
European Journal of Pharmaceutics and Biopharmaceutics 191 (2023) 90–102

Available online 25 August 2023
0939-6411/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Research paper 

Development of lipophilic ester prodrugs of dolutegravir for intestinal 
lymphatic transport 

Yenju Chu a,b, Abigail Wong a, Haojie Chen a, Liuhang Ji a, Chaolong Qin a, Wanshan Feng a, 
Michael J. Stocks a, Pavel Gershkovich a,* 

a School of Pharmacy, University of Nottingham, Nottingham NG7 2RD, UK 
b Department of Pharmacy Practice, Tri-Service General Hospital, Taipei 114, Taiwan   

A R T I C L E  I N F O   

Keywords: 
Dolutegravir 
HIV reservoirs 
Intestinal lymphatic transport 
Mesenteric lymph nodes 
Lipophilic ester prodrugs 
Lipolysis 

A B S T R A C T   

The establishment of latent cellular and anatomical viral reservoirs is a major obstacle to achieving a cure for 
people infected by HIV. Mesenteric lymph nodes (MLNs) are one of the most important anatomical reservoirs of 
HIV. Suboptimal levels of antiretroviral (ARVs) drugs in these difficult-to-penetrate viral reservoirs is one of the 
limitations of current antiretroviral therapy (ART) regimens. This study aimed to design and assess highly 
lipophilic ester prodrugs of dolutegravir (DTG) formulated with long-chain triglyceride (LCT) for delivery of DTG 
to the viral reservoir in mesenteric lymph and MLNs. A number of alkyl ester prodrugs of DTG were designed 
based on the predicted affinity to chylomicrons (CM), and the six most promising prodrugs were selected and 
synthesised. The synthesised prodrugs were further assessed for their intestinal lymphatic transport potential and 
biotransformation in biorelevant media in vitro and ex vivo. DTG and the most promising prodrug (prodrug 5) 
were then assessed in pharmacokinetic and biodistribution studies in rats. Although oral administration of 5 mg/ 
kg of unmodified DTG (an allometrically scaled dose from humans) with or without lipids achieved concen-
trations above protein binding-adjusted IC90 (PA-IC90) (64 ng/mL) in most tissues, the drug was not selectively 
targeted to MLNs. The combination of lipophilic ester prodrug and LCT-based formulation approach improved 
the targeting selectivity of DTG to MLNs 4.8-fold compared to unmodified DTG. However, systemic exposure to 
DTG was limited, most likely due to poor intestinal absorption of the prodrug following oral administration. In 
vitro lipolysis showed a good correlation between micellar solubilisation of the prodrug and systemic exposure to 
DTG in rats in vivo. Thus, it is prudent to include in vitro lipolysis in the early assessment of orally administered 
drugs and prodrugs in lipidic formulations, even when intestinal lymphatic transport is involved in the ab-
sorption pathway. Further studies are needed to clarify the underlying mechanisms of low systemic bioavail-
ability of DTG following oral administration of the prodrug and potential ways to overcome this limitation.   

1. Introduction 

The combination antiretroviral therapy (ART) of two or more anti-
retroviral (ARV) drugs is widely used for the treatment of HIV infection 
[1–12]. However, despite viral suppression in the blood, replicate- 
competent HIV is still found in patients receiving long-term ART 
[13,14]. The establishment of viral reservoirs during the early stages of 
infection has been reported in HIV-infected individuals and simian im-
munodeficiency virus (SIV) infected nonhuman primates [15–17]. These 

viral reservoirs constitute a substantial systemic viral burden [18], 
resulting in the recurrence of viremia after the cessation of ART [19–24]. 
Gut-associated lymphoid tissue (GALT), in particular mesenteric lymph 
nodes (MLNs), is an important site of immune response and one of the 
major anatomical HIV reservoirs [25–30]. In SIV-infected rhesus ma-
caques on suppressive ARVs, latent viral reservoirs in MLNs were re-
ported to be larger than other lymphoid tissues and lymph nodes 
[31,32]. However, suboptimal levels of ARVs in difficult-to-penetrate 
reservoirs, including MLNs, is one of the reasons of the persistence of 
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HIV reservoirs and sustained viral replication [33–37]. Efficient tar-
geting of ARVs to MLNs could reduce this important HIV reservoir and 
bring us closer to a functional cure. 

Intestinal lymphatic transport is one of the approaches for targeting 
of lipophilic drugs or prodrugs to MLNs [38–43]. High lipophilicity (log 
D7.4 greater than 5) [44] and long-chain triglyceride (LCT) solubility 
above 50 mg/mL are thought to be the most important physicochemical 
properties for intestinal lymphatic transport of drugs [45]. The affinity 
of drugs to chylomicrons (CM) was reported to exhibit a linear corre-
lation with the in vivo intestinal lymphatic transport [46]. CM are the 
largest lipoproteins responsible for the absorption of dietary lipids via 
intestinal lymphatics. Since lipids can promote the production of CM 
and subsequent intestinal lymphatic transport of drugs, lipid-based 
formulations, especially LCT-based, have been used to target drugs to 
mesenteric lymph and MLNs [39–41,47–49]. We previously reported 
that efficient targeting of HIV protease inhibitors (PIs) to MLNs requires 
a combination approach of lipophilic prodrugs and LCT-based formu-
lation [41] rather than an LCT-based formulation approach alone [48]. 
Therefore, a combination approach of chemical modifications and LCT- 
based formulation is needed to target not highly lipophilic ARVs to 
MLNs. 

Dolutegravir (DTG) is a second-generation integrase strand transfer 
inhibitor (INSTI). It is currently the preferred option in most first-line 
ART regimens [6,9,50–52] due to its potent antiretroviral activity 
(protein-adjusted 90% inhibitory concentration (PA-IC90) of 64 ng/mL) 
and high genetic barrier to drug resistance [53]. Since DTG is not a 
lipophilic compound (clog P is 0.05 [54]), it is unlikely to have sub-
stantial intestinal lymphatic transport following oral administration. 
Therefore, this study aims to develop a lipophilic ester prodrug system of 
DTG formulated with an LCT-based vehicle to target DTG to HIV 
reservoir in MLNs. To this end, a number of simple alkyl ester prodrugs 
were designed based on in silico prediction affinity to CM [44] and 
synthesised. Synthesised prodrugs were screened for their intestinal 
lymphatic transport potential by previously reported in vitro and ex vivo 
models [40,41,46,55,56]. The most promising prodrug candidate was 
then assessed in vivo for systemic pharmacokinetics and MLNs targeting 
of DTG in rats. 

2. Materials and methods 

2.1. Materials 

Dolutegravir sodium (CAS: 1051375–19-9) was purchased from 
Chemshuttle (California, USA). Cannabidiol (CBD, CAS: 13956–29-1) 
was purchased from THC Pharm GmbH (Frankfurt, Germany). Acyl 
chlorides (lauroyl, myristoyl, palmitoyl, stearoyl and oleoyl chloride), 
DMSO‑d6, Intralipid®, Dulbecco’s phosphate buffered saline (DPBS), 
serum triglyceride determination kit, porcine liver crude esterase, 
porcine pancreatin powder (8 × USP specifications), tris maleate, po-
tassium bromide, phosphate-buffered saline tablets (PBS, P4417- 
100TAB), ethylenediaminetetraacetic acid (EDTA), sodium chloride 
(NaCl), sodium hydroxide (NaOH), sodium fluoride (NaF), anhydrous N, 
N-dimethylformamide (DMF), sesame oil and olive oil were all pur-
chased from Merck Life Science (Gillingham, UK). Calcium chloride was 
purchased from Alfa Aesar (Lancashire, UK). Linoleoyl chloride was 
bought from Tokyo Chemical Industry (Oxford, UK). Sodium taur-
ocholate hydrate (NaTc), L-alpha-phosphatidylcholine from egg yolk, 
sodium phosphate monobasic (NaH2PO4) were all purchased from Sci-
entific Laboratory Supplies (Nottingham, UK). Costar Spin-X centrifuge 
tube filters, HPLC grade methyl tertiary butyl ether (MTBE), ethyl ace-
tate, n-hexane, acetonitrile (ACN), ammonium acetate, ammonium 
formate crystal and formic acid were all purchased from Fisher Scientific 
(Loughborough, UK). Polyethylene glycol 400 (PEG-400) was purchased 
from VWR international LTD (Loughborough, UK). Rat plasma (pooled 
male Sprague Dawley rat plasma, K3EDTA), dog plasma (pooled male 
Beagle plasma, K3EDTA) and mouse plasma (pooled male CD-1 (ICR) 

mouse plasma, K3EDTA) were purchased from Sera Laboratories Inter-
national Ltd (West Sussex, UK). HPLC-grade water was obtained from 
PURELAB® Ultra system (ELGA LabWater, UK). Other agents and sol-
vents were obtained from commercial sources and were of HPLC grade 
or higher. 

2.2. Chemistry 

2.2.1. Design of dolutegravir ester prodrugs 
The prodrugs of DTG were designed by substituting the 7-hydroxyl 

group with different carbon-length fatty acids to generate simple alkyl 
esters for increased lipophilicity, as well as predicted improved associ-
ation with chylomicrons (CM). An established in silico model was used to 
predict the association of compounds with CM [44]. Prodrugs with 
moderate to high predicted affinity to CM (greater than20%) were 
selected for subsequent studies. 

2.2.2. Synthesis of DTG ester prodrugs 
The esterification of DTG was based on a previously reported 

methodology with slight modifications [57]. Briefly, corresponding acyl 
chloride (4.4 mmol) was mixed with DTG sodium (1.1 mmol) in anhy-
drous DMF (3 mL) and stirred under N2 at 0 ◦C overnight. The crude 
product formation was monitored by thin layer chromatography (TLC) 
and LC-MS/MS. The mixture was filtered and purified by reverse phase 
chromatography (PuriFlash® PuriFlash 4100, Advion Interchim Scien-
tific, Montluçon, France) using a 50 µm particle size C18 column (IR- 
50C18-F0012, Advion Interchim Scientific, Montluçon, France) with-
stand gradient acetonitrile/water from 50:50 to 90:10 (Table 1). Frac-
tions containing pure product were pooled and evaporated to dryness. 
Purified compound (10 mg) was dissolved in DMSO‑d6 for NMR char-
acterization. Details of characterization methodologies of purified pro-
drugs are described in Supplementary Material 1. The schematic 
presentation of general synthesis principles and all synthesized prodrugs 
structures are shown in Fig. 1. 

2.3. Assessment of association with CM 

2.3.1. Preparation of artificial CM-like emulsion and rat plasma-derived 
CM 

The artificial CM-like emulsion (Intralipid®) was prepared as pre-
viously described [40,41,44,48,55]. Rat plasma-derived CM were pro-
duced and isolated based on a previously described methodology with a 
slight modification [55]. Briefly, rats were fasted overnight, and then 
0.5 mL of sesame oil was administered by oral gavage. Two additional 
doses of 0.3 mL of sesame oil were given each at one-hour intervals 
following the first dose. One hour after the last dose, rats were anaes-
thetized (terminal anaesthesia) with 2.5% isoflurane and approximate 
10 mL of blood was withdrawn from the vena cava. Plasma was obtained 
by centrifugation (1,160 g, 10 ◦C, 10 min). The CM isolation was per-
formed as previously described [40,41,55]. Rat plasma-derived CM were 
kept in 4 ◦C for up to 24 h until the association assay. The triglyceride 

Table 1 
Reverse phase gradient program.  

Reverse phase gradient program a 

Column volume (CV) b Solvent A c (%) Solvent B d 

(%)  

Pre-equilibration 
(3 CV) 

50 50  

0 50 50  
3 90 10  
30 90 10  

a Flow rate: 20 mL/min. 
b Column volume: 19 mL. 
c Solvent A: acetonitrile. 
d Solvent B: water. 
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concentration of artificial CM-like emulsion and rat plasma-derived CM 
were adjusted to 100 mg/dL with DPBS. 

2.3.2. CM association assay 
The stock solutions of tested compounds were prepared in 100% 

DMSO or a mixture of propylene glycol/ethanol (97:3, v/v) at a con-
centration of 0.1 mg/mL. The experiments for the uptake of tested 
compounds by the artificial CM-like emulsion and natural CM were 
performed by means of a previously described methodology 
[40,41,46,48,55]. 

2.3.3. Stability of DTG and its release from prodrugs in biorelevant 
conditions 

The stability of DTG and its release from the prodrugs were assessed 
in plasma of mouse, rat and dog (surrogate for the environment of in-
testinal lymph) and fasted state simulated intestinal fluid (FaSSIF, pH =
6.5) with added esterase enzyme (20 IU/mL) [40,41], prepared as pre-
viously described [58]. FaSSIF and plasma were pre-heated at 37 ◦C for 
5 min. The stability assay was initiated by spiking stock solution of 
tested compounds into these biorelevant medium to generate a final 
concentration of 10 µM or, in cases of poor solubility, 5 µM. The reaction 
mixtures were incubated at 37 ◦C and shaken at 200 rpm on a thermo- 
controlled orbital incubator (Thermo Scientific MaxQ4000, Waltham, 
MA, USA) for up to 2 h. A hundred microliters were sampled at pre- 
determined time points and spiked into 300 µL ice-cold acetonitrile to 
terminate the reaction. The samples were analysed for the levels of DTG 
and prodrugs by means of HPLC as described below. All experiments 
were performed in triplicates. 

2.3.4. Long-chain triglyceride (LCT) solubility 
The LCT solubilities of tested compounds were assessed by adding 

compound (more than 5 mg) to fresh sesame or olive oil (100 µL) stirred 
using a magnetic stirrer at 37 ◦C for 72 h. Following the incubation, the 
mixture was spin-filtered using Costar Spin-X Centrifuge Tube (Fisher 
Scientific, Loughborough, UK) at 2,400 g for 20 min at 37 ◦C. The fil-
trates were first diluted 10-fold with acetone, then further diluted 10- 
fold with ethanol, followed by a 100-fold dilution with acetonitrile. 
The diluted samples were analysed for compound concentrations by 
means of HPLC. All measurements were performed in triplicate. 

2.4. Pharmacokinetic and biodistribution studies 

2.4.1. Animals 
The protocols for pharmacokinetic and biodistribution experiments 

were reviewed and approved by the University of Nottingham Ethical 
Committee in accordance with the Animals [Scientific Procedures] Act 
1986. Male Sprague Dawley rats (Charles River Laboratories, UK) 
weighing 275–300 g were housed in Bio Support Unit, University of 
Nottingham in a controlled-temperature environment with 12 h light/ 
dark cycles and were allowed free access to food (except fasting periods 
described below) and water. 

2.4.2. Formulations of DTG and prodrug 5 
Sodium salt form of DTG was used in pharmacokinetics and bio-

distribution studies. The administration doses of intravenous (IV) bolus 
and oral groups were 1.05 mg/kg and 5.25 mg/kg of DTG sodium 
(equivalent to 1 mg/kg and 5 mg/kg of DTG, respectively). Lipid-free 
formulations for IV and oral administration were solutions of DTG so-
dium in a mixture of polyethylene glycol 400 (PEG 400)/non pyrogenic 
water/ethanol (70:20:10, v/v/v) at concentrations of 1.05 mg/mL and 
5.25 mg/mL, respectively. Sesame oil was used as LCT vehicle in this 
study. Due to limited solubility of DTG sodium in LCT, sesame oil (1 mL/ 
kg) was administered immediately before drug administration in oral 
LCT-based group. The doses of prodrug 5 (Fig. 1) in pharmacokinetics 
and biodistribution studies were 1.63 mg/kg (1 mL/kg of 1.63 mg/mL 
solution in propylene glycol/ethanol/non pyrogenic water (80:10:10, v/ 
v/v)) for IV administration (equivalent to 1 mg/kg of DTG), and 8.15 
mg/kg (1 mL/kg of 8.15 mg/mL solution in sesame oil) for oral gavage 
(equivalent to 5 mg/kg of DTG). 

2.4.3. Pharmacokinetic study 
Right jugular vein cannulation surgery was performed under general 

gaseous anaesthesia (2.5% isoflurane in oxygen) as previously described 
[40,41,55]. Following the surgery, the animals were allowed to recover 
for 2 nights. Animals were then fasted for up to 16 h prior to the drug 
administration with free access to water. For the pharmacokinetic study 
of DTG, rats were divided into 3 groups: IV bolus via jugular vein can-
nula, and oral gavage administration with or without LCT. Following the 
administration, blood samples were collected from the jugular vein 
cannula at pre-determined time points (pre-administration, 5, 15, 30 
min, 1, 2, 4, 6, 9, 14 and 24 h for IV group; and pre-administration, 30 
min, 1, 2, 3, 4, 5, 6, 9, 14 and 24 h for oral lipid-free and LCT-based 
groups). In the pharmacokinetic study of prodrug 5, rats were divided 

Fig. 1. Chemical synthesis and structures of DTG and its ester prodrugs. MW, molecular weight.  
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into 2 groups: IV bolus and oral gavage administration in LCT- 
formulation. Blood was sampled at pre-determined time points (pre- 
administration, 5, 15, 30 min, 1, 2, 4, 8, 12, 24, 36 and 48 h for IV group; 
and pre-administration, 30 min, 1, 2, 3, 4, 6, 8, 12, 24, 36 and 48 h for 
oral LCT-based group). EDTA (1.5 M) was used as an anticoagulant for 
DTG studies, and sodium fluoride (NaF, 10 mg/mL) was used as an 
anticoagulant and esterase inhibitor for prodrug experiments 
[40,59,60]. All blood samples were gently mixed and centrifuged (1,160 
g, 10 ◦C, 10 min) to separate plasma, which was kept at − 80 ◦C until 
analysis. At the end of the pharmacokinetic study, rats were euthanized 
by CO2 inhalation and death was confirmed by cervical dislocation. 
Tissues were then harvested and stored at − 80 ◦C until analysis. All 
biological samples were analysed for DTG and prodrug 5 levels by means 
of HPLC. 

2.4.4. Biodistribution study 
Rats were fasted overnight before the study for up to 16 h as 

described above. DTG sodium was administered by oral gavage to rats at 
a dose of 5.25 mg/kg (equivalent to 5 mg/kg of DTG) in lipid-free so-
lution formulation with or without sesame oil (representing LCT-based 
and lipid-free formulation). Prodrug 5 was administered by oral 
gavage to rats at a dose of 8.15 mg/kg (equivalent to 5 mg/kg of DTG) 
solubilised in sesame oil. Rats were euthanized at pre-determined time 
points (2, 4 and 8 h following the administration) by CO2 inhalation. The 
mesenteric lymph fluid samples were collected from the superior 
mesenteric lymph duct immediately after confirming the death of the 
animals. The mesenteric lymph nodes (MLNs), brain, testes, liver, 
spleen, thymus, duodenum and duodenum juice, ascending colon, small 
intestine contents and faeces in colon were harvested and kept in − 80 ◦C 
until analysis. 

2.4.5. In vitro lipolysis 
Fasted state incomplete and complete digestion buffers and porcine 

pancreatin extract were prepared according to previous reports [42,55]. 
The in vitro lipolysis model used in this study was based on previously 
described methodology with minor modifications [42,43,55,61]. 
Briefly, 80 µL of freshly prepared prodrug 5 sesame oil solution was 
incubated with pre-warmed complete digestion buffer (35.5 mL) at 
37 ◦C and stirred for 15 min, then 3.5 mL pancreatin extract was added 
to initiate the lipolysis reaction. The pH of experimental media was 
maintained at 6.8 by sodium hydroxide solution (1 M) titration 
throughout the whole reaction. The termination of lipolysis was deter-
mined by a rate of adding of 1 M NaOH falling below 3 µL/min. After the 
lipolysis reaction was completed, the mixture was transferred to a pol-
yallomer ultracentrifuge tube and ultracentrifuged at 268,350 g for 90 
min at 37 ◦C (SORVALL® TH-641 Rotor, Thermo Fisher Scientific, UK). 
The supernatant lipid fraction, middle micellar fraction and sediment 
were kept in − 80 ◦C until analysis by means of HPLC. 

2.5. Bioanalytical procedures 

2.5.1. Sample preparation for HPLC analysis 
The stock solution of DTG was prepared at a concentration of 1 mg/ 

mL in DMSO. Prodrugs and CBD as an internal standard (IS) were dis-
solved in ACN to generate stock solutions at 1 mg/mL. All stock solutions 
were kept at − 20 ◦C. Working solutions of DTG and prodrugs were 
prepared by diluting stock solutions with ACN to achieve concentrations 
of 100, 250, 500, 1000, 5000, 10000, 50000, 100000, 200,000 and 
250000 ng/mL. CBD stock solution was diluted by ACN to 50 µg/mL to 
obtain IS working solution. Calibration curve samples were prepared by 
mixing 10 µL of working solutions of the DTG or prodrugs and 10 µL IS 
working solution with 100 µL blank biorelevant media. Three hundred 
microliters of ice-cold ACN was added and briefly vortex-mixed for 
protein precipitation. Liquid-liquid extraction was then initiated by 
adding 3 mL MTBE and vortex-mixing for 5 min. Samples were then 
centrifuged at 1,160 g, 10 ◦C for 10 min. The upper organic layer was 

collected and evaporated to dryness under nitrogen at 40 ◦C. The residue 
was reconstituted with 100 µL ACN-water mixture (1:1, v/v) and vortex- 
mixed for 5 min. Following a brief centrifugation, 60 µL of clear solution 
was injected into HPLC system. All biological samples (plasma, lymph, 
CM emulsion, FaSSIF and tissue homogenates) generated from in vitro, 
ex vivo and in vivo studies underwent the same sample processing pro-
cedure described above. The stability of prodrug 5 during sample pro-
cessing in plasma and MLNs was assessed and reported in 
Supplementary Material 2. 

2.5.2. Chromatography conditions 
An HPLC-UV system consisting of a Waters Alliance 2695 separations 

module coupled with Waters 996 photodiode array detector was used 
for analysis. The autosampler was maintained at 5 ◦C and the column 
temperature was 40 ◦C. Chromatographic separation was achieved using 
a Waters XTerra MS C18 4.6 × 150 mm, 5 µm particle size column 
(Waters, Cheshire, UK) equipped with a 2 × 4 mm, 3 µm particle size 
guard column (Phenomenex, Macclesfield, UK). Data were collected and 
processed using EmpowerTM 2 software. Complete chromatography 
conditions for all tested compounds are described in Supplementary 
Material Table S2. 

2.5.3. Statistical and pharmacokinetic analysis 
One-way ANOVA followed by Tukey’s or Dunnett’s multiple- 

comparisons tests, or two-tailed unpaired t-test were used where 
appropriate. All values were expressed as mean ± standard deviation 
(SD). A significant difference was stated when a p value was below 0.05. 
The statistical analyses were performed using GraphPad Prism version 
7.04 (GraphPad Software, Inc., San Diego, CA, USA). Pharmacokinetic 
parameters generated from plasma concentration–time profiles were 
calculated by non-compartmental analysis using Phoenix® WinNonlin® 
6.3 software (Pharsight, Mountain View, CA, USA). 

3. Results 

3.1. Prodrug design, synthesis and structural characterisation 

Physicochemical parameters of prodrugs used for in silico prediction 
of association with chylomicrons (CM) and predicted affinity of pro-
drugs to CM were calculated using ACD/I-Lab (Advanced Chemistry 
Development Inc., Toronto, ON, Canada) and are listed in Table 2. 
Prodrugs conjugated with 12-, 14-, 16- and 18-carbon length fatty acids 
were selected for synthesis due to their moderate to high predicted as-
sociation with CM. The description of synthetic reactions and the 
chemical structures of prodrugs are shown in Fig. 1. The full charac-
terisation of synthesised prodrugs can be found in Supplementary 
Material 3. Prodrugs 1–4 were conjugated with saturates fatty acids, 
while prodrugs 5 and 6 were conjugates with unsaturated oleic (C18:1) 
and linoleic acid (C18:2), respectively. 

3.2. Association with artificial and natural CM 

The affinity of DTG and prodrugs 1–6 to artificial and rat plasma- 
derived CM is summarised in Fig. 2. Unmodified DTG showed, as pre-
dicted, no affinity to CM, while all prodrugs showed moderate to high 
affinity to CM. Interestingly, as the saturated fatty acids chain length 
increased in compounds 1–4, the association of prodrugs with CM 
decreased. After introducing double bonds on the long-chain fatty acid 
in prodrugs 5 and 6, the association with CM increased with the number 
of double bonds introduced, suggesting the degree of unsaturation 
correlated with drug-CM association performance. 

3.3. The stability of DTG and biotransformation of prodrugs in 
biorelevent media 

The hydrolysis half-lives of DTG and its prodrugs in fasted state 
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simulated intestinal fluid (FaSSIF) plus esterase enzyme (20 IU/mL) and 
plasma (mouse, rat and dog) are shown in Fig. 3A. Due to high stabil-
ities, the half-lives of catabolism of unmodified DTG in FaSSIF and 
plasma could not be calculated. The half-lives of prodrugs catabolism in 
FaSSIF increased with the extension of the length of fatty acids (prodrugs 
1–4) and decreased when the number of double bonds increased (pro-
drugs 5–6). A similar trend can also be observed in the plasma of all 
tested species. All prodrugs were more stable in FaSSIF than in plasma. 
Parent drug DTG was efficiently released from all prodrugs in plasma 
(Fig. 3B-D). The half-lives of hydrolysis of prodrugs in FaSSIF and 
plasma are available in Supplementary Material 4 Figure S1. 

3.4. Long-chain triglyceride (LCT) solubility 

The solubilities of DTG and prodrugs in sesame and olive oils are 
summarised (Table 3). DTG had a very low solubility of 0.015 ± 0.002 
mg/mL and 0.029 ± 0.004 mg/mL in sesame and olive oil, respectively. 
All saturated fatty acid prodrugs (1–4) exhibited solubility of no more 
than 5 mg/mL in both oils. However, unsaturated fatty acids ester 
prodrugs 5 and 6 showed significantly higher solubility of 49.1 ± 0.8 
mg/mL and 40.4 ± 2.1 mg/mL in sesame oil, and 42.5 ± 1.5 mg/mL and 
42.5 ± 5.4 mg/mL in olive oil, respectively. Taking together the results 
of CM affinity, the kinetics of DTG released in FaSSIF and plasma, and 
especially LCT solubility, prodrug 5 was selected as the most promising 
candidate for subsequent in vivo studies in rats. 

3.5. Pharmacokinetics of DTG and prodrug candidate 

The pharmacokinetic profiles of DTG and prodrug 5 in plasma were 
generated following intravenous (IV) bolus and oral gavage adminis-
tration in lipid-free and LCT-based formulations in rats (Fig. 4A-B). 
Pharmacokinetic parameters of DTG and prodrug 5 were calculated 

based on the plasma concentration–time profiles and summarised in 
Table 4. The absolute oral bioavailability of DTG did not show a sig-
nificant difference between lipid-free (57 ± 17%) and LCT-based (69 ±
19%) groups. 

On the other hand, prodrug 5 showed a profile of released DTG 
following an IV bolus administration (Fig. 4C). Although prodrug 5 itself 
was only detectable in plasma up to 24 h after the IV bolus adminis-
tration, the levels of released DTG were detectable in the systemic cir-
culation for more than 48 h. The AUCinf of DTG following IV bolus 
administration of prodrug 5 is comparable to the AUCinf after IV bolus 
administration of unmodified DTG at an equivalent dose (Table 4). This 
suggests a complete or near complete biotransformation of prodrug 5 to 
active DTG in vivo in rats. After oral administration of prodrug 5 in LCT- 
based formulation, only DTG can be detected in systemic blood 
(Fig. 4D). This could be due to the rapid conversion of prodrug 5 in 
intestinal wall, liver or mesenteric lymph. Furthermore, the terminal 
half-life of released DTG was significantly increased following oral 
administration of prodrug 5 compared to oral administration of un-
modified DTG with lipids (Table 4). However, the absolute oral 
bioavailability of released DTG following oral administration of prodrug 
5 was substantially lower than after oral administration of unmodified 
DTG with or without lipids at an equivalent dose (Table 4). 

3.6. Biodistribution of DTG and prodrug 5 

The biodistribution profiles of DTG at 2, 4 and 8 h following oral 
administration of unmodified DTG with and without lipids are shown in 
Fig. 5A-B. In both lipid-free and LCT-based groups, the concentrations of 
DTG in mesenteric lymph and MLNs were lower than in serum at each 
time point. However, the levels of DTG in MLNs and other tissues were 
higher than protein binding-adjusted IC90 (PA-IC90) (64 ng/mL). 
Following oral administration of prodrug 5 in LCT-based formulation, 
the distribution of released DTG and intact prodrug 5 in mesenteric 
lymph, MLNs and other tissues were analysed at the same time points as 
for unmodified DTG administration (Fig. 6A-B). At 2 h following oral 
administration of prodrug 5, the concentration of released DTG was two 
folds higher in mesenteric lymph than in serum, suggesting a mesenteric 
lymphatic targeting of prodrug 5 and release of active drug within the 
lymphatic system (Fig. 6B). High concentrations of prodrug 5 were 
found in small intestine contents and faeces in the colon following oral 
administration of prodrug 5 (Fig. 7). The drug concentration ratio in 
tissues to serum was previously used to estimate the efficiency of tissue 
distribution of drugs [62,63]. Orally administered prodrug 5 increased 
the lymph-to-serum and MLNs-to-serum ratio of DTG concentration by 
8.4-fold and 4.8-fold, respectively, at 2 h in comparison to unmodified 
DTG (Fig. 8). This suggests that orally administered prodrug 5 increased 
the selectivity for targeting DTG to mesenteric lymphatics. 

3.7. Intraluminal processing of prodrug 5 

Following the results of unexpectedly low systemic exposure of DTG 
after oral administration of prodrug 5, the mechanism of processing of 
prodrug 5 formulated in an LCT-based vehicle in the small intestine was 
investigated using an in vitro lipolysis system. The results of the post- 

Table 2 
Physicochemical properties of DTG and its prodrugs, and in silico prediction of association with CM [44].  

Compounds cLog 
D7.4 

cLog P – cLog 
D7.4 

PSA H- 
acceptors 

FRB Density (g/ 
cm3) 

Molar volume 
(cm3) 

H- 
donors 

Predicted association with CM 
(%) 

DTG  0.05 0.18  99.18 8 3  1.53  273.7 2  0.034 
1  5.2 0  105.25 9 15  1.27  472.2 1  22.88 
2  6.08 0  105.25 9 17  1.24  504.2 1  51.63 
3  6.82 0  105.25 9 19  1.22  536.3 1  78.31 
4  7.96 0  105.25 9 21  1.2  568.3 1  94.14 
5  6.76 0  105.25 9 20  1.21  561.6 1  84.71 
6  6.37 0  105.25 9 19  1.22  554.9 1  76.97  

Fig. 2. Association of DTG and its prodrugs with rat plasma-derived CM and 
artificial CM-like emulsion, representing the potential for intestinal lymphatic 
transport (n = 5). Two-tailed unpaired t test was used for statistical analysis. All 
results are presented as mean ± SD, n = 5. *, p < 0.05. 
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lipolysis distribution of prodrug 5 are shown in Fig. 9. Following the 
lipolysis of sesame oil formulation, around 5.8% of the prodrug 5 dose 
was found in the micellar layer (fraction available for absorption). More 
than 90% of prodrug 5 was distributed into unprocessed lipids or 
precipitated into sediment fraction (combined), indicating poor avail-
ability for absorption. 

4. Discussion 

The establishment of latent cellular and anatomical viral reservoirs is 
one of the major obstacles to achieving a cure from HIV infection. 
Mesenteric lymph nodes (MLNs) are one of the most important and 
largest reservoirs of HIV [26]. Poor penetration of drugs into these 
reservoirs is an important limitation of current ART regimens [33]. A 
combination approach of lipophilic prodrugs and long-chain triglyceride 
(LCT)-based formulation was reported to be efficient for targeting HIV 
protease inhibitors (PIs) to MLNs [41] rather than an LCT-based 
formulation-only approach [48]. This work aimed to develop a lipo-
philic ester prodrug system coupled with LCT-based formulation to 
achieve targeting of HIV integrase inhibitor dolutegravir (DTG) into HIV 
reservoirs in MLNs through intestinal lymphatic transport. 

4.1. The affinity of DTG prodrugs to chylomicrons (CM) 

The degree of intestinal lymphatic transport of drugs was reported in 
multiple studies to have a strong correlation with their affinity to CM 
[64,65]. DTG is not a highly lipophilic compound (cLog P = 0.5 [54]) 
and was no detectable affinity to CM (Table 2 and Fig. 2). We previously 
reported that increasing the lipophilicity of compounds by lipophilic 
ester prodrug approach can dramatically increase the affinity to CM 
[40,41]. Therefore, highly lipophilic alkyl ester prodrugs of DTG were 

Fig. 3. The hydrolysis of DTG and its prodrugs in FaSSIF plus esterase enzyme (20 IU/mL) and plasma (mouse, rat and dog). (A) The half-lives of DTG and prodrugs 
catabolism in FaSSIF + esterase, mouse, rat and dog plasma. Due to the high stabilities in FaSSIF and plasma, the half-life of DTG cannot be calculated. (B)-(D) The 
release profiles of DTG from corresponding prodrugs in mouse, rat and dog plasma. All results are presented as mean ± SD, n = 3. One-way ANOVA followed by 
Dunnett’s multiple comparison test was used for statistical analysis. FaSSIF + esterase was used as the control group to assess the stability of prodrugs in plasma ****, 
p < 0.0001. Additional statistical analysis for comparison of hydrolysis half-lives in FaSSIF and plasma between different prodrugs is available in Supplementary 
material Figure S2. 

Table 3 
The solubility of DTG and its prodrugs in sesame and olive oils.   

DTG 1 2 3 4 5 6 

Sesame 
oil 
(mg/ 
mL) 

0.015  
± 0.002 

1.2  
± 
0.12 

2.2  
± 
0.09 

2.2  
± 
0.08 

3.2  
± 0.3 

49.1  
± 0.8a 

40.4  
± 2.1b 

Olive oil 
(mg/ 
mL) 

0.029  
± 0.004 

1.1  
± 
0.06 

1.6  
± 
0.07 

4.5  
± 
0.06 

5.1  
± 
0.05 

42.5  
± 1.5c 

42.5  
± 
5.4d,e 

One-way ANOVA followed by Dunnett’s multiple comparison test was used for 
statistical analysis. 

a ****, p < 0.0001 compared to DTG and other prodrugs in sesame oil group. 
b ****, p < 0.0001 compared to DTG and other prodrugs in sesame oil group. 
c ****, p < 0.0001 compared to DTG and other prodrugs in olive oil group. 
d ****, p < 0.0001 compared to DTG and other prodrugs in olive oil group. 
e No significant difference compared to prodrug 5 in olive oil group. 
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designed. Six prodrugs were synthesised based on the predicted affinity 
value to CM for further experimental assessments (Table 2). All syn-
thesised prodrugs showed moderate to high experimental association 
(30–70%) with artificial and natural CM (Fig. 2), indicating a high po-
tential for intestinal lymphatic transport. Interestingly, there was a 

decrease in the affinity of prodrugs to CM when the saturated alkyl chain 
was elongated above C12. Similar results were observed in our previous 
studies [40,41]. It has been proposed that an interplay between specific 
physicochemical properties, such as lipophilicity and molecular weight, 
leads to a limited window favouring higher affinity to CM [41]. 

Fig. 4. Plasma concentration–time profiles of DTG and prodrug 5 in rats. (A) IV bolus of DTG sodium (1.05 mg/kg, n = 4); (B) oral gavage administration of DTG 
sodium (5.25 mg/kg) in lipid-free formulation (n = 4) and with lipids (n = 6); (C) IV bolus of prodrug 5 (1.63 mg/kg, n = 4); (D) oral gavage administration of 
prodrug 5 (8.15 mg/kg, n = 7) in LCT-based formulation. All values are presented as mean ± SD. 

Table 4 
Pharmacokinetic parameters of DTG following administration of DTG and prodrug 5 to rats (mean ± SD).   

PK parameters of DTG following administration of DTG PK parameters of DTG following 
administration of prodrug 5 

PK parameters of prodrug 5 
following administration of prodrug 
5 

Route of administration i.v. 
(n ¼ 4) 

Oral i.v. 
(n ¼ 4) 

Oral i.v. 
(n ¼ 4) 

Oral 

Lipid-free 
(n ¼ 4) 

LCT-based 
(n ¼ 6) 

LCT-based 
(n ¼ 7) 

LCT-based 
(n ¼ 7) 

AUCinf (h*ng/mL) 60730 ± 11348 172978 ± 50856 210804 ± 58839 69619 ± 7039 16357 ± 5482 1287 ± 145 – 
C0 (ng/mL) 17865 ± 1319 – – – – 591 ± 172 – 
Cmax (ng/mL) – 16519 ± 4196 21514 ± 7518 3296 ± 147 850 ± 142 – – 
t1/2 (h) 5.37 ± 0.77 5.14 ± 0.98 6.45 ± 0.50 9.09 ± 1.10 13.71 ± 3.56*** 7.3 ± 1.0 – 
Vss (mL/Kg) 120 ± 7 – – – – 1292 ± 72 – 
CL (mL/h/Kg) 17 ± 4 – – – – 128 ± 14 – 
Foral (%) – 57 ± 17 69 ± 19 – 5.4 ± 1.8**** – – 

AUCinf, area under the curve from time zero to infinity; C0, concentration extrapolated to time zero; Cmax, maximum observed concentration; t1/2, half-life; Vss, volume 
of distribution at steady state; CL, clearance; Foral, absolute oral bioavailability. 
Unpaired two-tailed test was used for statistical analysis, all values are presented as mean ± SD. 
***, p < 0.001 compared to DTG oral LCT-based group; ****, p < 0.0001 compared to DTG oral LCT-based group. 
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4.2. The stability and biotransformation of DTG prodrugs in biorelevant 
media 

In order to efficiently deliver active drugs to the intestinal lymph and 
MLNs, the ideal lipophilic prodrug has to be stable in the intestinal 
lumen, but rapidly enzymatically degraded in the lymph fluid following 
uptake into the intestinal lymphatic system. Therefore, prodrugs were 
assessed for their stability in a fasted state simulated intestinal fluid 
(FaSSIF) supplemented with esterase activity, representing the envi-
ronment of the intestinal lumen, and plasma (a surrogate of lymph 
[40,41]). All prodrugs exhibited good stability in the conditions 
mimicking the intestinal environment (Fig. 3A) and rapid DTG release 
profiles in the plasma of all tested species (Fig. 3B-D), suggesting that 
the current prodrug system based on simple alkyl esters has the potential 
to deliver active DTG to intestinal lymph and MLNs efficiently. It is 
worth noting that only ‘activated ester’ prodrugs achieved the outcome 
of good stability in the intestine but rapid release in the plasma in our 
previous studies [40,41]. The ‘activated ester’ approach is to insert a 
heteroatom (O or S) at the beta or gamma position of the acyl moiety to 
increase the sensitivity of the carboxyl esters to the action of the plasma 
and lymph carboxylesterase [66]. However, in the case of DTG prodrugs, 
the ‘activated ester’ approach does not seem to be necessary as this 
outcome is achieved with simple alkyl esters. 

4.3. The solubility of DTG prodrugs in LCT 

The solubility of prodrug candidates in LCT was assessed in sesame 
and olive oils. As both sesame and olive oils are mainly composed of 
triglycerides containing unsaturated long-chain fatty acids, such as oleic 
and linoleic acids, they were reported to efficiently promote the intes-
tinal lymphatic transport of lipophilic compounds [43]. The results 
indicate that the solubility of prodrugs (Table 3) was more related to the 
degree of saturation of conjugated alkyl esters than the chain length of 
the fatty acid (Fig. 1). Taken together, the results of CM affinity, stability 
and DTG released in FaSSIF and plasma, and especially LCT solubility, 
prodrug 5 was selected as the most promising candidate for subsequent 
in vivo studies in rats. 

4.4. Pharmacokinetics of DTG and prodrug 5 

A good oral bioavailability (75.6%) was previously reported 
following oral administration of DTG in a lipid-free formulation to rats 
[67]. Similar results were also observed in this study (Table 4). The oral 
bioavailability of DTG did not show significant differences between 
lipid-free (57 ± 17%) and LCT-based groups (69 ± 19%), which is ex-
pected due to its negligible affinity to CM (Fig. 2). On the other hand, the 
absolute systemic oral bioavailability of DTG was quite low following 

Fig. 5. Biodistribution of DTG at 2, 4 and 8 h following oral administration of DTG sodium (at an equivalent dose of 5 mg/kg of DTG) (A) in lipid-free formulation 
and (B) with lipids. All results are presented as mean ± SD, n = 4. PA-IC90 = 64 ng/mL. 
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the oral administration of prodrug 5 (Table 4). This result was surpris-
ing, as lipophilic prodrug systems designed for intestinal lymphatic 
targeting were previously reported to also improve the systemic oral 
bioavailability of the parent drug, or at least to be comparable to the 
parent drug administration [40,41,68,69]. Notably, prodrug 5 itself was 
not detected in plasma after oral administration. Furthermore, the 
prolonged terminal slope of released DTG in plasma was observed 
following oral administration of prodrug 5, suggesting flip-flop kinetics. 
It is likely that the prodrug was taken up into MLNs through intestinal 
lymphatic transport and then slowly released active DTG into the lymph 
and, subsequently, the systemic circulation. 

4.5. Biodistribution of DTG and prodrug 5 in the mesenteric lymphatic 
system and other reservoirs 

The results showed similar concentrations of DTG between lipid-free 
and LCT-based groups in systemic blood, mesenteric lymph, MLNs and 
other viral reservoirs following oral administration of unmodified DTG 

(Fig. 5A-B). This suggests that lipids do not affect the absorption and 
distribution of unmodified DTG. It should be noted that the levels of DTG 
were lower in MLNs and all other tissues in comparison to serum, 
indicating that MLNs and other reservoirs were not selectively targeted 
when unmodified DTG was orally administered (Fig. 5A-B). After oral 
administration of prodrug 5, it was indeed targeted to the intestinal 
lymphatic system and efficiently released active DTG within 2 h 
(Fig. 6A-B). The lymph-to-serum and MLNs-to-serum ratios of concen-
tration of DTG were substantially increased up to 9.4-fold and 4.8-fold, 
respectively, following oral administration of prodrug 5 in comparison 
to oral administration of unmodified DTG (Fig. 8). This suggests that the 
lipophilic prodrug system can improve the selectivity of targeting of 
DTG to the mesenteric lymph and MLNs. However, although oral 
administration of prodrug 5 was shown to selectively target DTG to 
mesenteric lymphatics, the levels of prodrug 5 and released DTG in 
MLNs and other tissues were limited by low systemic bioavailability. It 
was hypothesised that the low oral bioavailability of DTG might be due 
to the low extent of absorption of the prodrug from the intestinal lumen. 

Fig. 6. Biodistribution of (A) prodrug 5 and (B) DTG at 2, 4 and 8 h following oral administration of prodrug 5 (at an equivalent dose of 5 mg/kg of DTG) in LCT- 
based formulation. All results are presented as mean ± SD, n = 4. PA-IC90 = 64 ng/mL. *, p < 0.05; **, p < 0.01. 

Fig. 7. Concentrations of prodrug 5 in duodenum juice, contents in ileum and jejunum and faeces in large intestine at 2, 4 and 8 h following oral administration of 
prodrug 5 (at an equivalent dose of 5 mg/kg of DTG) in LCT-based formulation. All results are presented as mean ± SD, n = 4. 
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This hypothesis was further tested by collecting and analysing the du-
odenum juice, contents in the ileum and jejunum, and faeces in the colon 
following oral administration of prodrug 5. Results showed extremely 
high concentrations of prodrug 5 in the upper and lower parts of the 
intestinal tract (Fig. 7). This was surprising, as in our and other groups 
previous reports, highly lipophilic drugs and prodrugs were well 

absorbed and exhibited enhanced systemic bioavailability with high 
concentrations in mesenteric lymph, MLNs and plasma following oral 
administration with LCT-based formulations [39–41,49,55,65,70–74]. 
To shed light on the intraluminal processing of prodrug 5 in the presence 
of LCT, in vitro lipolysis studies were conducted. 

4.6. In vitro lipolysis of LCT-based formulation of prodrug 5 

The LCT-based formulation containing prodrug 5 was evaluated 
using an in vitro lipolysis model. This model is commonly used to aid in 
designing and developing the lipidic delivery systems of oral drugs as it 
simulates the process of lipid digestion in the small intestine [42,55,72]. 
During lipolysis in the small intestine, triglycerides are hydrolysed into 
2-monoglyceride and fatty acids by pancreatic lipase. The lipid break-
down products, bile salts and co-administered drugs form mixed mi-
celles [75,76]. Following lipolysis, lipid and sediment phases are 
considered not readily absorbed fractions, while the aqueous micellar 
phase represents the fraction readily available for intestinal absorption 
[77]. The results showed that half of the dose of prodrug 5 precipitated 
during the lipids digestion process (Fig. 9). To note, similar rapid pre-
cipitation of lipophilic drugs during lipolysis has been previously re-
ported [78,79]. It was previously suggested that the nature of the 
precipitated form (amorphous or crystalline) might depend on the 
physicochemical properties of the compound [77,80]. The high amount 
of precipitated prodrug 5 and limited distribution into micellar fraction 
could explain high levels of unabsorbed prodrug 5 in the intestinal tract 
contents (Fig. 7) and low oral systemic bioavailability of DTG following 
oral administration of prodrug 5 (Table 4), respectively. Around 5.8% of 
the prodrug 5 dose was recovered in micellar fraction available for ab-
sorption. This number, in fact, is very close to the absolute bioavail-
ability of DTG following oral administration of prodrug 5 (5.4%). 

Fig. 8. (A) Lymph to serum and (B) MLNs to serum ratio of the concentration of DTG following oral administration of unmodified DTG or prodrug 5 in LCT-based 
formulation. All results are presented as mean ± SD, n = 4. Unpaired two-tailed t test was used for statistical analysis. ns, no significant; *, p < 0.05; **, p < 0.01. 

Fig. 9. Distribution of prodrug 5 in the lipid, micellar and sediment fractions 
after lipolysis of 80 µL of LCT-based formulation containing prodrug 5 at a 
concentration of 8.15 mg/mL. All results are presented as mean ± SD, n = 3. 
One-way ANOVA followed by Tukey multiple comparisons was used for sta-
tistical analysis. ***, p < 0.001. DTG levels were undetectable in all fractions. 
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Although the role of membrane permeability cannot be completely ruled 
out, the distribution of prodrug 5 into the micellar fraction seems to be a 
good predictor of the oral bioavailability of DTG when administered 
orally to rats in the form of prodrug 5. Interestingly, in vitro lipolysis has 
been reported not to predict well the oral bioavailability of drugs with 
substantial involvement of intestinal lymphatic transport in their 
mechanism of absorption. The model only simulates the intraluminal 
processing of drugs rather than the overall absorption and transport 
process [43,81–84]. The exact mechanism and reasons for the substan-
tial precipitation of prodrug 5 during the in vitro lipolysis studies are 
unclear and warrant further investigation. However, these results indi-
cate that despite previous reports of the non-predictability of in vitro 
lipolysis for systemic bioavailability of compounds prone to intestinal 
lymphatic transport, in some cases, in vitro lipolysis could be highly 
predictive. It could be useful to include in vitro lipolysis studies in 
screening routine for drugs or prodrug candidates for intestinal 
lymphatic targeting. 

5. Conclusion 

Oral administration of unmodified DTG in rats resulted in good ab-
solute oral bioavailability, but with levels in tissues, including MLNs, 
below the levels in serum. A lipophilic prodrug system was designed and 
assessed for selective targeting of DTG to MLNs through intestinal 
lymphatic transport. Although the selected prodrug candidate showed 
limited systemic exposure to DTG, the tissue/serum ratio of DTG levels 
in MLNs, and thus targeting selectivity, was improved by this approach. 
Two unexpected phenomena were observed in this study. Firstly, poor 
oral bioavailability was observed for lipophilic prodrugs in the presence 
of LCT. Secondly, in this work in vitro lipolysis model predicted quite 
well the in vivo systemic bioavailability of a compound with substantial 
intestinal lymphatic transport. Both phenomena warrant further inves-
tigation, but it could be useful to include in vitro lipolysis assessment in 
studies aimed to select lipophilic drugs and prodrugs for targeting the 
MLNs. 
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