrease to 50% at 20-21 min, 50% at 21-25 min. 

d Gradient 2:  Acetonitrile 50% at 0-9.5 min, increase to 70% at 9.5-11.5 min, 70% at 11.5-20 

min, decrease to 50% at 20-21 min, 50% at 21-25 min. 

e Gradient 3:  Acetonitrile 50% at 0-6.5 min, increase to 80% at 6.5-10 min, 80% at 10-15 min, 

decrease to 50% at 15-16 min, 50% at 16-24 min. 

f Gradient 4:  Acetonitrile 50% at 0-6.5 min, increase to 85% at 6.5-10 min, 85% at 10-15 min, 

decrease to 50% at 15-16 min, 50% at 16-24 min. 

g CBD: Cannabidiol 
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Table 2- 2. Analytical method conditions for compounds studied in Chapter 5 

 

 Chemical synthesis 

2.3.1. Lopinavir prodrug synthesis 

This methodology was used to generate experimental results described in Chapter 4 

 

The synthesis of ester prodrugs was based on previously reported chemical approach with slight 

modifications [189]. Corresponding carboxylic acid to generate prodrugs 1-7 (1.59 mmol), 1-

ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDCI) (1.59 mmol) and 4-

dimethylaminopyridine (DMAP) (0.032 mmol) were dissolved in anhydrous dichloromethane 

(DCM) (10 mL) and stirred at room temperature under N2 for 15 min before adding LPV (0.159 

Compounds 

Moblie phase (%) column 

a 

Flow rate 

(mL/min) 

UV length 

(nm) 

Internal 

standard 

Reconstitution 

solvent b Acetonitrile water 

Codrug 1 Gradient 1c C18 0.3 211 CBDe 50% 

Codrug 2 Gradient 2d C18 0.3 211 DDTf 50% 

Codrug 3-5 Gradient 2 C18 0.3 211 CBD 50% 

a C18: Gemini C18 2.0 × 150 mm, 110Å, 5 µm particle size, coupled with a guard column 

(2 mm x 4mm) with a particle size of 3 μm 

b Reconstitution solvent expressed as % of acetonitrile in HPLC-grade water. 

c Gradient 1:  Acetonitrile 50% at 0-9.5 min, increase to 70% at 9.5-11.5 min, 70% at 11.5-

20 min, decrease to 50% at 20-21 min, 50% at 21-25 min. 

d Gradient 2:  Acetonitrile 50% at 0-9.5 min, increase to 70% at 9.5-11.5 min, 70% at 11.5-

20 min, increase to 85% at 20-22 min, 85% at 22-26 min, then decrease to 50% at 26-27 min, 

50% at 27-32 min. 

e CBD: cannibidiol     

f DDT: 4,4-dichlorodiphenyltrichloroethane    
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mmol). The reaction mixture was then allowed to stir overnight and monitored by TLC and 

LC-MS. The mixture was added to saturated NH4CH3CO2 (30 mL), then extracted with ethyl 

acetate (20 mL × 3). The combined organic layers were washed with saturated NaHCO3 (30 

mL) and brine (30 mL), then dried over anhydrous MgSO4, filtered, and the solvent evaporated 

in vacuo. The crude product was purified by column chromatography on silica using a gradient 

DCM/tetrahydrofuran (THF) 5:1. The purified fractions were pooled and fully evaporated to 

dryness. Final compound (20 mg) was dissolved in DMSO-d6 for NMR determination. 

 

2.3.2. Codrug (lopinavir + salicylic acid) synthesis 

This methodology was used to generate experimental results described in Chapter 5 

 

Salicylic acid (0.72 mmol) was dissolved in anhydrous NMP (5 mL) with a drop of anhydrous 

DMF at 0°C under N2. Triethylamine (1 mmol) was added, and the mixture was stirred for 1 

min at 0°C. Then desired acid chloride (0.72 mmol) was added into the mixture drop by drop 

at 0°C, temperature was gradually increased to room temperature. After 2 h, reaction 

completion was monitored by LC-MS. Product was purified by column chromatography on 

silica using a gradient DCM/ethyl acetate 20:1. The product was weighed (0.1 mmol) then was 

dissolved in anhydrous DCM (with 2 drops of anhydrous DMF) at 0°C under N2. Thionyl 

chloride (0.25 mmol) was added drop by drop and stirred at room temperature. Reaction 

completion was monitored by LC-MS. After 1.5 h, the reaction mixture was evaporated to 

dryness, then dissolved in anhydrous NMP. LPV (0.16 mmol) and trimethylamine (3.6 mmol) 

were dissolved in anhydrous NMP in a new flask, and stirred at 0°C for 1 min. O-

acetylsalicyloyl chloride (0.8 mmol) was added to the reaction mixture drop by drop. 

Temperature was changed gradually from 0°C to room temperature with stirring overnight at 

50°C. Reaction completion was monitored by LC-MS. The reaction was monitored by thin 
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layer chromatography (TLC) using a mobile phase of 20% ethyl acetate in DCM and LC-MS. 

The mixture was added to saturated NH4CH3CO2 (30 mL), then extracted with ethyl acetate 

(20 mL × 3). The combined organic layers were washed with saturated NaHCO3 (30 mL) and 

brine (30 mL), then dried over anhydrous MgSO4, filtered, and the solvent evaporated in vacuo. 

The crude product was purified by column chromatography on silica using a gradient 

DCM/ethyl acetate 5:1. The purified eluents were pooled and fully evaporated to dryness. Final 

compound (20 mg) was dissolved in DMSO-d6 for NMR determination. 

 

2.3.3. Characterisation of synthesised molecules 

This methodology was used to generate experimental results described in Chapters 4 and 5 

 

¹H NMR and ¹³C NMR spectra (Bruker 400 Ultrashield Spectrometer) were recorded at 400 

and 100 MHz, respectively, at ambient temperature. Chemical shifts (δ) were reported in parts 

per million (ppm) relative to DMSO-d6 (¹H, δ = 2.50 ppm; ¹³C, δ = 39.52 ppm [190]). ¹H NMR 

data was reported as follows: chemical shift, integration, multiplicity (s = singlet, d = doublet, 

t = triplet, q = quartet, m = multiplet) and coupling constants (J) were recorded in Hz. The 

spectra were analysed using MestReNova 12.0.1 software. High-resolution mass spectrometry 

was performed using a Bruker MicroTOF II with electrospray ionisation (ESI). The liquid 

chromatograph-tandem mass spectrometry (LC-MS) system consisted of a Shimadzu 

UFLCXR module equipped with an Applied Biosystems API2000. An analytical C18 Gemini-

NX column (50 mm × 2 mm I.D.) with a particle size of 3μm (Phenomenex, Macclesfield, UK) 

was used at 40°C to accomplish a chromatographic separation. All compounds were monitored 

at 220 nm (channel 2) and 254 nm (channel 1). Short gradient method: pre-equilibration for 1 

min at 5% solvent B, then increase to 98% B in 2 min, 98% B for 2 min, decrease to 5% B in 

0.5 min, then 5% B for 1 min. Long gradient method: pre-equilibration for 1 min at 5% B, then 



57 

 

5% B for 0.5 min and increase to 98% B in 8 min, 98% B for 2 min, decrease to 5% B in 0.5 

min, then 5% for 1 min. Both methods underwent at flow rate of 0.5 mL/min. Solvent A: 0.1% 

formic acid in water; solvent B: 0.1% formic acid in acetonitrile. Thin-layer chromatography 

(TLC) was performed using Silica gel 60 Å F254 plates (Merck, Darmstadt, Germany). 

Compounds were purified via column chromatography using ISOLUTE SPE columns (Flash 

Silica ΙΙ 5g/25mL) (Biotage, Hengoed, UK). Reagents and solvents for prodrugs 

characterisation were purchased from Sigma-Aldrich (Gillingham, UK) and Fisher Scientific 

(Leicestershire, UK), and were used without further purification.  

 

 In vitro and ex vivo CMs association assay 

2.4.1. Preparation of artificial emulsion (Intralipid®) 

 

Intralipid® 20% (Sigma, Gillingham, UK) was diluted with phosphate buffered saline (PBS, 

PH 7.4) to yield a triglyceride (TG) concentration of 1 mg/mL [137,177]. The TG concentration 

was measured by serum TG determination kit according to the manufacture’s protocol (Sigma, 

Gillingham, UK) using a BIO-TEK FL600™ plate reader (BIO-TEK INSTRUMENTS, INC. 

Vermont, USA). The fresh prepared artificial emulsion was then used to assess the uptake 

efficiency of tested compounds, which is described in Section 2.4.3.   

 

2.4.2. Isolation of human plasma-derived chylomicrons 

 

The protocol for preparation of human plasma-derived CMs was approved by the Faculty of 

Medicine and Health Sciences Research Ethics Committee, Queens Medical Centre, 

Nottingham University Hospitals (BT12102015 CBS SoP). Three healthy male participants 

between 30-40 years old were enrolled after providing informed consent. Study participants 
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received a high-fat breakfast (equivalent to a full English breakfast [177]). Three to four hours 

following the meal, 30 mL of blood was collected into heparinised Vacutainer® Blood 

Collection tubes, and plasma was separated by centrifugation (800 g, 10 min, 15°C).  

 

The separation of CMs from human plasma was performed as previously described [138,177]. 

A density of 1.1 g/mL was achieved by gently mixing 4 mL of plasma with KBr (0.57 g). 

Standard solutions with densities of 1.006, 1.019 and 1.063 g/mL were prepared by dissolving 

appropriate amount of KBr in PBS. Density gradient layers were built by layering standard 

solutions of different densities on the top of plasma in a 12-mL polyallomer ultracentrifuge 

tube. Samples were ultracentrifuged (SORVALL® Ultracentrifuge; TH-641 Rotor, 268,350 g, 

35 min, 15°C) and the upper layer (approximately 1 mL) containing CMs fraction, was 

collected by glass Pasteur pipettes. TG concentrations were measured using the serum TG 

determination kit and were adjusted to 1 mg/mL TG level by PBS of 1.006 g/mL density. 

Standard human CMs from each volunteer was separately stored at 4°C for less than 24 h before 

association assay.  

 

2.4.3. Association assay 

 

The uptake of tested compound by artificial and natural CMs emulsion were evaluated as 

previously described with minor modifications [138,177,191]. Stock solutions of tested 

compounds (0.1 mM) were prepared in propylene glycol with 1% ethanol (v/v). An appropriate 

volume of stock solution was spiked into 1 mL of previously prepared artificial emulsion or 

human CMs (1 mg/mL TG) to obtain a final concentration of tested compounds of 1.75 µM 

[138]. For control sample, same amount of stock solution was added in the PBS (1 mL) without 

adding CMs. The mixture was then incubated at 37°C with magnetic stirring at 170 rpm. 
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Following 1 h incubation, 0.9 mL of mixture was added into 0.157 g of KBr to achieve a density 

of 1.1 g/mL. A density gradient was then built using PBS buffers with the density of 1.036, 

1.019 and 1.006 g/mL. The CMs fraction was isolated by gradient density ultracentrifugation 

as described in Section 2.4.2. Following ultracentrifugation, the upper layer (approximately 1 

mL) was collected using a glass pipette and kept in -80°C until analysis. Sample preparation 

and chromatographic system were described in Section 2.2. The value of CMs association (%) 

was calculated using the amount of tested compounds in collected fraction (upper layer) 

divided by the total amount of tested compounds. Each compound was performed in 

quintuplicate. To evaluate the potential loss of compounds during the procedure of the assay 

(such as unspecific binding or drug degradation), the calculation of mass recovery percentage 

was conducted. The value of mass recovery (%) was calculated by using the amount of tested 

compounds in the mixture following 1 h incubation divided by the total amount of tested 

compounds. Each compound was performed in triplicate. In this study, the mass recovery (%) 

> 90% can be considered as acceptable value for calculation of CMs association (%).  

 

 Prodrug conversion assay 

 

The release of LPV from the prodrugs was assessed in rat plasma and fasted state simulated 

intestinal fluid (FaSSIF, pH = 6.5) supplemented by esterases (mixture of esterases from 

porcine liver, mainly carboxylesterase, at 20 IU/mL) [177,192,193]. The preparation of FaSSIF 

was performed as previously reported (Table 2-3) [194]. Plasma contains similar composition 

and levels of enzymes to lymph fluid in many species [195,196]. Therefore, rat plasma was 

used as an acceptable surrogate to assess the potential stability of tested prodrug in lymphatic 

system. Following pre-incubation at 37°C for 5 minutes, stock solution of tested compound (1 

mM) in acetonitrile was spiked into the media to reach a final concentration of 10 µM. The 
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mixture was incubated at 37°C, 200 rpm on a temperature-controlled orbital shaker (Thermo 

Scientific MaxQ4000, Waltham, MA, USA). One hundred microliters of the incubation 

mixture was withdrawn at pre-determined time points, and reaction was terminated by 300 µL 

of cooled (-20°C) acetonitrile containing 10 µL of internal standard (IS). The samples were 

analysed for the prodrug and LPV concentrations by means of HPLC-UV as described in 

Section 2.2. All experiments were performed in triplicate. The slope (k) was obtained using the 

plotted percentage of natural logarithm of prodrug concentration against the pre-determined 

time points. The half-life (t1/2) of tested prodrug was calculated from an equation: t1/2 = -0.693/k.  

 

Table 2- 3. Preparation of fasted state simulated intestinal fluid (FaSSIF) [194] 

FaSSIF (500 mL) 

Content Concentration (mM) in DDW (g) 

NaTc 3 0.807 

Lecithin 0.75 0.286 

NaOH (pellets) 8.7 0.174 

NaH2PO4 28.65 1.977 

NaCl 105.9 3.093 

Adjusted pH to 6.50  

 

 Long-chain triglyceride solubility test  

 

Tested compound was weighed (> 5 mg) and added into sesame oil (100 µL) with constant 

mixing using a magnetic stirrer at 37°C for 72 h. Samples were then filtered by centrifugation 

in Costar Spin-X Centrifuge Tubes (Fisher Scientific, Loughborough, UK) at 2400 g for 20 



61 

 

min. The collected filtrates were diluted with ethanol (1:104, v/v) and analysed by means of 

HPLC-UV. All experiments were performed in triplicate.  

 

 In vitro antiretroviral activity assay 

2.7.1. Cell culture and virus preparation 

 

HIV Rev-dependent GFP indicator cells Rev-A3R5-GFP [197] were cultured in RPMI 1640 

plus 10% FBS supplemented with 1 μg/ml G418 and 1 μg/ml puromycin. HEK293T cells were 

maintained in Dulbecco-modified Eagle’s medium (DMEM) containing 10% FBS and 1x 

penicillin-streptomycin. All cells were maintained at 37°C, 95% relative humidity and 5% CO2. 

To produce HIV-1 particles, HEK293T cells were transfected with 20 μg of the infectious HIV-

1 molecular clone pNL4-3 using Lipofectamine 2000 in 100 mm cell culture dish. Virus 

supernatant was collected at 48 h post transfection and filtered through a 0.45 μm nitrocellulose 

membrane. HIV-1 p24 was detected using an in-house p24 ELISA determination kit and the 

procedure was described in previous publication [198].  

 

2.7.2. Viral infection assay 

 

For each infection, 0.3 million Rev-A3R5-GFP cells were infected with HIV-1 (NL4-3) for 2 

h (150 ng p24 per infection). Cells were then washed twice and cultured in fresh media with 

adding the working standard solutions of LPV and its prodrugs (in DMSO) to yield 

concentrations of 10-3, 10-2, 10-1, 100, 101, 102, 103, 104 nM (Table 2-4). The percentage of 

GFP+ cells was quantified by flow cytometry (FACSCalibur; BD Biosciences, San Jose, CA, 

USA) at 72 h post infection [198]. 
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Table 2- 4. Experimental conditions of cell culture-based antiretroviral activity assay 

Tube 

Cell a 

(0.3 million) 

Virus b 

After wash, 

add fresh media c 

Add tested compound d 

Final conc.of tested 

compounds (nM) 

1 100 µL (media 300 µL) 1mL (DMSO 10 µL) Negative control 

2 100 µL 300 µL 1mL (DMSO 10 µL) Positive control 

3 100 µL 300 µL 1mL 10 µL 104
 

4 100 µL 300 µL 1mL 10 µL 103
 

5 100 µL 300 µL 1mL 10 µL 102
 

6 100 µL 300 µL 1mL 10 µL 101
 

7 100 µL 300 µL 1mL 10 µL 100
 

8 100 µL 300 µL 1mL 10 µL 10-1
 

9 100 µL 300 µL 1mL 10 µL 10-2
 

10 100 µL 300 µL 1mL 10 µL 10-3
 

 Viral infection time: 2 h Incubation time: 72h  

a Rev-A3R5-GFP cells 

b HIV-1 (NL4-3 wild-type) (150 ng p24 per infection) 

c RPMI 1640 plus 10% FBS supplemented with 1 μg/ml G418 and 1 μg/ml puromycin 

d All tested compounds were dissolved in DMSO 

 

2.7.3. Prodrug stability in cell culture media 

 

The stability of prodrugs was assessed in cell culture media (RPMI 1640 + 10% FBS). Stock 

solution of tested compound (1 mM) in DMSO was spiked into the media to yield a final 

concentration of 10 µM. The mixture was incubated at 37°C for 72 h to mimic the time frame 

of the antiretroviral activity assay. One hundred microliters of the incubation mixture were 
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withdrawn at 48 and 72 h, and proteins were precipitated by 300 µL of cooled (-20°C) 

acetonitrile. The samples were analysed for the prodrugs and LPV concentrations by means of 

HPLC-UV as described in Section 2.2. All experiments were performed in triplicate. 

 

 Animal experiments 

2.8.1. Animals 

 

Animal welfare and all experimental procedures were reviewed and approved by the University 

of Nottingham Ethical Review Committee under the Animals [Scientific Procedures] Act 1986. 

Male Sprague Dawley (SD) rats (300-380g) were obtained from Charles River Laboratories 

UK and housed at Bio Support Unit, University of Nottingham. They were kept in an 

environmentally controlled room (12:12h light-dark cycle) with free access to food and water 

for at least six days before starting experiment. 

 

2.8.2. Right external jugular vein cannulation  

2.8.2.1. Preparation of rats for surgery 

 

Jugular vein cannulation surgery was performed under general anaesthesia in order to allow 

blood sampling in conscious, freely moving rats. On the surgery day, the rat was initially 

weighed, then anaesthesia was induced by the inhalation of 2.5% isoflurane blending in oxygen 

[177,199]. After the rat was sedated, the fur in the dorsal neck and the area of right ventral neck 

toward the upper thorax was gently shaved. The shaved areas were sterilised with alcohol 2% 

chlorhexidine skin wipes (Clinell®, GAMA Healthcare Ltd., London, UK). In order to prevent 

corneal dryness during the surgery, eye protection ointment was applied on the eyes. Four 

millilitres of saline were injected subcutaneously to maintain body fluid balance, followed by 
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injection of 1 mg/kg of meloxicam. The prepared rat was wrapped using the self-adhesive drape 

(GLAD® Press’n Seal) and transferred to the theatre for surgery. 

 

2.8.2.2. Surgery procedure 

 

The rat was placed on the heating pad, and laid on back with head toward to the surgeon. The 

mouth and nose of rat were kept in the mask which continuously provided 2.5% isoflurane in 

oxygen. The anatomical position above the right external jugular vein was identified before 

skin incision. Blunt dissection was performed to separate the muscle and fat layers until the 

jugular vein was clearly visible. Jugular vein was isolated from the surrounded connective and 

fat tissues using cotton swabs, while keeping it moist with normal saline. A small incision was 

made on the dorsal neck skin for making a subcutaneous tunnel from back toward the front 

incision using a long metal pin. The silastic-polyethlylene (PE-50) tubing was inserted through 

the tunnel with silastic end near the isolated part of the jugular vein. A small incision on the 

vein was made using iris scissors, followed by implantation 2.5 cm of the catheter toward the 

heart which was secured by a silk suture. A small volume of heparinised saline (100 IU/mL) 

was slowly injected and withdrawn through the newly inserted catheter to check its function. 

Once the function of the cannula was validated, the muscle and skin layers were sutured. Three 

to four centimetres of PE-50 tubing was left away from the dorsal neck and plugged with a 

sterile metal pin. Animals were observed for the lack of visible pain and distress signs and were 

allowed to recover for two nights before pharmacokinetic experiments [188,200,201].  
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2.8.3. Pharmacokinetic study 

 

Prior to the experiment day, rats were fasted overnight with free access to water. For 

intravenous bolus administration, LPV, prodrugs 1 and 7 were solubilised in a mixture of 

propylene glycol–sterile water–ethanol (70:20:10, v/v/v) at concentrations of 4 mg/mL, 10 

mg/mL and 2.37 mg/mL, respectively, on the day of administration. Formulation (1 mL/kg) 

was injected intravenously within 30 seconds via the jugular vein catheter followed by 0.3 mL 

heparinised saline (50 IU/mL). For oral administration of LPV in lipid-free group, the 

formulation was prepared by dissolving LPV in 100% propylene glycol (20 mg/mL). For oral 

administration of LPV in lipid-based group, LPV solubilised in 100% propylene glycol (20 

mg/mL) was administered, followed by fresh sesame oil administration (1 mL/kg) due to the 

low solubility of LPV in TG. For oral administration of prodrugs/codrugs in lipid-based groups, 

prodrugs/codrugs were solubilized in fresh sesame oil at concentrations equivalent to 20 

mg/mL of LPV. All oral formulations were administered by an oral gavage (1 mL/kg), followed 

by 1 mL of water. Blood samples (0.25 mL) were withdrawn via the jugular vein catheter 

before dosing and at predetermined time points following administration. Eppendorf tubes 

contained EDTA (1.5 M) to prevent blood coagulation and NaF (10 mg/mL) [177] as an 

esterase inhibitor. Plasma samples were placed on ice immediately following the collection for 

no longer than 5 min and plasma was separated by centrifugation (3000 g, at 0°C for 3 min) 

and stored at -80°C until analysis. At the end of pharmacokinetic study, rats were euthanised 

by CO2 inhalation, and MLNs, liver, spleen, brain and testes were harvested and stored at -

80°C until analysis.  
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2.8.4. Biodistribution study 

 

Rats were fasted overnight with free access to water. Lipid-based formulations of tested 

compounds were prepared as described in Section 2.8.3.2 on the day of administration. 

Following oral administration of LPV or prodrugs, rats were euthanised by CO2 inhalation at 

plasma tmax and tmax-1. Lymph sample was immediately collected from the mesenteric lymph 

duct. The MLNs were collected as previously reported [177,191]. Briefly, mesenteric tissues 

were removed from the abdominal cavity and placed in a clean weigh boat and MLNs were 

gently isolated from mesenteric adipose tissue. Other tissues, including spleen, brain, liver, and 

testes were also harvested, and stored at -80°C until analysis. All the collected tissues were 

homogenised (POLYTRON® PT 10-35 GT, Kinematica AG, Luzern, Switzerland) with NaF 

in water (10 mg/mL) (1:3, w/v) on ice bath prior to sample preparation for drug analysis. The 

drug and TG levels in the harvested lymph samples were analysed on the day of collection. 

The procedure for sample preparation was described in Section 2.2.3. TG levels in lymph fluid 

were measured by serum TG determination kit (Sigma, Gillingham, UK) with following 

manufacture’s instructions. 

 

 Pharmacokinetic analysis  

 

A Non-compartmental analysis (NCA) was applied to calculate pharmacokinetic parameters 

derived from plasma concentration-time profiles using Phoenix WinNonlin 6.3 software 

(Pharsight, Mountain View, CA, USA). The oral bioavailability can subsequently be calculated 

by comparing respective AUCs, as shown by the following equation: 

 𝐹 =
𝐴𝑈𝐶𝑜𝑟𝑎𝑙

𝐴𝑈𝐶𝐼𝑉
×

𝐷𝑜𝑠𝑒𝐼𝑉

𝐷𝑜𝑠𝑒𝑜𝑟𝑎𝑙
 (Eq. 1). 
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 Statistical analysis 

 

The data are shown as mean ± standard deviation (SD). Statistical analysis between two data 

sets was performed by two-tailed unpaired t-test. One-way ANOVA followed by Dunnett’s or 

Tukey’s test was used to compare between three or more data sets. A p-value lower than 0.05 

was considered to represent a significant difference. Statistical analysis was performed using 

GraphPad Prism version 7.04 (GraphPad Software, Inc., La Jolla, CA, USA). 
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3. DEVELOPMENT AND VALIDATION OF A SENSITIVE 

BIOANALYTICAL HPLC-UV METHOD FOR DETERMINATION OF 

LOPINAVIR IN RAT AND HUMAN PLASMA [202] 

 

The results described in the Chapter have been published in peer-reviewed literature: Qin, C., 

Feng, W., Chu, Y., Lee, J., Berton, M., Bettonte, S., Teo, Y., Stocks, M., Fischer, P. and 

Gershkovich, P. (2020). Development and validation of a cost‐effective and sensitive 

bioanalytical HPLC‐UV method for determination of lopinavir in rat and human 

plasma. Biomedical Chromatography, 34 (11) e4934. 

 

 Introduction 

 

Lopinavir (LPV) is an HIV protease inhibitor (PI) co-administered with a low dose of ritonavir 

(RTV) under the brand Kaletra® (LPV/r) as part of antiretroviral treatment (ART) in people 

affected by HIV. The combination was approved by the U.S. Food and Drug Administration 

(FDA) two decades ago [203]. Since 2006, the World Health Organization (WHO) guidelines 

have consistently recommended LPV/r as one of PIs in second-line regimens [69]. In the latest 

WHO guidelines (2019), LPV/r is still recommended as the preferred PI therapy for second-

line ART regimen, alternative first-line ART regimen in children, and in special circumstances 

in neonates [70]. Most recently, due to the global outbreak of Severe Acute Respiratory 

Syndrome Coronavirus 2 (SARS-CoV-2) infection leading to COVID-19 disease, LPV/r is 

being considered as one of potential candidates undergoing several clinical trials 

(ChiCTR2000029496, ChiCTR2000029539, NCT04307693, NCT04252885). It has been 

recently reported that early administration of LPV/r could prevent COVID-19 progression to 



69 

 

severe stage [204]. Moreover, Gregoire et al., [205] noted a good safety profile in COVID-19 

patients undergoing LPV/r treatment in their studies. 

 

By the end of 2018, an estimated 37.9 million people globally were living with HIV (including 

1.7 million children). Moreover, 1.7 million in total were newly infected with HIV (including 

0.16 million children) in 2018 alone [206]. However, only US$ 19 billion was available for 

HIV/AIDS response in low- and middle-income countries (end 2018), US$ 1 billion less than 

2017 (US$ 19.9 billion) [206]. The relatively low funding, as well as the stagnation in the rate 

of new HIV infections in recent years is a challenge for efficient and rapid diagnostics and 

monitoring for people in resource-limited settings. More than 70% patients from low- to 

middle-income countries undergoing second line regimens are receiving LPV/r [71]. Therefore, 

a sensitive bioanalytical method for therapeutic drug monitoring (TDM) of LPV are needed, 

mostly in developing countries. In order to be relevant for TDM, these methods need to cover 

the range of clinically relevant plasma concentrations of LPV in HIV-infected individuals 

undergoing LPV/r regimen [207,208]. In addition, the bitter taste reported with various 

formulations of LPV/r combination [209], is likely to affect adherence, which increases the 

need for TDM in HIV-infected children. Moreover, application of the new bioanalytical 

method for the preclinical studies in rats also allows more convenient preclinical research, and, 

importantly, inclusion of resource-limited developing countries in the research activities.   

 

To date, a large number of bioanalytical methods was developed for the determination of LPV 

with other antiretroviral drugs in plasma by means of high-performance liquid chromatography 

(HPLC) with UV detection [210–216] or tandem mass spectrometry (LC-MS/MS) [217–220]. 

However, previously reported bioanalytical methods for determination of LPV utilizing HPLC-

UV methodology are not sensitive enough when low-volume samples are used [221]. On the 
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other hand, LC-MS/MS methodology does provide sufficient sensitivity, but is too expensive 

for efficient TDM or preclinical research in resource-limited countries. One published 

bioanalytical method achieved good sensitivity with lower limit of quantification (LLOQ) of 5 

ng/mL using HPLC-UV for determination of LPV [210], while another published method 

utilized LC-MS/MS to obtain LLOQ as low as 1 ng/mL [218]. However, a relatively high 

volume of plasma (600 µL and 200 µL, respectively) was needed to achieve these high 

sensitivities in both methods. The relatively high volume of plasma on the scale of 600 µL is 

problematic for TDM in children, while the scale of 200 µL is still quite high for 

pharmacokinetic studies in small laboratory animals, such as rats or mice. Additionally, due to 

the fact that safe handling of HIV positive biological samples in clinics is a priority, drug 

stability in heat-inactivated conditions (56°C, 30 mins [222]) has been mostly validated in 

published methods [214,220,223,224]. As a result, the proposed validation of our bioanalytical 

method also covers drug stability in heat-inactivated conditions, as well as a full validation 

recommended by FDA guidelines [225].  

 

Therefore, in this work, a simple, sensitive and low sample volume bioanalytical method for 

determination of LPV in rat plasma was developed and fully validated using HPLC with ultra-

violet (UV) detection. This method was successfully implemented in a pharmacokinetic study 

following intravenous administration in rats. Moreover, the method has been also fully 

validated for human plasma to provide an option for clinical research and therapeutic drug 

monitoring (TDM). 
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 Experimental design 

 

Plasma sample preparation for HPLC analysis is described in Section 2.2.1, and 

chromatographic system is described in Section 2.2.5. Plasma pharmacokinetic study following 

intravenous administration of LPV is described in Section 2.8.3. Formulation of LPV was 

prepared at concentration of 4 mg/mL. The general scheme flowchart of experimental design 

is shown in Figure 3-1. 

 

 

 

 

 

 

 

Figure 3- 1. Schematic diagram of workflow for method development and validation in rat 

plasma, preclinical pharmacokinetic study in rats; application and validation in human plasma. 
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 Method validation 

 

A full validation of the new method was carried out in accordance with the FDA guidance for 

Bioanalytical Method Validation [225].  

 

3.3.1. Selectivity  

 

The selectivity of this new HPLC-UV analytical method was assessed by comparing the 

chromatograms of pooled blank rat plasma samples with the chromatograms of six replicates 

of plasma samples spiked with LPV at LLOQ standard solution. The selectivity was further 

assessed in the samples from intravenous (IV) bolus administration of LPV to rats.  

 

3.3.2. Accuracy and Precision 

 

Accuracy was expressed as relative error (RE) and precision as relative standard deviation 

(RSD). The intra-day accuracy and precision were validated using six-replicate analysis of QC 

samples (LQC, MQC and HQC) and LLOQ samples on the same day. The inter-day accuracy 

and precision were also assessed at the same concentrations on 6 separate days.  Based on FDA 

guidelines, the mean value of accuracy should be within ± 15% of the nominal concentration 

except for the LLOQ which should be within ± 20%. The percentage of precision should not 

exceed 15% except for the LLOQ in which 20% deviation is accepted [225].  
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3.3.3. Sensitivity 

 

The LLOQ was defined as the lowest tested concentration of the drug with the RE within  ± 

20% and RSD ≤ 20%, for both intra-day and inter-day runs [225].  

 

3.3.4. Linearity  

 

Calibration curves (the ratio of LPV peak to IS peak area versus nominal concentration) were 

fitted by least squares linear regression analysis using a weighted factor (1/X). To validate 

linearity, correlation coefficient (r²) should be over 0.99 and accuracy should be within ± 15% 

(expect for LLOQ in which variability within ± 20% is allowed) [225].  

 

3.3.5. Recovery 

 

Percentage (%) recovery for LPV was determined by comparing the chromatographic peak 

areas of QC samples following extraction with peak areas obtained from equivalent levels 

dissolved directly in reconstitution solvent. The recovery of IS was determined in the same 

way.  

 

3.3.6. Stability 

 

Stability assays were designed to mimic the likely conditions in which samples will be stored, 

transferred, processed and analysed. QC Samples (LQC, MQC and HQC) were prepared by 

spiking LPV solution into blank rat plasma. Stability during thermisation (heat-inactivation of 

HIV) was validated by incubating six replicates of QC samples (LQC, MQC and HQC) at 56°C 



74 

 

for 30 min [222]. Freeze-thaw stability was assessed by 3 cycles of freezing the samples at -

80°C for 24 h and then thawing at room temperature. Benchtop stability was assessed for 6 h 

at room temperature. Short term stability was studied for 24 h at -20°C, and long term stability 

for 4 and 8 weeks at -80°C. Autosampler stability was also assessed by storing six replicates 

of processed QC samples (LQC, MQC and HQC) at 4°C for 24 hours. Working standard 

solutions (0.25, 4 and 80 μg/mL) were prepared and stored at room temperature for 6 hours, 

and then used to prepare six replicates of QC samples (LQC, MQC and HQC) for assessing 

stock solution stability. Analytes were considered to be stable in plasma when accuracy and 

precision were within acceptable limits (RE within ± 15% and RSD ≤ 15%, respectively) [225].  

 

3.3.7. Method application and validation in human plasma 

 

The method of sample preparation procedure, chromatography conditions and method 

validation (excluding long-term stability conditions) of LPV in human plasma were identical 

to those reported for rat plasma above.  
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 Results and discussion 

3.4.1. Method development 

 

Since LPV is not a highly lipophilic compound (Log P = 1.7, experimental result [226]), n-

hexane (non-polar organic solvent) was not efficient in extraction of LPV from plasma (the 

absolute recovery was zero). Adding 30% ethyl acetate to n-hexane enhanced extraction 

efficiency dramatically and the mixture of n-hexane–ethyl acetate 7:3 (v/v) was selected as the 

optimum extraction solvent. In addition to the extracting solvent composition, the duration of 

the extraction was also optimized in this assay. It was observed that LPV was extracted very 

rapidly (within 3 min vortex-mixing) into organic phase during liquid-liquid extraction 

procedure. Further increase in the duration of the extraction did not improve the recovery. 

Similar to a previously reported work from our group for bioanalysis of phytocannabinoids, 

addition of water following plasma protein precipitation before the liquid-liquid extraction 

improved the extraction efficiency and the chromatography baseline [188]. Cannabidiol was 

selected as an IS because it had similar extraction procedure and efficiency to LPV in our 

previous work [188], as well as longer retention time than LPV in chromatography conditions 

developed in this work. 

 

A simple buffer-free gradient mobile phase, starting from a mixture of acetonitrile–water 

(50:50, v/v), gave optimal separation of LPV from background peaks. A higher percentage of 

acetonitrile was gradually blended in mobile phase to elute IS (Table 3-1). Both LPV and IS 

were monitored at 211 nm, as LPV had the highest UV absorbance and chromatography 

baseline was clean at LPV retention time at this wavelength. 
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Table 3- 1. Gradient conditions 

Time 

(min) 

Flow 

(mL/min) 

Water 

(%) 

Acetonitrile 

(%) 

0 0.30 50 50 

10 0.30 50 50 

11 0.30 30 70 

19 0.30 30 70 

20 0.30 50 50 

25 0.30 50 50 

 

 

3.4.2. Method validation for rat plasma 

3.4.2.1. Selectivity 

 

This analytical method showed good selectivity and the peak of LPV was well-separated from 

endogenous peaks in blank rat plasma (Figure 3-2 (A)-(C)), indicating minimum matrix effect 

and absence of carryover. In addition, this method was applied to evaluate drug concentrations 

in rat plasma following intravenous administration, and in these samples there was also no 

interference between the LPV, IS and endogenous peaks (Figure 3-2 (D)). Therefore, this 

method is selective for determination of LPV in rat plasma and suitable for pharmacokinetic 

experiments in these species. 
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Figure 3- 2. Representative chromatograms of (A) rat plasma blank sample; (B) rat plasma 

spiked with 1000 ng/mL LPV; and (C) rat plasma spiked with 8000 ng/mL LPV; (D) plasma 

obtained at 5 minutes following intravenous administration of LPV in rat (4 mg/kg). All 

chromatograms are observed at λ = 211 nm. LPV, lopinavir; IS, internal standard. 
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3.4.2.2. Accuracy and precision 

 

Samples were assessed at four different concentrations in 6 replicates to evaluate accuracy (RE) 

and precision (RSD), respectively. Results for intra- and inter-day validation of LLOQ and QC 

samples are listed in Table 3-2. For accuracy and precision validation, the mean values of all 

QC samples (LQC, MQC and HQC) were within acceptable range (RE within ± 15% and RSD 

≤ 15%). For the LLOQ, RE was within ± 20% and RSD ≤ 20%. These results indicate that this 

analytical method is suitable for determination of LPV levels in rat plasma in an accurate and 

precise manner [225].   

 

Table 3- 2. Intra- and inter-day validation results for determination of lopinavir in rat plasma 

 

3.4.2.3. Sensitivity and linearity 

 

In this method, 10 ng/mL was determined as LLOQ, since intra- and inter-day accuracy and 

precision validations for LLOQ samples were within acceptable range (RE within ± 20% and 

RSD ≤ 20%) (Table 3-2). The method was linear for LPV with correlation coefficient (r2) 

greater than 0.99 in all calibration curves in the range of 10–10,000 ng/mL, indicating dilution 

integrity in this range in the conditions of this assay. To note, a low volume of plasma (100 µL) 

was needed to achieve the LLOQ of 10 ng/mL which makes this assay sufficiently sensitive to 

Nominal concentration 

levels  
intra-day (n=6) inter-day (n=6) 

  
Accuracy 

(RE, %) 

Precision 

(RSD, %) 

Accuracy 

(RE, %) 

Precision 

(RSD, %) 

LLOQ (10 ng/mL) 5.59 15.80 15.36 2.93 

LQC (25 ng/mL) -7.02 1.64 -2.09 10.90 

MQC (400 ng/mL) -5.67 2.26 -2.91 8.61 

HQC (8000 ng/mL) -1.78 3.69 1.22 5.68 

RE, relative error; RSD, relative standard deviation; LLOQ, lower limit of quantification; LQC, low quality 

control; MQC, medium quality control; HQC, high quality control. 
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perform preclinical pharmacokinetic studies in small laboratory animals or other situations 

when sample volume is limited. In previously reported studies, some bioanalytical methods 

achieved better sensitivities (LLOQ less than 10 ng/mL), but required higher volume of plasma 

and/or more expensive analytic equipment such as LC-MS/MS [210,218].  

 

3.4.2.4. Recovery 

 

Mean absolute recoveries of LPV in LQC, MQC and HQC samples were 88.7 ± 2.1%, 96.5 ± 

1.0% and 96.4 ± 2.1%, respectively (mean ± SD, n = 6). The absolute recovery of IS was 70.6 

± 2.5% (mean ± SD, n = 3). The optimised liquid-liquid extraction step contributed to excellent 

recovery of LPV from rat plasma, thereby achieving good sensitivity of this method.  

 

3.4.2.5. Stability 

 

The results of all stability experiments are shown in Table 3-3. All QC samples (LQC, MQC 

and HQC) were considered to be stable under different realistic storage conditions, with the 

values of accuracy (RE) and precision (RSD) in the acceptable range (RE within ± 15%, RSD 

≤ 15%). Very limited LPV stability data in rat plasma have been reported in previous works 

and only included freeze-thaw, short-term and autosampler stability experiments [221]. To the 

best of our knowledge, this is the first report that covers full validation and stability of LPV in 

rat plasma according to FDA guidelines [225]. Moreover, the stability of LPV in rat plasma 

was originally validated at heat-inactivated conditions only [222]. 
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Table 3- 3. Stability results of lopinavir in rat plasma under various storage conditions (n=6)

Concentration 

levels 

Inactivation 

stability (56°C 

, 30 min) 

Benchtop 

stability (25°C 

, 6 h) 

Stock solution 

stability (25°C 

, 6 h) 

Autosampler 

stability (4°C 

, 24 h) 

Short term 

stability (-20°C 

, 24 h) 

Freeze-thaw 

stability (-80°C 

, 3 cycles) 

Long term 

stability (-80°C 

, 4 weeks) 

Long term 

stability (-

80°C 

, 8 weeks) 

 RE 

(%) 

RSD 

(%) 

RE 

(%) 

RSD 

(%) 

RE 

(%) 

RSD 

(%) 

RE 

(%) 

RSD 

(%) 

RE 

(%) 

RSD 

(%) 

RE 

(%) 

RSD 

(%) 

RE 

(%) 

RSD 

(%) 

RE 

(%) 

RSD 

(%) 

LQC (25 

ng/mL) 
3.91 8.02 0.92 10.89 0.23 2.68 6.57 4.19 8.03 4.03 -0.16 3.94 4.61 4.90 12.76 1.68 

MQC (400 

ng/mL) 
-3.89 6.26 1.39 1.65 -5.96 4.20 -11.18 1.34 -8.99 6.07 -0.20 3.94 -2.03 4.00 -9.73 1.35 

HQC (8000 

ng/mL) 
-7.42 6.33 7.42 2.59 -3.22 2.82 -3.23 3.30 -1.29 2.92 -0.94 3.51 5.23 2.88 -0.91 3.38 

RE, relative error; RSD, relative standard deviation; LQC, low quality control; MQC, medium quality control; HQC, high quality control.    
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3.4.3. Pharmacokinetic study in rats 

 

The developed bioanalytical method was applied to a preclinical pharmacokinetic study in rats 

following single intravenous bolus administration. The individual plasma concentration-time 

profiles of LPV in three rats are shown in Figure 3-3, and mean plasma pharmacokinetic 

parameters obtained using non-compartmental analysis are shown in Table 3-4. Limited 

number of preclinical pharmacokinetic studies following single intravenous bolus of LPV in 

rats have been reported [221,227]. The elimination t1/2 (0.49 ± 0.01 h) obtained in this study is 

shorter than the t1/2 (0.82 ± 0.03 h) previously reported using HPLC-UV method for the 

detection of LPV [221]. The lower sensitivity of the previously reported method (LLOQ = 250 

ng/mL) limited sampling up to 3 h, which resulted in sampling duration of less than 4 times the 

elimination t1/2. However, to better characterize a pharmacokinetic profile, sampling should 

preferably be 4–5 times the elimination t1/2 [228]. In the current study, a high sensitivity (LLOQ 

= 10 ng/mL) allows sampling up to 4 h (more than 8 times the elimination t1/2), thereby 

accurately characterizing the pharmacokinetic profile of LPV. Kumar et al. reported a 

significantly longer elimination t1/2 (mean value of 2.07 h) compared to other studies [227]. 

This prolonged elimination t1/2 is probably a result of the analytical assay which was using 

radiolabelled LPV. This trend has been previously observed for other compounds in which 

radioactivity-based bioanalytical methods were used [229]. 
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Figure 3- 3. Plasma concentration-time profiles of LPV in rats following intravenous 

administration at 4 mg/kg (n=3). LPV, lopinavir. 

 

Table 3- 4. Pharmacokinetic parameters of lopinavir following a single i.v. administration of 

4 mg/kg to rats (n=3) 

Parameters Mean SD 

AUCinf (h·ng/mL) 2709 371 

AUC0→t (h·ng/mL) 2699 372 

C0 (ng/mL) 5992 2033 

t1/2 (h) 0.49 0.01 

Vss (mL/kg) 1053 271 

CL (mL/h/kg) 1495 200 

AUCinf, area under the curve from time zero to infinity; AUC0 → t, area under the curve from time zero to the last 

sampling time point; C0, concentration extrapolated to time zero; t1/2, elimination half-life; Vss, volume of 

distribution at steady state; CL, clearance. 
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3.4.4. Assessment and validation of the developed bioanalytical method in 

human plasma for clinical therapeutic drug monitoring (TDM) 

 

Following the development and validation of the bioanalytical method for determination of 

LPV in rat plasma, the suitability of this method for clinical research and clinical TDM of HIV-

infected patients undergoing LPV/r was assessed. A routine TDM plays an important role in 

ART to assist clinicians in assessing adherence and optimizing the regimens for HIV-infected 

patients, and therefore to reduce the risks of insufficient therapeutic response, drug resistance 

or toxicity. This is particularly important in relation to PIs, as the pharmacokinetics of PIs is 

known to have high inter-individual variability [230–232]. Very high concentrations of LPV 

can lead to adverse effects such as hyperlipidaemia [233–235] and gastrointestinal disorders 

[236,237], while concentrations below the therapeutic window would lead to therapeutic failure 

and drug resistance [237,238]. Moreover, the poor palatability of LPV/r liquid formulations 

[209] increases the risk of suboptimal antiretroviral efficiency in children due to poor 

adherence. Therefore, this sensitive bioanalytical method, involving low volume samples of 

plasma could be useful for monitoring plasma concentrations of LPV in adults and children in 

both developed and resource-limited countries.  

 

The same calibration curve range (10–10,000 ng/mL) was used in the assessment of the newly 

developed bioanalytical method for human plasma, since the mean Cmax, Cmin and Ctrough of 

LPV were reported to be within this range during LPV/r regimen (400/100 mg b.i.d.) in HIV-

infected adults [207,208]. The reported mean Ctrough levels of LPV following LPV/r regimens 

based on body weight in HIV-infected children were also within this range [239]. Same sample 

preparation procedure and chromatography conditions used for rat plasma were also applied to 

human plasma. Good selectivity was observed by comparison of chromatograms between 



84 

 

LPV/RTV spiked samples and blank human plasma samples (Figure 3-4). Intra-day and inter-

day accuracy (RE) and precision (RSD) were assessed by 6 spiked human plasma samples at 

four different concentrations (LLOQ and QCs) for LPV (Table 3-5). Same sensitivity (LLOQ 

= 10 ng/mL) and linearity range (r2 greater than 0.99) as for rat plasma were achieved when 

the method was applied to human plasma. The extraction recovery of human plasma LQC, 

MQC and HQC samples were 94.3 ± 4.9%, 99.6 ± 2.2% and 99.5 ± 3.5%, respectively (mean 

± SD, n = 6).  

 

Table 3- 5. Intra- and inter-day validation results for determination of lopinavir in human 

plasma 

  

Nominal concentration 

levels  
intra-day (n=6) inter-day (n=6) 

  
Accuracy 

(RE, %) 

Precision 

(RSD, %) 

Accuracy 

(RE, %) 

Precision 

(RSD, %) 

LLOQ (10 ng/mL) 5.61 5.60 6.53 10.44 

LQC (25 ng/mL) 3.54 4.52 2.11 5.20 

MQC (400 ng/mL) -1.79 4.35 -1.92 2.77 

HQC (8000 ng/mL) -5.57 2.95 2.40 3.56 

RE, relative error; RSD, relative standard deviation; LLOQ, lower limit of quantification; LQC, low quality control; 

MQC, medium quality control; HQC, high quality control. 
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Figure 3- 4. Representative chromatograms of (A) blank human plasma; (B) and (C) human 

plasma spiked with 5000 ng/mL of LPV and 5000 ng/mL of RTV, respectively; (D) human 

plasma sample spiked with 5000 ng/mL of LPV and RTV simultaneously. All chromatograms 

are observed at λ = 211 nm. LPV, lopinavir; RTV, ritonavir; IS, internal standard. 
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The stability of LPV at 3 concentrations (QCs) in human plasma under different realistic 

storage conditions is shown in Table 3-6. The LPV was stable in human plasma samples under 

all tested conditions, since the values of RE and RSD are within acceptable range (RE within 

± 15%, RSD ≤ 15% [225]). The heat-inactivation stability has demonstrated that the samples 

are stable during patient plasma HIV inactivation procedure prior to sample preparation. The 

bench-top stability and stock solution stability show that samples and stock solutions are stable 

during sample preparation procedure. The processed samples are also stable at 4°C for 24 hours, 

mimicking the condition in an autosampler. Freeze-thaw stability indicated that samples are 

stable after undergoing three cycles of freeze and thaw, which should allow TDM even after 

the samples have been previously used for other tests, such as viral load monitoring. Plasma 

samples are also stable under short-term storage conditions with the acceptable values of RE 

and RSD. Therefore, a low plasma volume, good extraction efficiency, high sensitivity and 

good stability in human plasma at different storage situations make this versatile and robust 

bioanalytical method suitable for clinical research and clinical TDM of HIV-infected adult and 

paediatric patients. This new method of determination of LPV in plasma using HPLC-UV 

detection is less sensitive compared to previously achieved by LC-MS/MS methodology 

[218,240,241], but requires much lower volume of plasma (100 µL) compared to previously 

reported HPLC-UV method (600 µL) [210]. Importantly, this method compared to much more 

expensive LC-MS/MS methodology allows TDM and clinical research activity in resources-

limited countries in the developing world.  
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Table 3- 6. Stability results of lopinavir in human plasma under various storage conditions (n=6)

Concentration levels  

Inactivation stability 

(56°C 

, 30 min) 

Benchtop stability 

(25°C 

, 6 h) 

Stock solution 

stability (25°C 

, 6 h) 

Autosampler 

stability (4°C 

, 24 h) 

Short term stability 

(-20°C 

, 24 h) 

Freeze-thaw stability 

(-80°C 

, 3 cycles) 

  RE (%) RSD (%) RE (%) RSD (%) RE (%) RSD (%) RE (%) RSD (%) RE (%) RSD (%) RE (%) RSD (%) 

LQC (25 ng/mL) -1.69 5.78 -7.72 2.73 -3.71 6.46 7.43 4.87 -10.10 4.39 7.50 4.45 

MQC (400 ng/mL) -2.14 5.28 -3.27 3.12 -5.19 4.21 -7.82 3.76 7.04 3.56 4.28 3.39 

HQC (8000 ng/mL) 9.80 3.06 12.27 1.91 2.63 5.59 -2.05 4.64 8.04 4.38 6.29 4.88 

RE, relative error; RSD, relative standard deviation; LQC, low quality control; MQC, medium quality control; HQC, high quality control. 
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 Conclusion 

 

A simple and sensitive HPLV-UV method for the determination of LPV in rat plasma was 

developed and fully validated. This assay achieved higher sensitivity using lower volume of 

plasma compared to previously reported HPLC-UV methods. This method will allow 

preclinical pharmacokinetic and drug delivery studies in rats in the developed and developing 

countries in a reliable manner. Moreover, the newly developed bioanalytical method was 

applied and validated for human plasma with similar good selectivity, sensitivity, linearity and 

stability under different storage conditions. Therefore, this method can be used for clinical 

research and clinical TDM of HIV-infected and potentially SARS-CoV-2-infected patients 

undergoing LPV/r treatment in the resource-rich and resource-limited settings.  
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4. TARGETED DELIVERY OF LOPINAVIR TO HIV RESERVOIRS 

IN THE MESENTERIC LYMPHATIC SYSTEM BY LIPOPHILIC 

ESTER PRODRUG APPROACH [242] 

 

The results described in this Chapter have been accepted by the Journal of Controlled release: 

Qin, C., Chu, Y., Feng, W., Fromont, C., He, S., Ali, J., Lee, J., Zgair, A., Berton, M., Bettonte, 

S., Liu, R., Yang, L., Monmaturapoj, T., Medrano-Padial, C., Ugalde, A., Vetrugno, D., Ee, 

S.Y., Sheriston, C., Wu, Y., Stocks, M., Fischer, P. and Gershkovich, P. (2020). Targeted 

delivery of lopinavir to HIV reservoirs in the mesenteric lymphatic system by lipophilic ester 

prodrug approach. Online ahead of print. 

 

 Introduction 

 

The combined antiretroviral therapy (cART) can efficiently reduce viral load and keep it 

undetectable in the blood of HIV-infected patients for the duration of treatment [243,244]. 

However, as soon as the therapy is interrupted, rebound viremia can occur within a few weeks 

[44,245,246]. This is partially due to the persistence of HIV-1 in anatomical and cellular viral 

reservoirs [247], which are established during early primary infection stage [248–250] and are 

extremely stable even during fully suppressive cART [52,251–254]. The gut-associated 

lymphoid tissue (GALT), including mesenteric lymph and mesenteric lymph nodes (MLNs), 

harbors a large proportion of body’s lymphocytes [104]. During primary HIV infection, severe 

CD4+ T cells depletion in GALT can impair effective immune response against HIV-1, thereby 

contributing to poor clinical outcomes [30,34]. Initiation of early cART can partially preserve 

and reconstitute immune function [255], but does not prevent GALT eventually becoming one 

of the most important and persistent anatomical reservoirs of HIV [52–55].  
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Unfortunately, presently known antiretroviral drugs poorly permeate into lymphoid tissues and 

particularly low levels can be detected in MLNs, resulting in suboptimal concentrations in these 

important viral reservoirs [52,54,159,253]. In the past, almost all attempts to enhance the 

delivery of antiretroviral agents to lymph nodes (LNs) involved a general idea of subcutaneous 

or intramuscular injection of different types of nano-sized drug delivery systems [159–162]. 

The rationale for this common approach is that due to the nano-scale size of these drug delivery 

systems, nanoparticles are taken up preferentially by the lymphatics rather than permeate into 

blood capillaries. However, the main drawback of this common approach is that due to the 

pattern of anatomical drainage of lymph from subcutaneous space or muscle, the drug could be 

delivered only to peripheral LNs. Moreover, only those limited individual peripheral LNs 

collecting the lymph fluid directly from the local region of injection site could be reached using 

this approach.  

 

In this work, a physiological pathway of absorption of dietary lipids via intestinal lymphatic 

transport was utilized for delivery of antiretroviral drug lopinavir (LPV) to the mesenteric 

lymphatic system. It has been previously shown in multiple studies that highly lipophilic 

compounds with appropriate physicochemical characteristics (Log D7.4 > 5, long-chain 

triglyceride (LCT) solubility > 50 mg/mL) have substantial intestinal lymphatic transport when 

administered orally with lipids [256,257]. Highly lipophilic compounds can associate with 

chylomicrons (CMs), large lipoproteins which are assembled in the enterocytes in the presence 

of long-chain triglyceride or long-chain fatty acids. CMs are too large to penetrate into blood 

capillaries, and therefore are taken up preferentially by lymph lacteals together with the 

associated highly lipophilic drugs. This mechanism promotes the absorption of drugs into the 

mesenteric lymphatic system before they reach the systemic circulation (Figure 4-1) [104]. A 
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linear correlation between the in vivo lymphatic absorption of lipophilic compounds and the 

degree of drug-CMs association in vitro has been previously reported [138]. Therefore, the 

degree of drug-CMs association could be used as a useful tool to select potential candidates 

which are likely to have intestinal lymphatic transport and therefore could be delivered to the 

mesenteric lymph and MLNs in an efficient and selective manner. 

 

 

 

 

 

 

 

 

Figure 4- 1. Schematic diagram of delivery of LPV to the mesenteric lymphatic system. 
Lipophilic prodrugs of LPV have high affinity to chylomicrons (CMs) in the enterocytes, 

leading to intestinal lymphatic transport and high local concentrations in mesenteric lymph and 

MLNs. LPV released from the prodrugs by enzymatic cleavage of the ester bond exerts its 

pharmacological effect within the mesenteric lymph and MLNs.  

 

Previous studies from our and other groups showed efficient delivery of highly lipophilic 

compounds to the mesenteric lymph and MLNs following oral administration with lipid-based 

formulations [177,191,256,257]. For example, it was found that the levels of cannabidiol (CBD) 

and Δ9-tetrahydrocannabinol (THC) in the mesenteric lymph were as high as 250- and 100-

fold higher in lymph than in plasma, respectively, when co-administered with long-chain 

triglyceride formulation [191]. Moreover, it was also found that when the active drug does not 

have sufficient lipophilicity for the intestinal lymphatic transport, a lipophilic prodrug approach 

can still achieve efficient delivery of the drug to the mesenteric lymphatic system [177]. 

Recently, a number of clinically used protease inhibitors (PIs) were screened in vitro for their 

potential for intestinal lymphatic transport in unmodified form. Only tipranavir (TPV) showed 
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some experimental association with CMs. However, in vivo results showed that the distribution 

of chemically unmodified TPV to the mesenteric lymph was moderate and to MLNs was 

minimal [258]. 

 

LPV has been consistently recommended as the preferred PI in the second-line cART regimens 

[70]. However, similar to most other PIs, LPV does not possess sufficient lipophilicity for 

delivery to mesenteric lymph and MLNs without chemical modification [258]. Therefore, the 

aim of this study was to design and synthesize lipophilic ester prodrugs that possess the 

necessary physicochemical properties for improved association with CMs and lead to efficient 

delivery of LPV to HIV reservoirs within the mesenteric lymph and MLNs. The efficiency of 

bioconversion of inactive prodrugs to active agent (LPV) have been evaluated in 

physiologically relevant media. Subsequently, candidates which possess moderate to high 

affinity to CMs, good stability in conditions mimicking intestinal tract and rapid release to LPV 

in conditions mimicking the lymphatic system have been selected for in vivo assessment. 

Finally, the efficiency of the novel prodrug approach in targeting LPV to viral reservoirs in 

mesenteric lymphatic system has been assessed in vivo in rats.  
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 Experimental design 

 

The procedure of chemical synthesis is described in Section 2.3. In vitro and ex vivo 

chylomicrons association, prodrug conversion and antiretroviral activity assays were 

performed as described in Sections 2.4., 2.5. and 2.7., respectively. Long chain triglycerides 

(LCTs) solubility measurement is described in Section 2.6. Pharmacokinetic studies are 

described in Section 2.8.3. Formulations of LPV, prodrugs 1 and 7 were prepared at 

concentrations equivalent to 4, 9, and 2 mg/mL of LPV, respectively. Biodistribution studies 

following oral administration are described in Section 2.8.4. Procedures of sample preparation 

followed the methods described in Section 2.2. The general scheme flowchart of experimental 

design is shown in Figure 4-2. 

 

 

Figure 4- 2. A workflow of experimental design for lipophilic prodrug approach to target 

mesenteric lymphatic system. FaSSIF, fast state simulated intestinal fluid; CMs, chylomicrons; 

GALTs, gut-associated lymphoid tissues; TG, triglyceride.  
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 Results 

4.3.1. Design of LPV prodrugs  

 

Prodrugs 1-5 were simple alkyl esters. For prodrug 6, the enzymatic recognition site (acetamide) 

was designed to be further away from the main scaffold for better access and diketopiperazine 

cyclisation to liberate the drug LPV [259]. For prodrug 7, an electronegative heteroatom 

(oxygen) was introduced in the β position relative to the acyl group [260]. Due to those specific 

features, compounds 6 and 7 will be referred in this Chapter as activated ester prodrugs. 

Chemical structures of all synthesised prodrugs are shown in Figure 4-3. 

 

4.3.2. Prodrug synthesis and structural characterisation 

 

All designed ester prodrugs were synthesised and purified. Calculated physicochemical 

parameters used for in-silico prediction of association with CMs, as well as predicted values of 

affinity to CMs and water solubility are shown in Table 4-1. The schematic presentation of the 

chemical synthetic route and the chemical structures of prodrugs are shown in Figure 4-3. The 

characterisation of individual molecules is available in Appendix 1. Prodrugs 1-5 were alkyl 

esters with a short to medium chain fatty acid. The activated ester prodrugs 6 and 7 were then 

designed and synthesised following the assessment of prodrugs 1-5.  
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Table 4- 1. Physicochemical parameters of LPV and its prodrugs used for in-silico prediction of association with CMs, as well as predicted 

values of affinity to CMs and water solubility.

Compounds 

  

Log D7.4 
Log P - 

Log D7.4 
PSA H-acceptors FRB 

Density 

(g/cm3) 

Molar 

volume 

(cm3) 

H-donors 

Predicted 

association 

(%) with 

chylomicrons 

water 

solubility 

(µg/mL) 
 

LPV  5.88 0.38 120 9 15 1.163 540.4 4 54.6 2.1 

1  6.82 1.26 126.07 10 19 1.141 612.4 3 69.6 2.9 

2  8.96 0.19 126.07 10 21 1.126 645.4 3 97.4 0.007 

3  9.83 0.38 126.07 10 23 1.112 678.4 3 99.2 0.00049 

4  10.77 0.5 126.07 10 25 1.1 711.4 3 99.8 0.00017 

5  11.54 0.79 126.07 10 27 1.089 744.5 3 99.9 0.000027 

6  4.84 0.74 184.27 14 21 1.194 657.3 5 16.7 18 

7   7.61 0.84 135.3 11 22 1.139 651.8 3 88.5 0.069 

Physicochemical parameter values were obtained using ACD I-Lab. CMs, chylomicrons; PSA, polar surface area; FRB, freely rotatable bonds; LPV, lopinavir 
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Figure 4- 3. Chemical structures of LPV and its prodrugs. Prodrugs 1-5 are short to medium 

chain fatty acid alkyl esters; Prodrugs 6 and 7 are activated esters which should promote more 

rapid release of LPV in the lymphatic system. EDCI, 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide; DMAP, 4-dimethylaminopyridine; DCM, dichloromethane; RT; room 

temperature. 

 

4.3.3. Uptake of LPV and its prodrugs by CMs 

 

The association of LPV and prodrugs 1-7 with artificial and natural CMs is shown in Figure 

4-4 (A). There was no uptake of unmodified LPV and prodrug 6 by CMs. Prodrugs 1-5 and 7 

showed moderate to high affinity to CMs, indicating substantial potential for delivery of these 

prodrugs to the mesenteric lymphatic system following oral administration with lipid-based 

formulation. As shown in Figure 4-3, the leaving groups of prodrugs 1-4 are short (4 carbons) 

to medium (10 carbons) chain fatty acids. The longer the fatty acid chain, the higher was the 

affinity to CMs for prodrugs 1-4. However, further increase in the lipophilicity and molecular 

weight by addition of the C12 chain fatty acid (prodrug 5) resulted in reduction in affinity to 
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CMs, suggesting that there is a defined lipophilicity and molecular weight range which leads 

to optimal association with CMs.  

Figure 4- 4. In vitro and ex vivo assessment for LPV and its prodrugs. (A) The association 

(%) of LPV and its prodrugs with human chylomicrons and artificial emulsion (Intralipid®), 

representing their potential for the delivery to the mesenteric lymphatic system (n = 5). The 

final concentration of each tested compound in incubation media was 1.75 µM [138]; (B) The 

degradation half-lives of the respective prodrugs in fasted state simulated intestinal fluid 

(FaSSIF) with added esterases (20 IU/mL) and in rat plasma, representing the stability of 

prodrugs in the intestinal tract and lymphatic system, respectively (n = 3). Two-tailed unpaired 

t-test was used for statistical analysis, *, p < 0.05; ***, p < 0.001. (C) The relative percentage 

of released active drug LPV from its corresponding prodrugs in rat plasma (n = 3). Data are 

expressed as mean ± SD. 

 

4.3.4. In vitro and ex vivo biotransformation of prodrugs 

 

In this study, the stability of prodrugs and release of the active drug LPV were conducted in rat 

plasma and fasted state simulated intestinal fluid with added esterase activity (FaSSIF, 

representing intestinal tract environment). Plasma contains similar composition and levels of 

enzymes to lymph fluid in many species (including humans and rats) [195,196]. Therefore, rat 

plasma was chosen as an acceptable surrogate to represent lymph fluid in these studies. Similar 

approach was implemented in previous work by us [177] and other groups [171,261].  
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The degradation half-lives of the respective prodrugs in both matrixes are shown in Figure 4-

4 (B). The degradation half-lives of prodrug 3 in FaSSIF, as well as prodrugs 4 and 5 in both 

matrixes could not be calculated reliably due to their extremely high stabilities. Alkyl ester 

prodrug 1 showed efficient release of LPV in plasma compared to prodrugs 2 and 3 (Figure 4-

4 (C)). Activated ester prodrugs 6 and 7 were substantially less stable in plasma than alkyl ester 

prodrugs. In particular, prodrug 7 was relatively stable in FaSSIF (half-life: 17.3 ± 3.0 h) but 

rapidly converted (half-life: 0.16 ± 0.02 h) to LPV in plasma (Figure 4-4 (B) and (C)). This is 

in line with previous literature suggesting that insertion of a heteroatom in the 3rd position (β 

position) of acyl moiety in the carboxyl esters can enhance plasma and lymph carboxylesterases 

(CEs) sensitivity [260]. Based on combined CMs association data, plasma and intestinal 

stability assessments, prodrugs 1 and 7 were selected for subsequent antiretroviral activity and 

in vivo pharmacokinetics and biodistribution studies. 

 

4.3.5. Antiretroviral activities of LPV and selected prodrugs 

 

The 50% inhibition concentration (IC50) of LPV and selected prodrugs against HIV-1 (NL4-3) 

were derived from released GFP signals where the cell lines responded to infectious HIV-1 

stimuli (Figure 4-6). The IC50 of both prodrugs increased after chemical modification, 

compared to that of unmodified LPV (Figure 4-5 (A)). This, combined with the data of LPV 

release from prodrugs in cell culture media (Figure 4-5 (B) and (C)), suggests that efficient 

release of active drug from prodrugs is necessary for pharmacological effect of LPV to take 

place in the lymphatic system.  
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Figure 4- 5. Assessment of the antiretroviral efficacy of LPV and selected prodrugs. (A) 

In vitro anti-HIV-1 activity of LPV and its prodrugs following 72 h incubation. Inhibition 

curves and IC50 were generated from plotting relative infectivity (%) against drug 

concentrations using GraphPad Prism version 7.04; (B) The relative percentage of prodrugs 

remaining; (C) the relative percentage of released LPV from its corresponding prodrugs in cell 

culture media at 48 and 72 h. Data are shown as mean ± SD, n = 3. 

 

 

 

 

 

 

 

 

Figure 4- 6. HIV-1 (NL4-3) infectivity assay was performed using Rev-A3R5-GFP cell line 

after drug (10-3–104 nM) treatment. The percentage of GFP+ cells was measured by flow 

cytometry at 72 h post infection. PI, Propidium iodide; GFP, Green fluorescent protein. 
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4.3.6. Long-chain triglyceride solubility of LPV and selected prodrugs 

 

Triglyceride (TG) solubility was tested for LPV and prodrugs selected for in vivo studies. The 

TG solubility for LPV and prodrug 7 were 1.8 ± 0.1 and 24.2 ± 1.4 mg/mL, respectively (mean 

± SD, n = 3). Prodrug 1 solubility was above 50 mg/mL (n = 3). 

 

4.3.7. Plasma pharmacokinetics of LPV and selected prodrugs 

` 

The in vivo plasma pharmacokinetic profiles of LPV and its prodrugs were obtained following 

intravenous and oral (in lipid-free and lipid-based formulation) administrations in rats (Figure 

4-7). The pharmacokinetic parameters derived from these plasma concentration-time profiles 

are shown in Table 4-2 and Table 4-3. A significant difference between half-lives of LPV was 

observed in oral lipid-based group versus intravenous or oral lipid-free group (Figure 4-7 (A) 

and (B); Table 4-2), suggesting flip-flop kinetics following oral administration in lipidic 

formulation, most probably due to delayed gastric emptying [262]. The oral bioavailability 

values of LPV were not significantly different between oral administrations of LPV in lipid-

free and lipid-based groups (Table 4-1).  

 

A long elimination half-life of prodrug 1, as well as relatively low levels of released LPV 

following single intravenous bolus administration of prodrug 1 have been observed in plasma 

(Figure 4-7 (C) and Table 4-3). The very long circulation time of prodrug 1 was also observed 

in plasma up to 3 days when dosed orally, indicating there could be a re-distribution of this 

lipophilic prodrug between plasma and deep tissue compartments. Importantly, in parallel with 

prolonged systemic exposure to prodrug 1, a continuous release of LPV was observed in plasma 

(Figure 4-7 (D)). Oral administration of short alkyl ester prodrug 1 resulted in relatively high 
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bioavailability of unchanged prodrug (Table 4-3). However, the absolute bioavailability of 

released LPV was lower than following administration of unmodified LPV (Table 4-2), most 

probably due to slow release of LPV from the prodrug. 

 

On the other hand, in case of activated ester prodrug 7, the elimination half-life of prodrug in 

systemic circulation was extremely short following single intravenous bolus administration 

(Figure 4-7 (E) and Table 4-3). When prodrug 7 was orally administered with lipids, only the 

released LPV could be detected in systemic blood circulation (Figure 4-7 (F)), suggesting that 

the ester bond of prodrug 7 was rapidly hydrolyzed, and most probably while still in the 

lymphatic system. This is in agreement with the rapid release of active drug in plasma ex vivo 

(Figure 4-4 (C)). The oral bioavailability of released LPV following oral administration of 

prodrug 7 was nearly 2-fold higher than following administration of unmodified LPV in lipid-

free formulation or with lipids (Table 4-2).   
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Figure 4- 7. Plasma pharmacokinetic profiles of LPV and selected prodrugs in rats. 
Plasma concentration-time curves following: (A) intravenous bolus administration of LPV (4 

mg/kg, n = 4); (B) oral administration of LPV in lipid-free formulation and with lipids (20 

mg/kg, n = 4); (C) intravenous administration of prodrug 1 (10 mg/kg, n = 3); (D) oral 

administration of prodrug 1 in lipid-based formulation (equivalent to 20 mg/kg of LPV, n = 7); 

(E) intravenous administration of prodrug 7 (equivalent to 2 mg/kg of LPV, n = 3); (F) oral 

administration of prodrug 7 in lipid-based formulation (equivalent to 20 mg/kg of LPV, n = 6). 

Data are expressed as mean ± SD.
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Table 4- 2. Plasma pharmacokinetic (PK) parameters of LPV following administration of LPV and its prodrugs to rats. LPV (4 mg/kg), prodrug 

1 (10 mg/kg) and prodrug 7 (2.37 mg/kg) following intravenous bolus administration; LPV (20 mg/kg) and its prodrugs (equivalent to 20 mg/kg 

of LPV) following oral administration in rats (mean ± SD). 

 

 

 

 

 

  

PK parameters of LPV following 

administration of LPV 

  

PK parameters of LPV following 

administration of prodrug 1 

  

PK parameters of LPV following 

administration of prodrug 7 

Route of 

administration 
i.v. (n = 4) 

p.o.  

(lipid-free, 

n = 4) 

p.o.  

(with lipids, 

n = 4)a 

i.v. (n = 3) 
p.o. (in lipids, 

n = 7) 
i.v. (n = 3) 

p.o. (in lipids, 

n = 6)b 

AUCinf (h·ng/mL) 2176 ± 403 2483 ± 649 2231 ± 396   232 ± 44 -   2913 ± 261 4100 ± 731 

AUC0→t (h·ng/mL) 2157 ± 407 2419 ± 676 2031 ± 375  144 ± 23 1163 ± 677  2884 ± 253 3868 ± 714 

C0 or Cmax (ng/mL) 5171 ± 1796 920 ± 360 591 ± 112  63 ± 7 50 ± 26  3421 ± 385 927 ± 181 

tmax (h) - 3.0 ± 0.0 3.5 ± 1.0  0.3 ± 0.1 4.3 ± 1.0  - 3.3 ± 1.0 

t1/2 (h)  0.4 ± 0.1 0.8 ± 0.2 1.5 ± 0.6**  3.1 ± 2.0 96.6 ± 72.4  1.6 ± 0.3 2.8 ± 0.6 

Vss (L/kg)  1.18 ± 0.41 - -  - -  - - 

CL (L/h/kg)  1.89 ± 0.36 - -  - -  - - 

Foral (%)   - 22.8 ± 6.0c 20.5 ± 3.6c   - 10.8 ± 6.3d   - 37.3 ± 6.7c ** 

AUCinf, area under the curve from time zero to infinity; AUC0→t, area under the curve from time zero to the last sampling time point; C0, concentration extrapolated to time 

zero; Cmax, maximum observed concentration; tmax, time to reach peak concentration; t1/2, half-life; Vss, volume of distribution at steady state; CL, clearance; Foral, oral 

bioavailability.  
a One-way ANOVA followed by Dunnett’s test was used for statistical analysis, **, p < 0.01 compared to t1/2 obtained following i.v. administration of LPV.  
b One-way ANOVA followed by Tukey’s test was used for statistical analysis, **, p < 0.01 compared to Foral (%) obtained following p.o. administration of LPV in lipid-

free formulation and with lipids. 
c Calculated based on the AUCinf. 

d Calculated based on the AUC0→t. 
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Table 4- 3. Plasma pharmacokinetic (PK) parameters of prodrugs 1 and 7 following administration of LPV prodrugs to rats (mean ± SD). 

 

  

PK parameters of prodrug 1 following 

administration of prodrug 1 
  

PK parameters of prodrug 7 following 

administration of prodrug 7 

Route of administration i.v. (n = 3) 
p.o. (in lipids, 

n = 7) 
i.v. (n = 3) 

p.o. (in lipids, 

n = 6) 

AUCinf (h·ng/mL)  8210 ± 407 -  1061 ± 290 - 

AUC0→t (h·ng/mL) 6631 ± 443 10208 ± 4077  1056 ± 292 - 

C0 or Cmax (ng/mL) 17857 ± 2680 220 ± 110  33701 ± 9384 - 

tmax (h)  - 3.6 ± 0.8  - - 

t1/2 (h)  64.5 ± 1.3 -  0.3 ± 0.1 - 

Vss (L/kg)  48.09 ± 5.69 -  0.10 ± 0.04 - 

CL (L/h/kg)  1.22 ± 0.06 -  2.34 ± 0.61 - 

Foral (%)a   - 69.3 ± 27.7   - - 

AUCinf, area under the curve from time zero to infinity; AUC0→t, area under the curve from time zero to the last sampling time point; C0, concentration extrapolated to time 

zero; Cmax, maximum observed concentration; tmax, time to reach peak concentration; t1/2, half-life; Vss, volume of distribution at steady state; CL, clearance; Foral, oral 

bioavailability.  
a Calculated based on the AUC0→t.    
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4.3.8. Biodistribution of LPV and selected prodrugs 

 

For the assessment of drug distribution to the mesenteric lymph and MLNs following oral 

administration, tmax observed in plasma during pharmacokinetic studies and 1 h before tmax (tmax-

1) were considered as the two important sampling time points. As previously reported [177,191], 

the levels of drugs in mesenteric lymphatic system are usually higher at tmax-1, compared to tmax. 

In addition to the mesenteric lymph and MLNs, other tissues representing important HIV 

reservoirs were harvested and analysed for prodrugs and LPV concentrations at the same time 

points, as well as following the completion of the pharmacokinetic studies (Figure 4-8). The 

concentrations of LPV were below the limit of detection in both mesenteric lymph and MLNs 

following administration of unmodified LPV, even in presence of lipids (Figure 4-8 (A)). 

However, high TG levels were observed in mesenteric lymph fluid (Figure 4-10). This 

indicates that despite the fact that lipids were efficiently absorbed, unmodified LPV could not 

be delivered to the mesenteric lymphatic system even when co-administered with lymphotropic 

lipids.  

 

On the other hand, oral administration of prodrug 1 in lipid-based formulation resulted in high 

levels of the prodrug in the mesenteric lymphatic system (Figure 4-8 (B) and (C)). The 

concentrations of prodrug 1 were 52- and 55-fold higher in mesenteric lymph and MLNs, 

respectively, compared to plasma at tmax-1 (Figure 4-8 (B)), whereas relatively low levels of 

released LPV were observed (Figure 4-8 (C)). Although the concentrations of prodrug 1 were 

substantially higher in mesenteric lymph and MLNs compared to plasma, slow release of active 

drug in lymphatic system seems to be the limitation of simple alkyl ester prodrug approach. 
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Following oral administration of activated ester prodrug 7 in lipid-based formulation, high 

concentrations of the prodrug were observed in mesenteric lymph and MLNs (Figure 4-8 (D)), 

which is in line with its high affinity to CMs (approximately 50%) (Figure 4-4 (A)). 

Importantly, administration of prodrug 7, featuring an oxygen in the β position relative to the 

acyl group, led to an impressive improvement of delivery of active LPV to the mesenteric 

lymphatic system. The levels of LPV in mesenteric lymph and MLNs following oral 

administration of prodrug 7 were 10.3- and 6.8-fold higher, respectively, compared to 

administration of prodrug 1 (Figure 4-9 (A) and (B)). Importantly, the levels of LPV were 

above the PA-IC90 (140 ng/mL) in both lymph fluid and MLNs for both prodrugs. The 

maximum levels of LPV in mesenteric lymph were 1.6- and 16.9-fold higher than PA-IC90 of 

LPV for HIV-1 (140 ng/mL) following oral administration of simple alkyl ester prodrug and 

activated ester prodrug, respectively. The concentrations of LPV in MLNs were 1.1- and 7.2-

fold higher than PA-IC90 following administration of simple alkyl ester prodrug and activated 

ester prodrug, respectively. Moreover, substantial levels of released LPV were observed in 

MLNs even at 12 h following oral administration of prodrug 7 (Figure 4-8 (E)). Therefore, 

this approach not only leads to the delivery of the prodrug to the mesenteric lymphatic system, 

but also to efficient release of the active drug LPV at the site of action within this viral reservoir. 

 

It should be noted that high levels of LPV and prodrugs could be also detected in liver following 

oral administrations of LPV and prodrugs (Figure 4-8). The concentrations of prodrug 1 (but 

not prodrug 7) were detectable in spleen (Figure 4-8 (B)), but no LPV could be detected in this 

tissue (Figure 4-8 (C)) after oral administration of prodrug 1. Interestingly, the levels of LPV 

could be observed in spleen at tmax after administration of prodrug 7 (Figure 4-8 (E)), probably 

due to improved systemic exposure to LPV (Figure 4-6 (F) and Table 4-2). The drug levels in 
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other harvested tissues representing viral reservoirs (such as brain and testes) were below the 

limit of detection. 
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Figure 4- 8. Biodistribution profiles of LPV and selected prodrugs. Rats were administered 

a 20 mg/kg LPV-equivalent dose of LPV, prodrugs 1 and 7 with lipids by an oral gavage. 

Biodistribution profiles of (A) LPV following administration of unmodified LPV (n = 4); (B) 

prodrug 1 and (C) released LPV from prodrug 1 following administration of prodrug 1 (n = 8); 

(D) prodrug 7 and (E) released LPV from prodrug 7 following administration of prodrug 7 (n 

= 4). Data are expressed as mean ± SD. Plasma concentrations were generated in 

pharmacokinetic studies. MLNs, mesenteric lymph nodes. One-way ANOVA followed by 

Dunnett’s test and two-tailed unpaired t-test were used for statistical analysis, *, p < 0.05, **, 

p < 0.01, ***, p < 0.001. 
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Figure 4- 9. Maximum concentrations of LPV in mesenteric lymphatic system. 
Concentrations of LPV in (A) mesenteric lymph fluid (ng/mL) and (B) MLNs (ng/g) were 

obtained following oral administration of LPV (n = 4), prodrugs 1 (n = 8) and 7 (n = 4) with 

lipids during biodistribution studies. Limit of detection for lymph fluid and MLNs were 100 

ng/mL and 80 ng/g, respectively. The dotted line represents the plasma PA-IC90 of LPV (140 

ng/mL). Data are expressed as mean ± SD (***, p < 0.001 by two-tailed unpaired t-test). MLNs, 

mesenteric lymph nodes. PA-IC90, protein binding-adjusted concentration required for 90% 

viral inhibition. 

 

Figure 4- 10. Assessment of the TG levels in biodistribution studies in rats. Triglyceride 

(TG) levels obtained in mesenteric lymph following oral administration of LPV (n = 4) and 

prodrugs 1 (n = 7) and 7 (n = 4) with lipids (mean ± SD).  
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 Discussion  

 

The GALT (including mesenteric lymphatic system) is the largest viral reservoir in HIV-

infected individuals [52–55]. Limited penetration of antiretroviral drugs to the mesenteric 

lymphatic system is a significant barrier for HIV eradication from these important viral 

reservoirs [52,54,159,253]. In this study, we aimed to deliver antiretroviral drug (LPV) to the 

mesenteric lymph and MLNs by novel lipophilic ester prodrug approach. The rationale behind 

this approach is based on physiological process of intestinal lipid absorption and transport.  

 

4.4.1. LPV prodrugs with high potential for delivery to mesenteric 

lymphatic system 

 

Initially, we assessed the potential of unmodified LPV for intestinal lymphatic transport. The 

affinity of drugs to CMs is usually highly predictive for intestinal lymphatic transport in vivo 

[137,138]. Although in-silico modelling predicted moderate affinity of LPV to CMs (Table 4-

1), the experimental association of the drug with CMs was negligible, in accordance with the 

relatively low experimental lipophilicity (log P = 1.7 [226]). Therefore, increasing the 

lipophilicity of the molecule by adding fatty acid to form ester prodrugs was considered as a 

reasonable approach to promote high affinity to CMs. We chemically masked the polar and 

ionisable hydroxyl group within the LPV scaffold to obtain highly lipophilic alkyl ester 

prodrugs. Results indicate that increasing the lipophilicity dramatically improved the degree of 

association with CMs by 30% to 50%, compared to the unmodified LPV (Figure 4-4 (A)). 

Previous studies demonstrated that the increased association of highly lipophilic prodrugs with 

CMs resulted in efficient delivery of drugs to the mesenteric lymph and MLNs, compared to 

the unmodified moderately lipophilic active drug [177].  



111 

 

 

4.4.2. In vitro screening and selection of prodrug candidates for in vivo 

studies  

 

In order to efficiently deliver drugs to the mesenteric lymphatic system by a prodrug approach, 

two critical factors have to be considered in the process of prodrug design and assessment. First, 

the ideal prodrug should have good chemical and enzymatic stability in the gastrointestinal 

tract prior to absorption. Second, the prodrug should rapidly and efficiently release the active 

drug as soon as it reaches the lymphatic system. The good stability of prodrugs in FaSSIF 

(Figure 4-4 (B)) suggests that all these prodrugs are likely to remain at least partially intact in 

the intestinal tract before they reach the enterocytes where association with CMs takes place. 

Therefore, given the similar stability of all synthesised prodrugs in this study in the intestinal 

environment, the stability in rat plasma (as an appropriate surrogate to lymph) becomes a 

critical aspect for screening of potential candidates and their selection for in vivo studies. 

Among the alkyl ester prodrugs, prodrug 1 (shortest alkyl ester) demonstrated the most efficient 

release of LPV in plasma (Figure 4-4 (C)), and therefore was initially selected as a candidate 

for in vivo studies. Following the results of the in vivo assessment of prodrug 1 (discussed 

below), activated ester prodrugs were designed, synthesised and evaluated in vitro before 

potential for selection for in vivo studies. The release of LPV from activated ester prodrug 7 

was more efficient than from prodrug 1 (86.6% vs 6.5%) at 2 h time point (Figure 4-4 (C)), 

therefore this prodrug was chosen for the subsequent studies. Taken together, high affinity to 

CMs, good stability in intestinal tract environment and rapid conversion to active drug in 

lymphatics were considered the major requirements in selection of prodrugs for in vivo studies.  
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4.4.3. In vitro antiretroviral activity of the selected prodrugs and released 

LPV 

 

The in vitro antiretroviral efficacy tests confirm the need for the release of LPV from the 

prodrugs for the efficacy against HIV-1 (Figure 4-5 (A)). This is not surprising, as LPV’s 

hydroxyl group is a critical functional group for the inhibition of HIV-1 protease [263]. Prodrug 

7 showed significantly higher anti-HIV activity compared to prodrug 1, indicating the 

antiretroviral activity of prodrugs in cell culture media was in fact closely linked to the amount 

of released LPV (Figure 4-5 (C)). Previously published report suggests similar tendency for 

zidovudine prodrugs [264]. To note, the in vitro IC50 cannot be directly translated to in vivo 

IC50, as LPV is highly plasma protein bound drug (>99% [265]). It has been reported previously 

that a highly effective viral inhibition is achieved at a plasma concentration higher than protein 

binding-adjusted IC90 (PA-IC90) of LPV for wild-type HIV-1 (140 ng/mL) [266].  

 

4.4.4. Pharmacokinetics of selected prodrugs 

 

The pharmacokinetic profiles following intravenous and oral administrations of prodrug 1 

exhibited a prolonged exposure to the prodrug and released LPV in blood (Figure 4-7 (C) and 

(D)). The long circulation time of the prodrug is likely due to the tissue distribution of highly 

lipophilic prodrug 1, which is similar to other lipophilic, lymphatically transported compounds 

[267,268]. Compared to relatively low released levels of LPV from prodrug 1 in systemic 

circulation (Figure 4-7 (C) and (D)), activated ester prodrug 7 achieved much higher systemic 

exposure to LPV in vivo (Figure 4-7 (E) and (F)).  
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The increase in oral bioavailability of LPV achieved in this work is comparable to other studies 

showing the increase in oral bioavailability of LPV using others approaches [269–271]. In a 

study carried out by Patel et al. [269], a proliposome formulation of LPV led to increase in 

bioavailability by 2.24-fold compared to pure LPV after oral administration in rats. 

Furthermore, Patel et al. [270] and Negi et al. [271] reported 2.97- and 3.56-fold enhancement 

in oral bioavailability using solid self-nanoemulsifying drug delivery system (S-SNEDDS) and 

solid lipid nanoparticles (SLNs), respectively, compared to pure LPV following oral 

administration in rats. In clinical practice, LPV is co-administered with a low dose of ritonavir, 

a strong inhibitor of cytochrome P450 3A4 (CYP3A4), which results in increased plasma 

exposure to LPV. However, co-administration of ritonavir with other drugs may lead to serious 

drug-drug interactions (DDIs) mediated by inhibition of CYP3A4 [272,273]. Therefore, the 

prodrug approach described in this work can lead, in addition to targeting viral reservoirs in 

mesenteric lymph and MLNs (discussed below), to higher oral bioavailability of LPV without 

DDIs issues in HIV-infected patients undergoing ritonavir-boosted lopinavir (LPV/r) regimen. 

 

4.4.5. Delivery of prodrugs and LPV to the mesenteric lymphatic systems 

 

Our results showed that the levels of LPV were below the limit of detection in both mesenteric 

lymph and MLNs when unmodified LPV was administered orally, even in conditions 

facilitating lymphatic transport (with lipids) (Figure 4-8 (A)). This indicates that oral 

administration of unmodified LPV does not result in substantial intestinal lymphatic transport 

and therefore cannot achieve protective concentration in lymphatic system to prevent HIV-1 

replication. It is clear that the concentrations of prodrugs 1 and 7 in mesenteric lymph and 

MLNs were substantially higher than in plasma (Figure 4-8 (B) and (D)). However, the levels 

of released LPV were much higher in mesenteric lymphatic system following administration 
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of prodrug 7 compared to prodrug 1 (Figure 4-9), probably due to the different LPV release 

rates (Figure 4-4 (C)). A similar pattern of results was obtained in our previous work with 

anticancer compounds bexarotene and retinoic acid, showing more efficient delivery of active 

drugs to the mesenteric lymphatic system by activated ester prodrug approach compared to 

simple alkyl ester prodrug [177]. Although the extent of cumulative lymph transport was not 

directly measured in this study, we would expect, based on lymph and plasma concentrations, 

the total amount of prodrug to access the lymph to be similar to that described previously for 

simple esters [274] and lower than we have described previously for cannabidiol and Δ9-

tetrahydrocannabinol [191]. The advantage of the approach taken here, however, is that more 

effective release of active drug from prodrug in case of activated ester leads to high levels of 

LPV in mesenteric lymph and MLNs. 

 

Despite the importance of antiretroviral drugs delivery to viral reservoirs such as mesenteric 

lymph and MLNs, there is a very limited number of studies in which the delivery of LPV to 

the intestinal lymphatic system has been attempted. A number of publications have assessed 

the potential of solid-lipid nanoparticles (SLNs) to improve the delivery of LPV to the 

mesenteric lymphatic system [271,275–277]. It has been reported that the concentrations of 

LPV observed in MLNs were 3.4- [275] and 2.6-fold [276] higher, respectively, compared to 

those in plasma 1 h following oral administration of LPV-loaded SLNs to rats. Other studies 

showed that optimized SLNs approaches achieved 6.6-  [277] and 9.1-fold [271] higher levels 

of LPV in mesenteric lymph fluid, respectively, compared to plasma 2 h following oral 

administration of LPV-loaded SLNs. Although it seems that SLNs indeed can increase the 

concentration of LPV in both mesenteric lymph and MLNs, it is unclear if LPV in these tissues 

is free or is still encapsulated within the SLNs flowing through the intestinal lymphatics to the 

systemic circulation. In the current study, we achieved 6.2- and 2.8-fold higher levels of 
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released LPV in mesenteric lymph, as well as 4.6- and 1.2-fold in MLNs, compared to those in 

plasma 3 h following oral administration of lipophilic ester prodrugs 1 and 7, respectively 

(Figure 4-8 (C) and (E)). We have shown previously that drug associated with CMs (approach 

implemented in this work) has full pharmacological access to lymphocytes [278], probably due 

to the activity of lipoprotein lipase (LPL) interacting with Apo-C-II proteins on chylomicrons 

surface [191]. As noted above, an effective viral inhibition is achieved at LPV concentration 

higher than PA-IC90 [266]. The levels of free released LPV from equivalent dose of both 

prodrugs 1 and 7 in mesenteric lymphatic system substantially exceeds the critical PA-IC90 of 

140 ng/mL (Figure 4-9). Moreover, these efficient levels were extended up to 12 h in MLNs 

in the case of prodrug 7 (Figure 4-8 (E)). 
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 Conclusion 

 

In this study, we proposed a highly lipophilic prodrug approach, combined with oral lipid-

based drug delivery to selectively and efficiently deliver LPV to the difficult-to-penetrate HIV 

reservoirs in mesenteric lymphatic system. LPV has negligible CMs association, which indeed 

results in the lack of substantial delivery of unmodified LPV to the mesenteric lymphatic 

system even when administered with lipids promoting intestinal lymphatic absorption. Simple 

alkyl ester prodrug approach resulted in substantially higher levels of the prodrug in mesenteric 

lymphatic system compared to plasma, but poor release of active drug within the lymphatic 

system. On the other hand, an activated ester prodrug approach showed good stability of the 

prodrug in the intestinal tract and rapid release of LPV in lymphatic system, thereby leading to 

high levels of LPV in the MLNs and mesenteric lymph. Moreover, oral administration of 

activated ester prodrug also increased the oral bioavailability of LPV by nearly 2-fold, and 

substantially prolonged the circulation time of LPV. This approach, especially if can be 

translated to other antiretroviral drugs, has potential for reducing the size of HIV reservoirs 

within the mesenteric lymphatic system.  
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5. SIMULTANEOUS DELIVERY OF LOPINAVIR AND SALICYLIC 

ACID TO MESENTERIC LYMPHATIC SYSTEM BY SELF-

IMMOLATIVE CODRUG APPROACH 

 

 Introduction 

 

It is well known that acute immune activation is attributed to the loss of gut mucosal integrity 

and microbial translocation following the occurrence of HIV-1 infection. This leads to a severe 

depletion of CD4+ T cells (mostly activation-induced cell apoptosis) in gastrointestinal (GI) 

mucosal tissues during the acute HIV or SIV infection stage [279–282]. With the progression 

to chronic HIV-1 infection stage, the reduced numbers of CD4+ T cells result in an inverted 

CD4+/CD8+ ratio which indicates immunologic exhaustion [283–285]. HIV-associated 

immune activation in viral cellular reservoirs within both systemic circulation and anatomical 

sites is considered as a main driving force of disease progression to acquired immunodeficiency 

syndrome (AIDS) [286]. Therefore, reduction of immune activation within viral reservoirs can 

potentially delay or even prevent disease progression. 

 

The gastrointestinal barrier is severely damaged during the early HIV infection stage, leading 

to high levels of microbial products, such as lipopolysaccharide (LPS), translocating into 

systemic blood circulation. In 2006, Jason M. Brenchey et al. reported that plasma LPS levels 

were significantly increased in chronically HIV-infected individuals and SIV-infected rhesus 

macaques, and effective ART could only partially reduce microbial translocation [31]. This 

result is in agreement with recent findings that the plasma LPS remained elevated in HIV-

infected patients in the chronic HIV infection stage under suppressive ART [287–290]. 
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Therefore, the plasma LPS level is an important biomarker for monitoring microbial 

translocation and systemic immune activation. [291].  

 

It is well known that LPS can efficiently increase the levels of extracellular high mobility group 

box 1 (HMGB1) protein [292–294], thereby stimulating toll-like receptor 4 (TLR4), which 

responds to both LPS [295] and HMGB1 [296]. As a result, triggered TLR4 signalling pathway 

leads to the activation of intracellular transcription factor, nuclear factor-kappaB (NF-kB) 

[297], which mediates the activation of HIV transcription and the release of proinflammatory 

cytokines/chemokines [296] (Figure 5-1). In addition, HIV and HIV-specific CD8+ T cell-

induced cytopathic effect (necrosis/apoptosis) contributes to passive secretion of HMGB1 

[296,298,299], which takes place in both systemic circulation and viral anatomical reservoirs 

[300]. In 2007, it has been reported that plasma HMGB1 levels in HIV-1-infected patients at 

chronic stage of the disease were significantly higher than healthy controls, but with the highest 

levels in immunologic nonresponders [301]. In 2010, this finding was further confirmed by 

Trøseid et al. [302], who demonstrated that the plasma levels of LPS and HMGB1 in ART 

treatment naïve HIV-1-infected patients were higher compared with 2-year ART treatment 

immunologic responders, but no significant difference was observed in comparison with 

immunologic nonresponders. P. Nowak et al. [299]  and S. Thierry et al. [303]  reported that 

HMGB1 singling pathway activated viral transcription and replication in latent HIV-1-infected 

cells through in vitro and ex vivo studies. Therefore, the increased levels of released HMGB1 

contribute to the activation of HIV-1-infected latent cells, resulting in reproduction of 

infectious virions in viral reservoirs within both blood and tissues. Furthermore, K. Takeuchi 

et al. [304] found that aspirin and salicylic acid possess cytoprotective function which can 

inhibit intestinal hypermotility and bacterial translocation to protect intestinal integrity in rats. 

In 2015, it was demonstrated that salicylic acid/salicylates can specifically bind to HMGB1 



119 

 

and prevent further NF-kB singling pathway, thereby avoiding HMGB1-mediated immune 

activation [305]. 

 

 

Figure 5 - 1. Schematic diagram of codrug self-immolation and pharmacological effects 

of released active agents. The self-immolative codrug is described as follows: an enzymatic 

substrate of esterase is attached to a self-immolative linker (salicylic acid) with adequate length 

to avoid steric hindrance of lopinavir. As soon as the ester bond is hydrolysed, lopinavir and 

salicylic acid will be released simultaneously. Therefore, lopinavir can prevent targeted cells 

from releasing infectious virions (yellow line) and salicylic acid-incorporated HMGB1 will 

downregulate immune activation (red line), respectively. HMGB1, high mobility group box 1 

protein. Adapted from [296]. 

 

In this study, lipophilic codrug approach combined with oral lipid-based formulation was 

designed to efficiently and simultaneously deliver two active agents to HIV reservoirs within 

the mesenteric lymphatic system. LPV (antiretroviral agent) and salicylic acid (an agent 

preventing immune activation) were co-administered via a novel self-immolative codrug 

approach, based on previously published literature [306–311]. The two active agents (LPV and 

salicylic acid) were covalently chemically combined to form a single molecular unit which is 

then attached to an enzymatic trigger (a fatty acid ester). Subsequently, the linker is hydrolysed 
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in the body by esterase activity in the body thus releasing the two active agents. Here, we 

designed a series of LPV and salicylic acid codrugs using an in-silico modelling tool for 

prediction of CMs association. The designed codrugs were then chemically synthesised. The 

potential of synthesised codrugs for mesenteric lymphatic targeting were then assessed using 

in vitro CMs association assay, and the release of active drugs was assessed in biorelevant 

media. The optimal candidates were subsequently assessed in further in vivo studies.   
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 Experimental design 

 

The procedure of chemical synthesis is described in Section 2.3. In vitro chylomicrons 

association and prodrug conversion assays were performed as described in Sections 2.4. and 

2.5., respectively. Long chain triglycerides (LCTs) solubility measurement is described in 

Section 2.6. Pharmacokinetic studies following oral administration of codrug 4 were performed 

as described in Section 2.8.3. Procedures for sample preparation are outlined in methods of 

Section 2.2. The general scheme flowchart of experimental design is shown in Figure 5-2. 

 

 

Figure 5 - 2. Schematic diagram of workflow for lipophilic codrug approach to target 

mesenteric lymphatic systems. FaSSIF, fasted state simulated intestinal fluid; CMs, 

chylomicrons; TG, triglyceride. 
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 Results 

5.3.1. In-silico modelling-assisted design of codrugs of lopinavir and 

salicylic acid 

 

The predicted physicochemical properties of all designed codrugs were obtained using 

ACD/Lab (Advanced Chemistry Development Inc., Toronto, Canada). Five codrugs of LPV 

and salicylic acid were designed using in-silico modelling tool [137]. The high predicted values 

of CMs association (%) with all these codrugs (Table 5-1) indicate high potential for the 

mesenteric lymphatic targeting [138]. Codrugs 1-5 were self-immolative codrug is described 

as follows: an enzymatic substrate of esterase is attached to a self-immolative linker (salicylic 

acid) with adequate length to avoid steric hindrance of LPV. As soon as the ester bond is 

hydrolysed, LPV and salicylic acid will be released simultaneously Figure 5-1.  

 

5.3.2. Chemical synthesis 

 

The methodologies of synthesis and characterisation of codrugs are described in Chapter 2 

(Sections 2.3.2 and 2.3.3). The yield of codrugs are from low to medium (Table 5-1). 

Compound characterisation is described in Appendix 2. The chemical structures are shown in 

Figure 5-3. 
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Figure 5 - 3. The chemical structures of lopinavir and its codrugs (1-5). The codrug consists 

of lopinavir-salicylic acid as a main unit and a short to medium chain fatty acid leaving group. 

The characterisation of these codrugs are shown in Appendix 2. 

 

Table 5- 1. The log P, predicted CM association, yield (%) and purities of codrugs 1-5 
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5.3.3. Uptake of codrugs by chylomicrons 

 

The process of drug-CMs association in intestinal wall enterocytes is the crucial step for 

intestinal lymphatic transport. Although all codrugs showed moderate to high affinity to CMs 

in in-silico modelling prediction (Table 5-1), the experimental association of codrug 1 with 

artificial CMs-like emulsion (Intralipid®) was negligible (Figure 5-4 (A)). Codrugs 2-5 showed 

moderate to high affinity to artificial CMs-like emulsion, indicating that codrugs 2-5 possess 

high potential for mesenteric lymphatic targeting following oral administration with lipid-

based formulation. As shown in Figure 5-3, the chemical structures of codrugs 1-5 consist of 

LPV, salicylic acid and short (2C) to medium (10C) fatty acid chain alkyl esters. Initial increase 

of the length of fatty acid chain improved significantly the drug affinity to CMs (Figure 5-4 

(A)). However, further increase the length of fatty acid moiety (codrug 5) did not contribute to 

additional improvement of association with CMs, which is in line with the CMs association 

results with prodrugs described in chapter 4. Similar phenomenon observed in both codrugs 

and prodrugs of LPV suggested a defined range of optimal association with CMs to derivatives 

of LPV. The mass recovery (%) of all test compounds was around 100% (Figure 5-4 (B)), 

indicating that no unspecific drug binding took place during incubation. In addition, the levels 

of released LPV and intermediate metabolites could not be observed in chromatograms, 

indicating all codrugs were stable during this assay. 
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Figure 5 - 4. (A) Association (%) of codrugs with artificial CMs-like emulsion prepared from 

Intralipid®, indicating the potential of the molecule for intestinal lymphatic transport. One-way 

ANOVA followed by Tukey’s test was used to compare the CMs association (%) values in 

codrugs 2-5, *, p < 0.05; ***, p < 0.001; ****, p < 0.0001 (n = 5); (B) Mass recovery (%) of 

all tested codrugs. The concentrations of codrugs in chylomicron emulsion (1 mL) were 

measured by means of HPLC-UV following 1 h incubation prior to ultracentrifugation. The 

mass recovery (%) was calculated using the amount of tested compound experimentally 

measured divided by the amount of compound the medium was spiked with (n = 3). Data are 

shown as mean ± SD. 

 

5.3.4. In vitro bioactivation of codrugs 

 

An ideal codrug should possess good stability in gastrointestinal tract but rapid release of active 

drugs in lymphatic systems. The in vitro stability of the codrugs was assessed in fasted state 

simulated intestinal fluid (FaSSIF) with added esterase enzyme activity (20 IU/mL), which 

represents the stability of codrugs in intestinal tract prior to absorption. The in vitro conversion 

of codrugs should also be tested in lymphatic systems, where active drugs work 

pharmacologically. However, the volume of lymph fluid that can be collected from rats by 

sampling technique in this work was too low for screening of all tested compounds. In addition, 

Plasma contains similar composition and levels of enzymes to lymph fluid in many species 

[195,196]. Therefore, in this study, rat plasma was chosen as surrogate to represent lymph fluid, 

 

A B 
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as the composition and levels of enzymes in plasma are similar to those in lymph fluid in many 

species (i.e. human and rats) [195,196].  

 

Figure 5-5 and Figure 5-6 show chromatograms of codrugs stability and bioconversion to LPV 

in FaSSIF and rat plasma, respectively. It is assumed that all codrugs were firstly hydrolysed 

to the same metabolites and only then released LPV, rather than releasing aspirin derivatives 

directly. Subsequently, the HPLC analytical profile of synthesised aspirin derivatives 1-5 

(Figure 5-3) were determined by means of HPLC-UV using the same analytical method as 

described for the codrug (Figure 5-7). As a result, the peaks of synthesised aspirin derivatives 

could not be observed in the chromatograms during stability studies (Figure 5-5 and 5-6) when 

compared to the retention times of the reference peaks in Figure 5-7.  

 

The degradation half-lives of codrugs 1-3 were extremely short in FaSSIF (less than 15 min), 

indicating that the codrugs would be unlikely to remain intact in intestinal tract prior to 

absorption. However, following addition of medium fatty acid chains (8C and 10C), the 

degradation half-lives of codrugs 4 and 5 in FaSSIF were prolonged to 30.5 ± 9.0 and 66.6 ± 

3.0 min (mean ± SD, n = 3), respectively (Figure 5-8). For the assessment of codrug stability 

in rat plasma, codrugs 1-3 were extremely unstable, the peaks of codrugs 1-3 could only be 

observed at the first time point in chromatograms (Figure 5-6 (A-C)). However, codrugs 4 and 

5 were more stable in rat plasma (Figure 5-6 (D) and (E)), compared to codrugs 1-3. This 

indicates that increasing the length of fatty acid chain leads to increased steric hindrance of the 

enzymatic cleavage. The degradation half-life of intermediate metabolite is significantly 

shorter than alkyl ester prodrug 1 (data in chapter 4) (Figure 5-9 (A)). There was no statistically 

difference in the levels of LPV released from codrugs 1-4 during the tested time frame (up to 
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2 h) (Figure 5-9 (B)), indicating the converting rate to active drugs from intermediate 

metabolite is consistent.  
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Codrug 1 

Codrug 2 
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Codrug 3 

Codrug 4 
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Figure 5 - 5. The stability of codrugs in fasted state simulated intestinal fluid (FaSSIF) 

supplemented with esterases activity (20 IU/mL). Three compounds, including LPV, 

intermediate metabolite and corresponding codrug, are represented by three peaks separated in 

chromatogram. The stability of (A) codrug 1; (B) codrug 2; (C) codrug 3; (D) codrug 4 and (E) 

codrug 5 are presented in chromatograms, respectively.  LPV: lopinavir; CBD (IS): cannabidiol; 

DDT: dichlorodiphenyltrichloroethane. Bioanalytical conditions were described in Table 2-2. 

  

 

Codrug 5 
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Codrug 1 

Codrug 2 
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Figure 5 - 6. The stability of codrugs 1-5 in rat plasma. Three compounds, including LPV, 

intermediate metabolite and corresponding codrug are represented by three peaks separated in 

chromatogram. The stability of (A) codrug 1; (B) codrug 2; (C) codrug 3; (D) codrug 4 and (E) 

codrug 5 are presented in chromatograms, respectively. LPV: lopinavir; CBD (IS): cannabidiol; 

DDT (IS): dichlorodiphenyltrichloroethane. Bioanalytical conditions were described in Table 

2-2. 

  

 

Codrug 5 
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Figure 5 - 7. The chromatograms of synthesised aspirins with short to moderate fatty acid chain. 

All these compounds were separated using the same analytical methods as codrugs 2-5 by 

means of HPLC-UV. 
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Figure 5 - 8. Degradation half-lives of codrugs 1-5 in fasted state simulated intestinal fluid 

(FaSSIF) supplemented with esterases activity (20 IU/mL) (mean ± SD, n=3). One-way 

ANOVA followed by Dunnett’s test was used for statistical analysis, ***, p < 0.001. 

 

 

 

Figure 5 - 9. (A) Degradation half-lives of intermediate metabolites 1-5 (released from codrugs 

1-5) and prodrug 1 (data from in chapter 4) in rat plasma. (B) Levels of released active drug 

LPV from codrugs 1-5 and prodrug 1 in rat plasma. One-way ANOVA followed by Dunnett’s 

or Tukey’s test was used for statistical analysis, ***, p < 0.001.  
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5.3.5. Preliminary pharmacokinetic studies following oral administration 

of codrug 4 in lipid-based formulation 

 

The in vivo plasma pharmacokinetics of codrug 4 was assessed in a preliminary study following 

oral administration in lipid-based formulation in rats (n = 2). The long-chain triglyceride 

solubility of codrug 4 was over 30 mg/mL. However, the levels of codrug 4, intermediate 

metabolite and released LPV were undetectable at all sampled time points. On the other hand, 

the plasma pharmacokinetic profiles of both prodrugs and released LPV could be obtained 

following oral administration of corresponding ester prodrugs in lipids in rats (Chapter 4). This 

indicates that ester prodrugs may have lower rate of metabolism in intestinal wall before 

reaching systemic circulation compared to orally administered codrugs. Further investigation 

of intestinal microsomal stability of codrugs and prodrugs should be conducted.  

  



137 

 

 Discussion 

5.4.1. Codrugs with high potential for mesenteric lymphatic targeting 

 

The CMs association percentage of all codrugs were predicted using in-silico model [137], 

guiding codrug design. However, the experimental CMs association of codrug 1 was negligible 

(Figure 5-4 (A)), which is same as the results of unmodified LPV (data from chapter 4). 

Although codrug 1 is more lipophilic than unmodified LPV, the increased lipophilicity did not 

result in higher affinity to CMs. Therefore, codrugs 2-5 were designed to further increase 

lipophilicity and molecular weight, thereby achieving moderate to high affinity to CMs (Figure 

5-4 (A)). Taken together, fatty acid chain (4C-12C) did significantly improve the drug 

association with CMs for both codrugs 2-5 in this chapter and prodrugs 1-5 in chapter 4. This 

indicates that fatty acid chains of certain length could be selected as good candidates in early 

design of codrug/prodrug for delivery of active drugs to mesenteric lymphatic systems.   

 

5.4.2. Bioconversion of codrugs in physiological media 

 

In this study, a good stability of codrugs in gastrointestinal (GI) tract is a key step for ensuring 

higher fraction of orally administered compounds is in intact form prior to absorption. Codrugs 

1-3 are extremely unstable in FaSSIF (Figure 5-8), whereas only codrugs 4 and 5 appear to be 

stable in GI tract. Another important step is efficient release of active agents in mesenteric 

lymphatic systems. The in vitro stability of the codrugs assessed in rat plasma was used for 

mimicking the release efficiency when codrugs reach mesenteric lymph and MLNs. The alkyl 

ester prodrugs 1-5 were too stable to rapidly release LPV in rat plasma (data shown in chapter 

4), indicating that simple fatty acid chain esters increase the steric hindrance of the enzymatic 

cleavage. In order to avoid steric hindrance, a self-immolative linker (salicylic acid) was 
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introduced, which also worked as an active agent for reducing excessive immune activation in 

lymphatic and systemic systems. Indeed, the release of LPV from all codrugs was much more 

efficient compared to prodrug 1 (the most promising one amongst alkyl esters in chapter 4) 

(Figure 5-9 (B)). Self-immolative prodrug approaches have been known as an advanced 

strategy for drug delivery to achieve efficient release of active drug [312]. Some self-

immolative prodrugs were designed to release active drugs using a single bond leaving group 

[312–314]. Other prodrugs consist of enzymatic substrates, self-immolative linkers and active 

drugs, which, following enzymatic cleavage, cause the subsequent ‘self-immolation’ of the 

linker and thereby release of active drug [315,316]. In general, self-immolative prodrug 

approach is well studied in chemotherapy for reducing cytotoxicity of the active moiety by 

controllable release, real-time tracking of drug’s release and localization [317]. In this study, 

the primary aim is rapid release of LPV by introducing self-immolative linker. In addition, this 

linker contributed as an active agent to reduce immune activation. Due to the limitations of 

bioanalytical methods, the peak of released salicylic acid could not be observed in 

chromatograms. However, as the molar concentrations of released LPV can be determined by 

means of HPLC-UV, it could be assumed that the same molar levels of released salicylic acid 

can be achieved from codrugs.  

 

The increased degree of steric hindrance is a main reason for delay of enzymatic cleavage of 

protecting groups (ester bond) [177,318]. Interestingly, this delay of enzymatic recognition did 

not affect the following spontaneous hydrolysis of self-immolative linker (salicylic acid), 

therefore the release rate of active drug LPV has no significant difference between codrugs 1-

4 in rat plasma (Figure 5-8 (B)). Moreover, the chromatograms clearly showed the 

phenomenon of enzymatic cleavage and self-immolative degradation mechanism throughout 

the experimental time frame (Figure 5-6). As a result, all codrugs converted to the same 
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intermediate following the cleavage of protecting groups by esterases, which is similar to the 

reported self-immolative approaches involving the use of ‘hemiacetal’ [311] or 

‘hydrocymethyl disulfide’ [310] as unstable intermediates in prodrug design.  

 

5.4.3. Selection of candidates for in vivo studies 

 

In this study, the criteria for selection of codrugs for subsequent in vivo studies was based on 

in vitro CMs association and stability assays. In essence, high affinity of codrugs to CMs, good 

stability in FaSSIF and rapid release of active drugs in rat plasma are the key criteria for 

selection potential candidates. Based on the results of in vitro assessments, codrugs 4 and 5 

were firstly selected as good candidates due to their high percentage of association with 

artificial CMs-like (intralipid®), as well as good stability (half-lives > 30 min) in FaSSIF.  

However, codrug 5 possesses prolonged release of active drug (LPV) in plasma, compared to 

the rest of the codrugs (Figure 5-8 (B)). Therefore, codrug 4 was ultimately chosen for 

subsequent in vivo studies.  

 

5.4.4. Pharmacokinetic study following oral administration of codrug 4 in 

lipids 

 

Unfortunately, the levels of codrug 4, intermediate metabolite and released LPV were below 

the limit of detection in plasma in all pre-determined time points following oral administration 

of codrug 4. There is no indication that degradation of codrug 4 and extensive release of LPV 

take place in GI tract prior to intestinal absorption. Our results in Chapter 4 and other studies 

[221,319] showed that plasma pharmacokinetic profiles of LPV could be obtained following 

oral administration of unmodified LPV in rats. This indicates that there is little chance of 
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extensive release of LPV in intestinal lumen prior to absorption following oral administration 

of codrug 4 in lipids. Therefore, we hypothesise that the main reason for these results is likely 

to be that the molecules (codrug 4 or its intermediate) are absorbed into enterocytes but rapidly 

metabolised in intestinal wall, liver or both. It is reported that salicylic acid can be extensive 

metabolised by CYP450-mediated oxidation and glucuronidation in intestinal wall [320], 

which might increase the degradation of the molecule. However, it is well known that RTV, 

which works as potent inhibitors of CYP3A4 [67], is co-administered with LPV to increase the 

systemic exposure to LPV in clinical practice [66,68]. Therefore, co-administration of a small 

dose of RTV may potentially increase the absorption of codrugs. 

 

Further investigation should be conducted to test the proposed hypothesis using intestinal 

microsomal stability assays and transport studies. In this chapter, the bioanalytical method 

developed for simultaneous detection of the released salicylic acid and other compounds has 

substantial limitations. The logP of salicylic acid is significantly lower than codrugs and LPV, 

and salicylic acid is completely ionized under the analytical conditions developed for codrugs 

and LPV (pH is nearly 7). Therefore, different analytical conditions should be developed for 

determination of salicylic acid by means of HPLC-UV or a simultaneous analytical method for 

all molecules in question using LC-MS/MS methodology. 

  



141 

 

 Conclusion 

 

In this chapter, we designed and synthesised a series of self-immolative codrugs with moderate 

to high potential for intestinal lymphatic transport and controllable release of active agents. 

The ‘self-immolation’ of codrugs was triggered by an esterase-mediated hydrolysis mechanism, 

which resulted in a cleavage of ester bond, following a release of active drugs lopianvir and 

salicylic acid. Following the in vitro assessment, codrug 4 was selected for the subsequent in 

vivo studies. Unfortunately, codrug or released LPV could not be detected in plasma at all 

sampled time points. Although the reason for negative in vivo results is unclear, it is likely that 

first-pass intestinal or hepatic metabolic loss is the main reason. Further investigation will be 

needed to assess the feasibility of self-immolative codrug approach. 
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6. GENERAL DISCUSSION AND FUTURE WORK 

 General discussion 

 

In this PhD project, we have focused on optimisation of the treatment of HIV/AIDS by 

lipophilic ester prodrug approach. It aims to selectively and efficiently deliver antiretroviral 

drug lopinavir (LPV) to the mesenteric lymph nodes (MLNs), an important difficult-to-

penetrate viral reservoir. It demonstrates a novel avenue of therapeutic strategy for eradication 

of HIV reservoirs. 

 

6.1.1. Simple and sensitive bioanalytical method for determination of LPV 

by means of HPLC-UV method 

 

A simple and sensitive bioanalytical method for determination of LPV was developed and fully 

validated in rat plasma (Chapter 3). This method was also applied to the detection of 

synthesised LPV prodrugs/codrugs in plasma and tissues with slight modifications throughout 

this PhD project. High sensitivity of HPLC-UV method for determination of LPV (LLOQ = 10 

ng/mL) allowed accurate demonstration of in vivo pharmacokinetic and biodistribution profiles 

in this project. A full validation, including benchtop, stock solution, autosampler, freeze-thaw, 

short-term and long-term stabilities, ensured the accuracy and precision of this bioanalytical 

method undergoing sample preparation and storage conditions. In addition, this method was 

assessed and validated in human plasma with the intention that it may provide clinical 

therapeutic drug monitoring (TDM) in HIV-infected patients in resource-limited settings.  

 

There are dozens of bioanalytical methods reported in literature for determination of LPV for 

clinical TDM in HIV-infected patients [210–217,240,321–333], but only a small amount of 
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methods is reported for preclinical studies in animals [221,334,335]. One published 

bioanalytical method achieved good sensitivity with LLOQ of 5 ng/mL by means of HPLC-

UV for determination of LPV [210], while another method utilized LC-MS/MS to obtain 

LLOQ as low as 1 ng/mL [331]. Both bioanalytical methods demonstrated better sensitivity for 

analysis of LPV in plasma compared to the sensitivity of our method reported in Chapter 3 

(LLOQ = 10 ng/mL). However, substantially higher volume of plasma (600 and 200 µL, 

respectively) was applied in these previously published assays compared to ours (100 µL), 

indicating that our bioanalytical method is more suitable for preclinical studies in small animals. 

 

Moreover, Chapter 3 reports full validation and stability of LPV in rat plasma according to 

FDA guidelines [225]. The nearest comparison for method validation and stability to our work 

is the one carried out by Vats et al. [221]. However, in that method only the stabilities of LPV 

in rat plasma under the conditions of freeze-thaw (3 cycles between -20 °C and room 

temperature), short/long-term frozen (-20 °C) and autosampler (4 °C for 24 h) were validated. 

In addition, the stability of LPV in rat plasma was originally validated at heat-inactivated 

condition only. 

 

6.1.2. LPV and simple alkyl ester prodrugs 

 

All ester prodrugs of LPV were designed through masking the hydroxyl group (esterification) 

coupled with in-silico modification of structures [137]. Following design and synthesis of 

prodrugs, they were subsequently assessed for drug-CMs association and active drug release 

in physiological media. The alkyl esters of LPV with simple fatty acid chains (a widely studied 

prodrug approach [318]) were initially developed and assessed. In this study, these prodrugs 

were designed to mask the hydroxyl group of LPV by esterification, thereby optimising 
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multiple physicochemical properties for the improvement of association with CMs. As a result, 

all alkyl esters showed significantly increased affinity to CMs compared to unmodified LPV 

(zero association), indicating the improvement of their potential for delivery to mesenteric 

lymphatic systems. However, the alkyl esters of LPV were relatively stable in rat plasma 

(representing lymphatic system), thereby delaying the conversion to active drug LPV in both 

blood and lymphatic systems. It was also observed that the length of fatty acid chain correlated 

with the release rate of active drug LPV. Among the alkyl esters, prodrug 1 (shortest alkyl ester) 

possessed the fastest conversion to active LPV in rat plasma (degradation half-life: 19.5 h) and 

a moderate CMs association of 32%; therefore prodrug 1 was selected for the following in vivo 

studies.  

 

Following pharmacokinetic and biodistribution studies of LPV and alkyl ester prodrug 1, 

several major findings are described as follows: Oral administration of unmodified LPV with 

lipids did not alter the overall oral bioavailability of LPV, but prolonged the half-life of LPV, 

compared to administration of LPV in lipid-free formulation. In addition, co-administration of 

lipids led to flip-flop kinetic phenomenon, indicating delayed gastric emptying. Limited 

numbers of published works reported the oral bioavailability of LPV in animals and humans 

[66,276,319,334]. Ravi et al. reported that the oral bioavailabilities of LPV in different works 

were 4.6% [319], 5.0% [276] and 12.4% [334], respectively, following oral administration of 

20 mg/kg of LPV in sodium citrate solution (3.8%, w/v) to rats. The oral bioavailability of LPV, 

reported in our work, are 22.8% and 20.5% (Table 4-2, Chapter 4), respectively, following oral 

administration of 20 mg/kg of LPV in lipid-free formulation and in lipid-based formulation to 

rats. The closest oral bioavailability to our result is around 25% following oral administration 

of 10mg/kg of LPV to rats [66]. In addition, it was reported in that work that oral bioavailability 

was 0% following oral administration of 10 and 5 mg/kg of LPV in monkeys and dogs, 
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respectively, while less than 1% in humans after administration of 400 mg of LPV alone. 

Therefore, LPV normally is co-administered with a low dose of ritonavir in HIV-infected 

patients in clinical practice.  It was confirmed that the levels of LPV were below the limit of 

detection in mesenteric lymph and MLNs following administration of unmodified LPV with 

lipids. Several studies reported the concentrations of LPV in lymph and lymphatic tissues when 

free LPV was administered in animals [160,275,276,336]. Freeling et al. [160] found that the 

levels of LPV in inguinal lymph nodes were undetectable following subcutaneous 

administration of free LPV in primates. This is similar to our findings in which the levels of 

LPV in mesenteric lymph and MLNs were below limit of detection at tmax and tmax-1 h following 

oral administration in rats (Figure 4-8, Chapter 4). This indicates that poor delivery of LPV to 

lymphatic tissues can be expected when free LPV is administered through either oral or 

parenteral routes. Different concentrations of LPV in MLNs following oral administration of 

unmodified LPV in rats were observed by Ravi et al. [275,276] and Alex et al. [336]. In their 

findings, approximately 3000 ng/g and 2000 ng/g of LPV were observed in MLNs at 1 h after 

administration of a 20 mg/kg dose [275,276], and 500 ng/mL of LPV was found in mesenteric 

lymph fluid  at 1 h after administration of a10 mg/kg dose [336]. Moreover, the concentrations 

of LPV in MLNs at 1 h following oral administration were significantly higher than the levels 

in plasma at plasma tmax [275,276], indicating that LPV was probably delivered to the systemic 

circulation through intestinal lymphatic transport. However, the calculated absolute oral 

bioavailability was about 4-fold lower compared to our results. To note, when given orally, 

LPV is extensively metabolised via the hepatic first-pass effect [227], while lipophilic drugs 

utilising intestinal lymphatic transport can efficiently avoid this effect [104]. Therefore, the 

relatively high exposure of LPV to MLNs followed by extremely low systemic exposure in 

works by Ravi et al. [275,276] and Alex et al. [336] is a bit contradictive. In our work high 

levels of prodrug were achieved in mesenteric lymph and MLNs (52- and 55-fold higher than 



146 

 

plasma) following oral administration of prodrug 1, but inefficient release of active drug LPV 

is the drawback of simple alkyl esters (Figure 4-8 (B) and (C), Chapter 4). Similar alkyl ester 

prodrug approach was utilized in our previous work [177] and others’ [176,337,338] in which 

the goals were lymphatic targeting for drugs to work within the lymphatic system and as a 

secondary goal – the potential effect of lymphatic transport on systemic bioavailability. Lee et 

al. [177] reported that substantial levels of simple ester prodrug of bexarotene were achieved 

in intestinal lymphatics with 41- and 6.0-fold levels higher in mesenteric lymph and MLNs, 

respectively, compared to plasma. However, the levels of the released active bexarotene within 

mesenteric lymph and MLNs were comparable to plasma. To note, in a work by other group, 

when alkyl ester prodrug approach was applied to mycophenolic acid (MPA) in rats, the levels 

of 8C-chain alkyl ester prodrug (MPA-C8E) could not be detected in lymph, and only 0.07% 

of dose of released MPA was found in lymph fluid [337]. In another study, testosterone was 

assessed for lymphatic transport (%) of dose following oral administration of testosterone 

undecanoate (11C-chain alkyl ester prodrug) in thoracic duct cannulated dogs [176]. The 

cumulative recoveries of free testosterone were around 3% of dose after administration of 

testosterone undecanoate, which significantly improved the systemic exposure compared to 

administration of unmodified testosterone. Similarly, Sugihara et al. [338] reported poor 

lymphatic absorption of alkyl esters to the lymph (< 3% of dose) for 24 h when administered 

alkyl ester derivatives of TA-594 and trimetoquinol in rats. Taken together, the data from our 

work and others suggest that simple alkyl ester prodrug approach may not be the most 

promising for delivery of active drugs to the lymphatics or improvement of systemic 

bioavailability through lymphatic transport. The prolonged duration of prodrug 1 and released 

LPV in systemic blood circulation was observed up to 72 h following oral administration 

(Figure 4-7 (D), Chapter 4). Similar phenomenon was observed previously following 
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administration of other highly lipophilic compounds, such as dichlorodiphenyltrichloroethane 

(DDT) [267], lumefantrine [339] and amiodarone [340]. 

 

6.1.3. Activated ester prodrugs 

 

Following investigation of alkyl ester prodrugs, it became clear that the efficient release of 

LPV in rat plasma is a critical step for successful delivery of LPV to mesenteric lymphatic 

systems. In addition, following the failed codrug approach, the rationale of next designs should 

maintain similar characteristics of alkyl esters with reasoned modification. Subsequently, two 

activated esters of LPV were designed and chemically synthesised using the same route of 

esterification as alkyl esters. Between activated esters, prodrug 7 possessed all the key elements 

for delivery of LPV to mesenteric lymphatic systems, e.g. high CMs association of 48%, good 

stability in FaSSIF (half-life: 17.3 h) and rapid release of LPV in plasma (half-life: 0.16 h). As 

a result, this proposed prodrug approach significantly delivered 10.2- and 6.8-fold higher levels 

of LPV to the mesenteric lymph and MLNs, respectively, compared to alkyl ester prodrug 1. 

In addition, this approach improved oral bioavailability of LPV by nearly 2-fold, as well as 

prolonged the circulation time compared to unmodified LPV. Taken together, all these 

achievement take advantage of intestinal lymphatic transport for delivery of drugs to 

mesenteric lymphatic system, and bypass hepatic first pass metabolism.  

 

A similar lipophilic activated ester prodrug approach was previously reported by our group, 

and was successfully applied to two anti-cancer agents (bexarotene and retinoic acid) for 

improvement of active drug delivery to the mesenteric lymphatic system [177]. It was reported 

that the maximum levels of released bexarotene in MLNs were 2.7-fold higher following oral 

administration of activated ester of bexarotene, compared to administration of alkyl ester. In 
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other studies, tenofovir (TFV), a nucleotide reverse transcriptase inhibitor, was successfully 

delivered to the lymphatic system in dogs [341] and HIV-infected patients [178] when prodrug 

approach was applied to TFV. As a result, following oral administration of activated prodrug 

tenofovir alafenamide (TAF) in dogs, the levels of TFV in inguinal, axillary, iliac and 

mesenteric lymph nodes were 15.0-, 14.8-, 10.6- and 5.7-fold higher, respectively, compared 

to the commercially available prodrug tenofovir disproxil fumarate (TDF) [341]. A recent study 

has shown that the levels of tenofovir diphosphate (TFV-DP) (pharmacologic-active moiety of 

TFV) in inguinal lymph nodes were 6.4-fold higher following oral administration of TAF in 

HIV-infected patients, compared to commercially available prodrug TDF [178]. In our current 

work, we achieved as high as 6.8-fold higher levels of active drug LPV in MLNs following 

oral administration of activated ester prodrug 7 in rats, compared to administration of simple 

alkyl ester prodrug 1 (Figure 4-9 (B), Chapter 4). Even more importantly, the levels of LPV in 

MLNs were 7.2-fold higher than the protein binding-adjusted IC90 (PA-IC90) (140 ng/mL) 3 h 

following administration of the activated ester prodrug. These high levels of active drug (LPV) 

ensure reduction in production of infectious virions by infected CD4+ cells in HIV reservoirs 

within MLNs.  

 

6.1.4. Self-immolative codrugs 

 

The codrug comprises of active drug (LPV), self-immolative linker (salicylic acid) and an 

enzymatic substrate as a trigger, which is away from the main scaffold in order to reduce steric 

hindrance of the enzymatic cleavage. All codrugs of LPV and salicylic acid were designed 

coupled with in-silico modification of structures [137]. Following design and synthesis of 

codrugs, they were subsequently assessed for drug-CMs association and active drugs release 

in physiological media. All codrugs are less stable and provide faster release of LPV in both 
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tested physiological media (plasma and FaSSIF), compared to alkyl ester prodrugs. In addition, 

codrugs 2-5 achieved moderate to high association with artificial CMs-like emulsion 

(Intralipid®). As a result, codrug 4 has good stability in FaSSIF (degradation half-life: 30.5 

min), fast release of LPV in rat plasma, and high association with CMs, therefore making it a 

good candidate for in vivo studies. However, the levels of codrug and released LPV were below 

the limit of detection in blood following oral administration of codrug 4 in lipids. One 

hypothesis is that codrug 4 was extensively metabolised in the intestinal wall before reaching 

systemic circulation when it was orally administered in rats. Further investigation of intestinal 

microsomal stability of codrugs should be conducted to test this hypothesis.  

 

Self-immolative prodrug approaches have been developed to overcome the limitation of 

inefficient release of active compound in many previous publications [306–311]. It is reported 

that the half-life of a novel paclitaxel prodrug associated with a self-immolative spacer was 

10.5-fold shorter compared to prodrugs containing conventional spacers [342]. To note, for the 

nearest comparison, in a work by other group self-immolative prodrug approach was applied 

to acivicin. The half-life was over 3-fold shorter than for carbamate prodrug in rat plasma [343]. 

This is comparable with our result, showing that the half-life of self-immolative codrug 4 is 

nearly 5-fold shorter compared to prodrug 1 (shortest simple alkyl ester) (Figure 5-9 (A)).  
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 Future work 

6.2.1. Delivery of other classes of antiretroviral drugs to mesenteric 

lymphatic system by lipophilic prodrug approach 

 

LPV is recommended as the preferred protease inhibitor (PI) therapy in second-line ART 

regimen in the latest WHO guidelines (2019) [70]. In addition, combined ART normally 

consists of three or more different active drugs from two or more classes to achieve efficient 

treatment, whilst reducing the risk of drug resistance. Therefore, single antiretroviral drug 

(LPV) has its limitations for further investigation in preclinical and clinical studies. In future 

work, other classes of antiretroviral drugs, especially those recommended in first-line regimens 

[70], will be developed for mesenteric lymphatic targeting by lipophilic ester prodrug approach. 

For the study of delivery of other class of antiretroviral drugs to the mesenteric lymphatic 

system (as discussed in Section 6.1.3), tenofovir (TFV) was successfully delivered to the 

lymphatic system (including MLNs) in dogs by prodrug approach [341]. To conclude, efficient 

delivery of WHO-recommended antiretrovirals to the mesenteric lymphatic system (mainly 

MLNs) by lipophilic activated prodrugs is a promising approach for reduction of HIV 

reservoirs. 

 

6.2.2. Delivery of antiretroviral drugs to other lymph nodes or lymphatic 

tissues 

 

The GALT (mainly MLNs) contains the largest numbers of HIV cellular reservoirs in the body, 

and is one of the most difficult-to-penetrate reservoirs for antiretroviral drugs targeting 

[34,109–111]. In this work, selected antiretroviral drug (LPV) was efficiently delivered to the 
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MLNs and mesenteric lymph by lipophilic activated ester prodrug approach. This approach, 

especially if can be translated to other antiretroviral drugs, has potential for reducing the size 

of HIV reservoirs within the mesenteric lymphatic system. However, other lymph nodes and 

lymphatic tissues are also important anatomical and cellular HIV reservoirs into which 

antiretroviral drugs poorly penetrate. Therefore, delivery of antiretroviral drugs to the broader 

lymphatic system in the body can significantly shrink the size of HIV reservoirs compared to 

mainly targeting single compartment. A number of studies have been carried out by other 

groups showing that efficient levels of antiretroviral drugs can be delivered to the peripheral 

lymphoid tissues by nanoparticle approaches [163–165]. To note, lymph nodes were biopsied 

in anatomical regions after IM injection in these papers above, which means all lymph nodes 

targeted in these works were from peripheral regions around the site of injection. For example, 

Hilaire et al. [163] prolonged the half-life of rilpivirne (RPV) in blood and improved tissue 

distribution following single intramuscular (IM) injection of lipophilic RPV prodrug 

nanoformulation in mice and macaques. In particular, the levels of RPV in lymph nodes were 

over 20-fold higher at day 56 after injection of 100 mg/kg RPV-eq. of prodrug nanoformulation 

in mice, compared to unmodified RPV. Moreover, the levels of RPV in lymph nodes were 

around 16-fold higher 204 days after injection of 45 mg/kg RPV-eq. of prodrug 

nanoformulation in macaques, compared to unmodified RPV. In another example, Sillman et 

al. [164] found that the levels of dolutegravir (DTG) in lymph nodes were nearly 30-fold higher 

28 days after single IM injection of 45 mg/kg DTG-eq. of prodrug nanoformulation in mice, 

compared to unmodified DTG. In their recent work, the levels of cabotegravir (CAB) in lymph 

nodes were around 23-fold higher at day 364 after injection of 45 mg/kg CAB-eq. of prodrug 

nanoformulation in mice, compared to unmodified CAB [165]. Delivery of antiretroviral drugs 

to HIV reservoirs within global lymphatic system using combined oral lipophilic prodrug 
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(presented in this work) with injectable or transdermal nanoformulation approaches could be a 

future direction for enhancement of lymphatic targeting efficiency of antiretroviral drugs. 

 

6.2.3. Selection of successful prodrug candidates for assessment of 

therapeutic efficacy in humanized mice/rats and SIV-infected macaques 

 

Following the assessment of pharmacokinetics and drug distribution to mesenteric lymphatic 

system in rats, the therapeutic efficacy of potential prodrug candidates can be evaluated using 

SIV-infected macaques [344,345] or HIV-infected humanized mice/rats models [346–349]. It 

is very important to evaluate therapeutic efficacy and functional cure using these models prior 

to clinical trials in patients. The key advantages of SIV-infected macaque models include the 

ability to extensively study therapeutic efficacy in viral reservoirs (including selective 

necropsy), and to obtain the parameters that are virtually impossible to assess in humans (such 

as drug levels in MLNs, brain, spleen etc.). However, the limitations of SIV-infected macaque 

models include the limited availability, high-cost and difference of infection and pathogenesis 

between SIV and HIV-1 [344,350]. Recently, HIV-infected humanized mice/rats models have 

been developed to investigate HIV-1 infection and immunopathogenesis, as well as to 

investigate HIV vaccine and therapeutics [347,349]. These animal models constructed with 

human immune system can assist in evaluating of the efficacy of prodrug approach against 

viral reservoirs more accurately, and are much cheaper compared to non-human primate 

models. However, rodents are limited in the length of life-span and body size for long-term 

study, as well as less similar physiological to humans compared to non-human primates. Taken 

together, the prodrug approach can be tested in various animal models that would fully 

demonstrate the therapeutic effectiveness against HIV reservoirs (mainly MLNs in this project), 

thereby achieving the final goal–functional cure. 
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APPENDICES 

Appendix 1. Characterisation of ester prodrugs of lopinavir 

 

1 (lopinavir butyl ester), (3S)-2-(2-(2, 6-dimethylphenoxy) acetamido)-5-((R)-3-methyl-2-(2-

oxotetrahydropyrimidin-1(2H)-yl) butanamido)-1, 6-diphenylhexan-3-yl butyrate was 

synthesised using LPV and butyric acid as the reactants. The purity of the final compound was 

more than 98% by HPLC-UV, white solid (85% yield), melting point 54.0-56.0°C. H¹ NMR 

(400 MHz, DMSO-d6):  7.60-7.70 (m, 2H), 7.10-7.27 (m, 10H), 6.99-7.04 (m, 2H), 6.90-6.96 

(m, 1H), 6.30 (s, 1H), 5.06-5.14 (m, 1H), 4.61-4.72 (m, 1H), 4.34 (d, J = 10.96 Hz, 1H), 4.13-

4.24 (m, 1H), 4.10 (s, 2H), 2.96-3.07 (m, 2H), 2.54-2.93 (m, 6H), 2.29-2.44 (m, 2H), 2.16 (s, 

6H), 2.00-2.09 (m, 1H), 1.46-1.76 (m, 6H), 0.92 (t, J = 7.31 Hz, 3H), 0.83 (d, J = 6.4 Hz, 3H), 

0.75 (d, J = 6.7 Hz, 3H). ¹³C NMR (100 MHz, DMSO-d6):  172.31, 169.45, 167.68, 155.45, 

154.69, 138.91, 138.41, 130.27, 129.12, 129.04, 128.79, 127.99, 127.9, 126.07, 125.61, 124.21, 

72.74, 70.18, 61.46, 50.83, 46.64, 37.32, 37.18, 35.55, 25.40, 21.62, 19.59, 18.66, 18.00, 15.9, 

13.5. HR-MS (ESI+): m/z [M+ H]+ calculated for C41H55N4O6, 699.4116, found 699.4102. 

 

2 (lopinavir hexyl ester), (3S)-2-(2-(2,6-dimethylphenoxy)acetamido)-5-((S)-3-methyl-2-(2-

oxotetrahydropyrimidin-1(2H)-yl)butanamido)-1,6-diphenylhexan-3-yl hexanoate was 

synthesised using LPV and hexanoic acid as the reactants. The purity of the final compound 

was more than 98% by HPLC-UV, white solid (80% yield), melting point 52.0-54.0°C. H¹ 

NMR (400 MHz, DMSO-d6):  7.58-7.70 (m, 2H), 7.10-7.26 (m, 10H), 6.99-7.04 (m, 2H), 

6.91-6.96 (m, 1H), 6.29 (s, 1H), 5.06-5.12 (m, 1H), 4.60-4.69 (m, 1H), 4.33 (d, J = 10.97 Hz, 

1H), 4.12-4.22 (m, 1H), 4.09 (s, 2H), 2.96-3.05 (m, 2H), 2.54-2.92 (m, 6H), 2.30-2.43 (m, 2H), 

2.15 (s, 6H), 1.89-1.99 (m, 1H), 1.55-1.76 (m, 4H), 1.19-1.32 (m, 6H), 0.80-0.86 (m, 6H), 0.74 

(d, J = 6.65 Hz, 3H). ¹³C NMR (100 MHz, DMSO-d6):  172.44, 169.44, 167.44, 155.43, 



154 

 

154.65, 138.91, 138.39, 130.26, 129.11, 129.03, 128.79, 128.00, 127.9, 126.08, 125.62, 124.22, 

72.73, 70.16, 61.44, 50.83, 46.64, 37.31, 37.20, 33.63, 30.72, 25.41, 24.19, 21.81, 21.62, 19.59, 

18.67, 15.89, 13.77. HR-MS (ESI+): m/z [M+ H]+ calculated for C43H59N4O6, 727.4429, found 

727.4415. 

 

3 (lopinaivr octyl ester), (3S)-2-(2-(2,6-dimethylphenoxy)acetamido)-5-((S)-3-methyl-2-(2-

oxotetrahydropyrimidin-1(2H)-yl)butanamido)-1,6-diphenylhexan-3-yl decanoate was 

synthesised using LPV and octanoic acid as the reactants. The purity of the final compound 

was more than 95% by HPLC-UV, colourless oil (65% yield). H¹ NMR (400 MHz, DMSO-

d6):  7.59-7.66 (m, 2H), 7.10-7.27 (m, 10H), 6.99-7.04 (m, 2H), 6.90-6.96 (m, 1H), 6.28 (s, 

1H), 5.06-5.12 (m, 1H), 4.60-4.69 (m, 1H), 4.34 (d, J = 11.39 Hz, 1H), 4.12-4.19 (m, 1H), 4.09 

(s, 2H), 2.96-3.06 (m, 2H), 2.54-2.92 (m, 6H), 2.34-2.41 (m, 2H), 2.15 (s, 6H), 1.99-2.05 (m, 

1H), 1.55-1.74 (m, 4H), 1.19-1.30 (m, 10H), 0.80-0.85 (m, 6H), 0.74 (d, J = 6.9 Hz, 3H). ¹³C 

NMR (100 MHz, DMSO-d6):  172.44, 169.42, 167.66, 155.43, 154.64, 138.90, 138.38, 

130.26, 129.10, 129.03, 128.79, 128.00, 127.9, 126.1, 125.62, 124.23, 72.72, 70.15, 61.44, 

50.83, 46.63, 37.33, 37.22, 33.70, 31.11, 28.88, 25.41, 24.62, 23.55, 21.62, 19.59, 18.66, 15.89, 

13.77. HR-MS (ESI+): m/z [M+ H]+ calculated for C45H63N4O6, 755.4742, found 755.4737. 

 

4 (lopinavir decanyl ester), (3S)-2-(2-(2,6-dimethylphenoxy)acetamido)-5-((S)-3-methyl-2-

(2-oxotetrahydropyrimidin-1(2H)-yl)butanamido)-1,6-diphenylhexan-3-yl dodecanoate was 

synthesised using LPV and decanoic acid as the reactants. The purity of the final compound 

was more than 95% by HPLC-UV, colourless oil (89% yield). H¹ NMR (400 MHz, DMSO-

d6):  7.58-7.67 (m, 2H), 7.10-7.26 (m, 10H), 6.99-7.04 (m, 2H), 6.90-6.96 (m, 1H), 6.29 (s, 

1H), 5.05-5.12 (m, 1H), 4.61-4.70 (m, 1H), 4.34 (d, J = 11.07 Hz, 1H), 4.13-4.23 (m, 1H), 4.09 

(s, 2H), 2.96-3.07 (m, 2H), 2.53-2.93 (m, 6H), 2.32-2.41 (m, 2H), 2.15 (s, 6H), 1.98-2.09 (m, 
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1H), 1.53-1.74 (m, 4H), 1.18-1.28 (m,14H), 0.81-0.86 (m, 6H), 0.74 (d, J = 6.65 Hz, 3H). ¹³C 

NMR (100 MHz, DMSO-d6):  172.42, 169.43, 167.65, 155.44, 154.64, 138.90, 138.37, 

130.24, 129.10, 129.02, 128.78, 127.98, 127.89, 126.09, 125.61, 124.22, 72.74, 70.15, 61.43, 

50.82, 46.63, 37.34, 37.26, 33.70, 31.26, 28.92, 28.88, 28.52, 25.40, 24.52, 22.08, 21.62, 19.59, 

18.65, 15.90, 13.92. HR-MS (ESI+): m/z [M+ H]+ calculated for C47H67N4O6, 783.5055, found 

783.5035. 

 

5 (lopinavir dodecanyl ester), (3S)-2-(2-(2,6-dimethylphenoxy)acetamido)-5-((S)-3-methyl-

2-(2-oxotetrahydropyrimidin-1(2H)-yl)butanamido)-1,6-diphenylhexan-3-yl dodecanoate was 

synthesised using LPV and dodecanoic acid as the reactants. The purity of the final compound 

was more than 95% by HPLC-UV, colourless oil (85% yield). H¹ NMR (400 MHz, DMSO-

d6):  7.58-7.66 (m, 2H), 7.11-7.28 (m, 10H), 6.99-7.04 (m, 2H), 6.90-6.96 (m, 1H), 6.29 (s, 

1H), 5.05-5.12 (m, 1H), 4.60-4.71 (m, 1H), 4.33 (d, J = 11.06 Hz, 1H), 4.12-4.22 (m, 1H), 4.09 

(s, 2H), 2.97-3.05 (m, 2H), 2.54-2.92 (m, 6H), 2.34-2.41 (m, 2H), 2.15 (s, 6H), 1.99-2.07 (m, 

1H), 1.55-1.74 (m, 4H), 1.18-1.26 (m, 18H), 0.80-0.86 (m, 6H), 0.74 (d, J = 6.6 Hz, 3H). ¹³C 

NMR (100 MHz, DMSO-d6):  172.42, 169.42, 167.65, 155.43, 154.64, 138.90, 138.37, 

130.24, 129.11, 129.02, 128.78, 127.98, 127.89, 126.08, 125.42, 124.21, 72.75, 70.15, 61.93, 

50.82, 46.64, 37.35, 37.27, 33.71, 31.29, 28.99, 28.88, 28.71, 28.52, 25.41, 24.52, 22.09, 21.62, 

19.59, 18.65, 15.90, 13.93. HR-MS (ESI+): m/z [M+ H]+ calculated for C49H71N4O6, 811.5368, 

found 811.5374.  

 

6 (lopinavir N-Acetylglycylglycinyl ester), (3S)-2-(2-(2,6-dimethylphenoxy)acetamido)-5-

((R)-3-methyl-2-(2-oxotetrahydropyrimidin-1(2H)-yl)butanamido)-1,6-diphenylhexan-3-yl 

acetylglycylglycinate was synthesised using LPV and 2-(2-acetamidoacetamido) acetic acid as 

the reactants. The purity of the final compound was more than 95% by HPLC-UV, colourless 
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oil (46% yield). H¹ NMR (400 MHz, DMSO-d6):  8.32 (t, J = 5.9 Hz, 1H), 8.20 (t, J = 5.9 Hz, 

1H), 7.70 (d, J = 9.7 Hz, 1H), 7.63 (d, J = 9.1 Hz, 1H), 7.10-7.25 (m, 10H), 7.00-7.02 (m, 2H), 

6.90-6.94 (m, 1H), 6.28 (s, 1H), 5.05-5.09 (m, 1H), 4.70-4.77 (m, 1H), 4.33 (d, J = 11 Hz, 1H), 

4.14-4.28 (m, 1H), 3.85-4.06 (m, 2H), 3.70-3.72 (m, 2H), 2.98-3.03 (m, 2H), 2.56-2.90 (m, 

6H), 2.15 (s, 6H), 2.02-2.06 (m, 1H), 1.54-1.73 (m, 4H), 1.24-1.39 (m, 2H), 1.83 (s, 3H), 0.82 

(d, J = 6.4 Hz, 3H), 0.74 (d, J = 6.7 Hz, 3H). ¹³C NMR (100 MHz, DMSO-d6):  169.82, 169.69, 

169.60, 169.30, 167.89, 155.42, 154.92, 138.87, 138.49, 130.32, 129.16, 129.01, 128.75, 

127.99, 127.90, 126.05, 125.61, 124.13, 73.91, 70.28, 61.44, 50.51, 46.65, 41.98, 40.81, 37.28, 

37.20, 29.03, 25.39, 22.44, 21.61, 19.63, 18.66, 15.96. HR-MS (ESI+): m/z [M+ H]+ calculated 

for C43H57N6O8, 785.4232, found 785.4223. 

 

7 (lopinavir butoxyacetyl ester), (2S,3S,5R)-2-(2-(2,6-dimethylphenoxy)acetamido)-5-((S)-

3-methyl-2-(2-oxotetrahydropyrimidin-1(2H)-yl)butanamido)-1,6-diphenylhexan-3-yl 2-

butoxyacetate was synthesised using LPV and 2-butoxyacetic acid as the reactants. The purity 

of the final compound was more than 98% by HPLC-UV, white solid (87% yield), melting 

point 72.0-75.0°C. H¹ NMR (400 MHz, DMSO-d6):  7.68 (d, J = 9.1 Hz, 2H), 7.63 (d, J = 9.8 

Hz, 1H), 7.11-7.28 (m, 10H), 7.00-7.02 (m, 2H), 6.91-6.95 (m, 1H), 6.30 (s, 1H), 5.13-5.17 

(m, 1H), 4.66-4.73 (m, 1H), 4.35 (d, J = 11 Hz, 1H), 4.12-4.25 (m, 1H), 4.03 (quintet, J = 7.0 

Hz, 2H), 3.46-3.51 (m, 2H), 2.99-3.04 (m, 2H), 2.57-2.92 (m, 6H), 2.14 (s, 6H), 1.99-2.07 (m, 

1H), 1.55-1.77 (m, 4H), 1.15-1.53 (m, 6H), 0.82-0.86 (m, 6H), 0.75 (d, J = 6.7 Hz, 3H). ¹³C 

NMR (100 MHz, DMSO-d6):  169.90, 169.53, 167.74, 155.44, 154.62, 138.86, 138.34, 

130.29, 129.12, 129.02, 128.78, 128.01, 127.91, 126.11, 125.65, 124.24, 73.41, 70.44, 70.13, 

61.46, 50.74, 46.68, 37.28, 37.22, 33.63, 31.22, 25.42, 21.63, 20.75, 19.59, 18.73, 18.67, 15.89, 

13.66. HR-MS (ESI+): m/z [M+ H]+ calculated for C43H58N4O7, 743.4378, found 743.4384.  
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Appendix 2. Characterisation of codrugs of lopinavir and salicylic acid 

 

Codrug 1, 2-(3-((2R)-1-(((4S)-5-(2-(2,6-dimethylphenoxy)acetamido)-4-hydroxy-1,6-

diphenylhexan-2-yl)amino)-3-methyl-1-oxobutan-2-yl)-2-oxohexahydropyrimidine-1-

carbonyl)phenyl acetate. The synthetic scheme was described in Section 2.3.2., acetate 

chloride was used for codrug 2 was acetyl chloride (7.2 mmol). The desired product was a 

white solid, with the purity of over 95% by HPLC-UV detection. The yield is 11%. H¹ NMR 

(400 MHz, DMSO-d6, δ = 2.50 ppm):  7.80 (d, J = 8.47 Hz, 1H), 7.44 (d, J = 9.92 Hz, 1H), 

7.08-7.27 (m, 10H), 7.00-7.02 (m, 2H), 6.93-6.95 (m, 1H), 4.98 (d, J = 5.69 Hz, 1H), 4.02-4.36 

(m, 5H), 3.51-3.84 (m, 3H), 2.58-3.10 (m, 6H), 2.14 (s, 6H), 1.98-2.07 (m, 1H), 1.38-1.72 (m, 

4H), 1.21-1.36 (m, 3H), 0.78 (d, J = 7.42 Hz, 3H), 0.73 (d, J = 7.07 Hz, 3H).  ¹³C NMR (100 

MHz, DMSO-d6, δ = 39.52 ppm):  168.64, 168.50, 168.20, 167.29, 154.50, 152.42, 146.10, 

138.97, 138.88, 132.22, 130.24, 129.67, 129.28, 129.12, 128.80, 127.99, 127.65, 127.53, 

125.90, 125.61, 125.24, 124.23, 122.33, 70.20, 68.26, 62.21, 52.40, 46.87, 42.73, 37.89, 28.88, 

26.07, 23.56, 21.51, 20.64, 19.30, 18.62, 15.86. HR-MS (ESI+): m/z [M+ H]+ calculated for 

C46H54N4O8, 791.4014, found 791.4015. 

 

Codrug 2, 2-(3-((2R)-1-(((4S)-5-(2-(2,6-dimethylphenoxy)acetamido)-4-hydroxy-1,6-

diphenylhexan-2-yl)amino)-3-methyl-1-oxobutan-2-yl)-2-oxohexahydropyrimidine-1-

carbonyl)phenyl butyrate. The synthetic scheme was described in Section 2.3.2., specific 

chloride was used for codrug 2 was butyric chloride (7.2 mmol). The desired product was a 

white solid, with the purity of over 95% by HPLC-UV detection. The yield is 30%. H¹ NMR 

(400 MHz, DMSO-d6, δ = 2.50 ppm):  7.80 (d, J = 8.95 Hz, 1H), 7.44 (d, J = 9.69 Hz, 1H), 

7.08-7.27 (m, 10H), 7.00-7.02 (m, 2H), 6.93-6.95 (m, 1H), 4.98 (d, J = 5.81 Hz, 1H), 4.02-4.36 

(m, 5H), 3.51-3.84 (m, 3H), 2.58-3.10 (m, 6H), 2.14 (s, 6H), 1.98-2.07 (m, 1H), 1.38-1.72 (m, 
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4H), 1.21-1.36 (m, 9H), 0.78 (d, J = 6.59 Hz, 3H), 0.73 (d, J = 6.48 Hz, 3H). ¹³C NMR (100 

MHz, DMSO-d6, δ = 39.52 ppm):  170.98, 168.63, 168.18, 167.30, 154.50, 152.35, 146.08, 

138.97, 138.89, 132.33, 130.24, 129.53, 129.29, 129.12, 128.80, 127.99, 127.64, 127.32, 

125.91, 125.59, 125.15, 124.24, 122.41, 70.21, 68.26, 62.19, 52.40, 46.88, 42.82, 37.89, 35.21, 

28.88, 26.09, 23.56, 22.09, 21.47, 19.27, 18.60, 17.84, 15.86, 13.95, 13.34. HR-MS (ESI+): m/z 

[M+ H]+ calculated for C48H58N4O8, 819.4327, found 819.4369. 

 

Codrug 3, 2-(3-((2R)-1-(((4S)-5-(2-(2,6-dimethylphenoxy)acetamido)-4-hydroxy-1,6-

diphenylhexan-2-yl)amino)-3-methyl-1-oxobutan-2-yl)-2-oxohexahydropyrimidine-1-

carbonyl)phenyl hexanoate. The synthetic scheme was described in Section 2.3.2., specific 

chloride was used for codrug 3 was hexanoyl chloride (7.2 mmol). The desired product was a 

white solid, with the purity of over 95% by HPLC-UV detection. The yield is 59%. H¹ NMR 

(400 MHz, DMSO-d6, δ = 2.50 ppm):  7.80 (d, J = 9.00 Hz, 1H), 7.44 (d, J = 9.65 Hz, 1H), 

7.08-7.27 (m, 10H), 7.00-7.02 (m, 2H), 6.93-6.95 (m, 1H), 4.98 (d, J = 5.75 Hz, 1H), 4.02-4.36 

(m, 5H), 3.51-3.84 (m, 3H), 2.58-3.10 (m, 6H), 2.14 (s, 6H), 1.98-2.07 (m, 1H), 1.38-1.72 (m, 

4H), 1.21-1.36 (m, 13H), 0.78 (d, J = 6.61 Hz, 3H), 0.73 (d, J = 6.47 Hz, 3H).¹³C NMR (100 

MHz, DMSO-d6, δ = 39.52 ppm):  171.11, 168.62, 168.19, 167.30, 154.50, 152.35, 146.10, 

138.97, 138.89, 132.31, 130.24, 129.53, 129.30, 129.12, 128.80, 127.99, 127.63, 127.33, 

125.91, 125.57, 125.14, 124.43, 122.39, 70.21, 68.26, 67.02, 62.19, 52.39, 46.89, 42.80, 37.90, 

33.34, 30.56, 28.89, 26.09, 25.13, 23.89, 23.56, 21.75, 21.49, 19.26, 18.61, 15.86, 13.78. HR-

MS (ESI+): m/z [M+ H]+ calculated for C50H62N4O8, 847.4640, found 847.4643. 

 

Codrug 4, 2-(3-((2R)-1-(((4S)-5-(2-(2,6-dimethylphenoxy)acetamido)-4-hydroxy-1,6-

diphenylhexan-2-yl)amino)-3-methyl-1-oxobutan-2-yl)-2-oxohexahydropyrimidine-1-

carbonyl)phenyl octanoate. The synthetic scheme was described in Section 2.3.2., specific 
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chloride was used for codrug 4 was octanoyl chloride (7.2 mmol). The desired product was a 

white solid, with the purity of over 95% by HPLC-UV detection. The yield is 14%. H¹ NMR 

(400 MHz, DMSO-d6, δ = 2.50 ppm):  7.80 (d, J = 8.98 Hz, 1H), 7.44 (d, J = 9.67 Hz, 1H), 

7.08-7.27 (m, 10H), 7.00-7.02 (m, 2H), 6.93-6.95 (m, 1H), 4.98 (d, J = 5.74 Hz, 1H), 4.02-4.36 

(m, 5H), 3.51-3.84 (m, 3H), 2.58-3.10 (m, 6H), 2.14 (s, 6H), 1.98-2.07 (m, 1H), 1.38-1.72 (m, 

4H), 1.21-1.36 (m, 17H), 0.77 (d, J = 6.60 Hz, 3H), 0.72 (d, J = 6.49 Hz, 3H). ¹³C NMR (100 

MHz, DMSO-d6, δ = 39.52 ppm):  171.12, 168.63, 168.19, 167.30, 154.50, 152.35, 146.10, 

138.97, 138.89, 132.32, 130.24, 129.54, 129.30, 129.12, 128.81, 127.99, 127.63, 127.33, 

125.91, 125.57, 125.15, 124.24, 122.39, 70.21, 68.26, 62.19, 60.72, 52.40, 46.89, 42.81, 37.90, 

33.38, 32.55, 31.29, 31.07, 29.04, 29.01, 28.70, 28.31, 26.10, 25.50, 24.29, 22.09, 22.02, 21.49, 

19.26, 18.62, 15.87, 13.91. HR-MS (ESI+): m/z [M+ H]+ calculated for C52H66N4O8, 875.4953, 

found 875.4926. 

 

Codrug 5, 2-(3-((2R)-1-(((4S)-5-(2-(2,6-dimethylphenoxy)acetamido)-4-hydroxy-1,6-

diphenylhexan-2-yl)amino)-3-methyl-1-oxobutan-2-yl)-2-oxohexahydropyrimidine-1-

carbonyl)phenyl decanoate. The synthetic scheme was described in Section 2.3.2., specific 

chloride was used for codrug 5 was decanoyl chloride (7.2 mmol). The desired product was a 

white solid, with the purity of over 90% by HPLC-UV detection. The yield is 9%. H¹ NMR 

(400 MHz, DMSO-d6, δ = 2.50 ppm):  7.80 (d, J = 9.00 Hz, 1H), 7.44 (d, J = 9.51 Hz, 1H), 

7.08-7.27 (m, 10H), 7.00-7.02 (m, 2H), 6.93-6.95 (m, 1H), 4.98 (d, J = 5.76 Hz, 1H), 4.02-4.36 

(m, 5H), 3.51-3.84 (m, 3H), 2.58-3.10 (m, 6H), 2.14 (s, 6H), 1.98-2.07 (m, 1H), 1.38-1.72 (m, 

4H), 1.21-1.36 (m, 21H), 0.77 (d, J = 6.59 Hz, 3H), 0.72 (d, J = 6.46 Hz, 3H). ¹³C NMR (100 

MHz, DMSO-d6, δ = 39.52 ppm):  171.67, 171.11, 168.62, 168.18, 167.29, 165.64, 154.50, 

152.34, 138.97, 138.89, 133.74, 132.32, 130.24, 129.52, 129.30, 129.12, 128.80, 127.98, 

127.62, 127.32, 125.90, 125.56, 124.23, 122.38, 70.21, 68.25, 62.18, 52.39, 46.89, 42.80, 37.89, 
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33.48, 33.37, 31.28, 31.25, 28.85, 28.80, 28.67, 28.62, 28.42, 28.34, 26.09, 24.28, 24.05, 22.09, 

21.48, 19.25, 18.62, 15.86, 13.95. HR-MS (ESI+): m/z [M+ H]+ calculated for C54H70N4O8, 

903.5266, found 903.5235. 
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