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Abstract 
 

Most current antiretroviral (ARV) medications for HIV treatment and prevention 

necessitate lifelong daily dosing, and require high levels of patient adherence to be effective. 

Long-acting injectable (LAI) ARVs would allow less frequent administration, improving 

adherence. While nanomilled solid drug nanoparticles (SDNs) displaying long-acting delivery of 

ARVs following intramuscular injection are reported, technologies currently used to produce 

LAI-ARVs are incompatible with the nucleos(t)ide reverse transcriptase inhibitors (NRTIs) due to 

their high water solubility. It is critical to overcome this challenge to development of LAI NRTI 

strategies as most current ARV combination therapies include NRTI backbone therapies. Our 

long-term goal is to develop LAI-ARV approaches using lipophilic NRTI prodrugs. These pro-

moieties will decrease NRTI water solubility and improve compatibility for SDN formation by 

the proprietary emulsion templated/freeze drying (ETFD) approach developed at the University 

of Liverpool. 

To achieve this goal, I have designed and synthesized a variety of different prodrug 

strategies for the NRTI emtricitabine (FTC), a cytosine analog. My thesis research has explored 

the use of amino-masking groups, including carbamates, imines, and self-immolative strategies 

(trimethyl lock amide, and 4-alkyloxybenzyloxy), as well as 5’-hydroxyl masking groups, 

including carbonates and esters to decrease NRTI aqueous solubility. Prodrug activation kinetics 

were assessed in vitro via HPLC in human muscle, plasma, and liver fractions. Prodrugs were 

then screened for SDN compatibility via ETFD at the University of Liverpool. The most promising 

hits to emerge from these initial screens were then carried forward for screens at higher drug 

loading. Successful formulations emerging from these advanced screens were then used for 
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preclinical PK studies in animal models, guided by in silico physiologically-based 

pharmacokinetic (PBPK) modeling.  

Carbamate-based FTC prodrugs demonstrated the feasibility of our prodrug approach. 

Carbamates bearing longer alkyl chains (C7 and C8) were most efficiently activated in all 

conditions, with hydrolysis rates in liver higher than those in plasma or muscle. Carbonate 

moieties at the 5’-position were hydrolyzed more efficiently than the carbamate moiety under 

all conditions. Structure-activity relationship studies at the 5’-OH of the octyl carbamate FTC 

prodrug demonstrated a tolerance for branching in close proximity to the core of the molecule 

by esterases responsible for prodrug cleavage. However, increasing the distance between the 

site of cleavage and the site of branching decreased the efficiency of cleavage. Nanoparticle 

screening at 10 wt% prodrug demonstrated a correlation between calculated logP and the 

number of hits obtained. LogP also correlated with the ability to form SDNs with higher drug 

loading, with a hit for an octyl carbamate/carbonate FTC prodrug SDN achieved at 70 wt. %. In 

vivo studies demonstrated that higher-loaded prodrug SDNs can provide plasma exposure of 

FTC in rats for up to 14 days. Taken together, this work suggests that carbamate-based prodrug 

approaches offer a promising starting point for development of LAI FTC toward a complete LAI-

ARV regimen to improve adherence. 
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Chapter 1: Introduction 

1.1. The HIV Epidemic 

The HIV/AIDS epidemic has been a major global public health issue since it was first 

identified and characterized in the 1980s. Out of 76 million people that have become infected 

with HIV since the start of the epidemic, 35 million (46%) have died of HIV-associated illnesses1. 

Currently, there are >37 million people living with HIV, with 1.8 million people newly infected 

by the end of 2016 The vast majority of people living with HIV are in sub-Saharan Africa, 

accounting for approximately 70% of all patients and about 2/3 of new HIV infections2. Of those 

infected, 21 million patients (54% of adults and 43% of children) accessed ART in 20172. Despite 

this, HIV-related disease claimed about 1.1 million lives worldwide in 20161.  

HIV is a retrovirus that infects essential immune cells including CD4+ T cells3, 

macrophages4,5, and dendritic cells6-8. CD4+ T cells are the primary HIV target. Binding to cell 

surface proteins CD4 and a co-receptor (chemokine receptors CCR5 or CXCR4) by the viral Env 

protein mediates viral entry into the cell by membrane fusion3,9. Genetic material in the form of 

ssRNA that is delivered into the cytoplasm is reverse transcribed to dsDNA by viral reverse 

transcriptase10,11. After trafficking to the nucleus, viral dsDNA integration into the host genome 

is mediated by the viral integrase protein12,13. In activated CD4+ T cells, proviruses are 

transcribed and translated by host machinery to produce viral proteins that assemble into new 

virions14. Virion maturation occurs outside the cell by viral protease and completes the 

lifecycle15 (Fig. 1.1).   
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Figure 1.1 HIV lifecycle in CD4+ T cells. All points of the lifecycle are targets of pharmacological 

intervention (Figure 1 from reference #14)14. 

 

Prolonged, untreated HIV infection leads to the destruction of CD4+ T cells, ultimately 

weakening the immune system16. Clinically-defined AIDS is reached when patients present with 

CD4+ T cell counts reduced below 200 cells/mm3 coupled with high viral loads17,18 (Fig. 1.2). In 

the late stages of disease, patients are increasingly susceptible to opportunistic infections, 

including tuberculosis, which remains the leading cause of death among people living with HIV1. 
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Figure 1.2 Expected CD4+ T cell count (cells/mm3) and viral load (copies/mL) during disease 

pathogenesis in HIV-infected patients. In this example, AIDS is reached after 8 years (Figure 1B 

from reference #19)19. 

 

1.2. HAART: The Current Standard of Care for Treatment and Prevention of HIV Infection 

There is no known cure for HIV infection. However, with the advent of antiretroviral (ARV) 

therapy (ART), management and, subsequently, the prognosis of HIV infection have significantly 

improved since initial characterization of the disease. Between 2000 and 2016, new HIV 

infections have decreased by 39% and deaths due to HIV-related disease have fallen by one 

third, with an estimated 13 million lives saved due to ART2. 

In 1987, the FDA approved zidovudine (3’-azido-3’-deoxythymidine, AZT) as the first ARV 

for the treatment of HIV infection14,20. Zidovudine belongs to the nucleos(t)ide reverse 

transcriptase inhibitor (NRTI) class of ARVs. Following intracellular phosphorylation, zidovudine 
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competitively inhibits wild-type HIV-1 reverse transcriptase21. AZT was initially given as 

monotherapy to HIV-infected patients, leading to reduced viral load and increases in CD4+ T cell 

counts22. However, ARV monotherapy selects for resistance, leading to viral rebound and, 

eventually, treatment failure23. Additional NRTIs were developed in the early 1990s. Despite 

initial success alone and in combination, treatment failure was also observed for these agents, 

much like with AZT24,25.  

It wasn’t until the mid-1990s that the standards of HIV treatment would undergo a 

paradigm shift. Different classes of ARVs were approved that helped to revolutionize treatment 

for HIV-infected individuals. The first HIV protease inhibitor, saquinavir, was approved by the 

FDA in 1995. And the first non-nucleoside reverse transcriptase inhibitor (NNRTI), nevirapine, 

was approved by the FDA in 1996. When initial monotherapy with saquinavir and nevirapine 

again led to viral rebound26, the concept of combination therapy, or highly active antiretroviral 

therapy (HAART) was described in 199727,28. Initial HAART regimens consisted of three-drug 

combinations: two NRTIs and either a protease inhibitor or NNRTI14,27. HAART successfully 

reduced viral loads and transformed HIV from a death sentence into a chronic disease. 

1.2.1: Classes of ARVs and FDA-Approved Combination Therapies 

  Various steps along the HIV lifecycle are targets for pharmacological intervention. ARVs 

for the treatment and prevention of HIV infection can be divided into six distinct classes: 1) 

NRTIs, 2) NNRTIs, 3) protease inhibitors, 4) integrase inhibitors, 5) fusion inhibitors, and 6) co-

receptor antagonists. 

Nucleos(t)ide reverse transcriptase inhibitors, or NRTIs, were the first class of FDA-

approved drugs for the treatment of HIV. NRTIs are administered as prodrugs that require 
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intracellular phosphorylation by kinases prior to exerting antiviral activity21,29. These drugs are 

mostly nucleoside analogs (nucleotide in the case of tenofovir) that resemble the natural 

substrates. Drugs in this class lack a 3’-hydroxyl on the deoxyribose thereby preventing 

phosphodiester bond formation with incoming nucleoside triphosphates. This results in chain 

termination and inhibition of viral DNA synthesis30. Currently approved NRTIs (in order of FDA 

approval) include zidovudine (1987), didanosine (1991), zalcitabine (1992), stavudine (1994), 

lamivudine (1995), abacavir (1998), tenofovir disoproxil fumarate (2001), emtricitabine (2003), 

and tenofovir alafenamide (2016)31,32. 

Resistance to NRTIs primarily occurs by two mechanisms. The first involves nucleos(t)ide 

associated mutations (NAMs) in reverse transcriptase that increase pyrophosphorolysis for 

removal of NRTIs from the DNA chain33,34. The second mechanism prevents the incorporation of 

NRTIs by increasing the ability of reverse transcriptase to discriminate between NRTIs and the 

nucleoside triphosphates. This well-described mechanism is the result of one of two mutations: 

M184V/I and K65R35-37. Selection for one mutation over the other is dependent on the NRTI 

used37.  

Non-nucleoside reverse transcriptase inhibitors, or NNRTIs, also target viral reverse 

transcriptase, but do so via a different mechanism than NRTIs. Structurally, NNRTIs do not 

resemble nucleosides. They are noncompetitive inhibitors with respect to the natural 

nucleoside triphosphate substrates38. NNRTIs bind to an allosteric site on the enzyme, affecting 

the active site and, thus, reducing activity39. The list of approved NNRTIs (in order of approval) 

includes nevirapine (1996), delavirdine (1997), efavirenz (1998), etravirine (2008), and 

rilpivirine (2011)31,32. Resistance to NNRTIs primarily occurs via amino acid substitutions at the 
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inhibitor binding site40. These reverse transcriptase mutations reduce inhibitor binding affinity. 

The most common mutations that exert this effect are K103N and Y181C40. 

Protease inhibitors (PIs) inhibit the viral protease responsible for virion maturation. These 

drugs bind to the protease active site, preventing necessary cleavage41. Approved PIs include 

saquinavir (1995), ritonavir (1996), indinavir (1996), nelfinavir (1997), amprenavir (1999), 

lopinavir (2000), atazanavir (2003), fosamprenavir (2003), tipranavir (2005), and darunavir 

(2006)31,32. Amino acid substitutions that decrease binding affinity of inhibitors are the most 

common mechanism of resistance42. To account for the decrease in viral fitness, compensatory 

mutations have also been observed on the protease cleavage sites to enhance cleavage by the 

mutant protease43. Protease inhibitors are susceptible to metabolism by cytochrome P450 3A4, 

destroying their activity41. It is thus common to dose PIs with a “boost” of either ritonavir or 

cobicistat, both of which inhibit 3A4 and increase circulating concentrations of active drug44,45. 

In the case of cobicistat, intestinal transport proteins are also inhibited, increasing overall 

absorption46. 

Integrase strand transfer inhibitors (InSTIs) target the strand transfer reaction catalyzed by 

the viral integrase protein47,48. These inhibitors interact with the enzyme as well as the viral 

DNA47,48. Structurally, InSTIs contain a metal-binding pharmacophore that allows them to 

sequester the active site magnesiums required for activity49. The list of approved InSTIs includes 

raltegravir (2007), dolutegravir (2013), elvitegravir (2014), and bictegravir (2016)31,32. Amino 

acid mutations conferring resistance to InSTIs affect magnesium coordination, significantly 

affecting viral fitness50. Much like the protease inhibitors, elvitegravir is also susceptible to 

CYP3A4 metabolism and is thus usually dosed with a cobicistat boost48. 
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Fusion inhibitors are entry inhibitor subtypes that affect the virion binding and cell 

membrane fusion process that deposits genetic material into the host cell6,51. The only FDA-

approved fusion inhibitor is enfuviritide, or T-20 (2003)31,32. Enfuviritide is a rationally designed 

peptide mimetic that binds to viral gp41, a protein essential for membrane fusion52. Resistance 

mutations affect binding to the protein, but also reduce fusion efficiency, decreasing viral 

fitness53,54. 

The co-receptor antagonist drug class is another entry inhibitor subtype. The only currently 

approved co-receptor antagonist, maraviroc (2007) binds to CCR531,32,55. There are no FDA-

approved inhibitors of the CXCR4 co-receptor. As a result of allosteric binding, CCR5 adopts a 

conformation that is not recognized by the HIV envelope56. There are several potential 

mechanisms of resistance to this drug class, but none have been fully elucidated. Mutated virus 

may use CXCR4 instead of CCR5, may use inhibitor-bound CCR5 for entry, or may have 

increased affinity for CCR519,51.  

For treatment-naïve HIV-infected adults, guidelines for first-line therapy recommend 

HAART regimens with three active drugs from two or more classes to initiate and maintain viral 

suppression57,58. Typically these regimens include two backbone NRTIs combined with either an 

NNRTI, an InSTI, or boosted PI57,58. Recent recommendations from the Department of Health 

and Human Services (DHHS) have emphasized the use of InSTIs due to safety and efficacy58. 

Triumeq® (abacavir, lamivudine, dolutegravir) is recommended for patients who lack the HLA-

B*5701 allele responsible for abacavir-related hypersensitivity57. Otherwise, the majority of 

recommended combination therapies employ emtricitabine (FTC) and either tenofovir 

disoproxil fumarate (TDF) or tenofovir alafenamide (TAF) as NRTI backbone therapies57,58. 
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Stribild® combines FTC and TDF with cobicistat boosted elvitegravir, while Genvoya® replaces 

TDF with TAF. 

One of the largest barriers to effective antiretroviral treatment is patient adherence59. Early 

combination therapies provided significant pill burden with patients required to take multiple 

pills several times a day. However, in the modern era of HAART, many of these recommended 

combinations are co-formulated into single-tablet regimens, requiring patients to take a single 

pill once daily60. Although these fixed-dose combinations have improved adherence, the 

lifelong daily dosing associated with HIV management still engenders pill burden and fatigue59. 

 

1.3. A History of Long-Acting (LA) Therapies 

The creation of therapeutic long-acting (LA) formulations arose out of a need to improve 

medication adherence61,62. Treatments for chronic conditions that require long-term to lifelong 

management may lead to pill fatigue (in the case of orally-administered therapeutics), missed 

doses, and, possibly, treatment failure59,63,64. LA formulations can improve adherence by 

maintaining clinically effective drug concentrations for extended durations, ultimately reducing 

the frequency of administration61. In addition, for certain chronic conditions, these medicines 

can help to improve patient quality of life by significantly reducing the level of clinical 

intervention necessary for management62. Despite this promise, there are disadvantages 

associated with the use of LA formulations, including 1) treatment of adverse drug events 

without being able to easily halt therapy, 2) the potential for reactions at the injection site, and 

3) prohibitive injection volume size61,62,65. However, proper clinical use coupled with patient 
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desire for alternative, less restrictive treatment options both create a compelling argument for 

continued development of LA therapies. 

1.3.1: FDA-Approved Long-Acting Drugs 

LA formulations are currently used in the clinic to treat a variety of chronic conditions. 

Below, different conditions for which FDA-approved LA formulations are available are 

summarized.  

Depending on the condition being treated, the term “long-acting” can be variable in its 

meaning. For the management of diabetes, self-administered subcutaneous injections of insulin 

glargine (2000) and insulin detemir (2005) are considered “long-acting” relative to the current 

standards of care, despite being dosed once or twice daily66,67.  Given this benchmark, insulin 

degludec (2015) is considered “ultra-long-acting” since it is definitively dosed once daily with a 

duration of action as long as 42 h68. These LA insulins help patients with diabetes achieve the 

tight glycemic control necessary for management69. Pharmacokinetically, LA insulin release 

resembles endogenous basal insulin secretion66,68. When combined with more fast-acting 

insulin analogs, glucose concentrations are better managed during and between meals66,68,69. 

Contraceptives have also benefitted from long-acting formulations. Transdermal patches 

of norelgestromin/ethinyl estradiol (Ortho Evra®, 2002) changed once weekly and vaginal rings 

of ethinyl estradiol/etronogestrel (Nuvaring®, 2001) changed once monthly improved upon the 

once daily pill70,71. However, currently, there are even more long-acting contraceptive options 

that have helped to significantly reduce the failure rate. Depot-medroxyprogesterone acetate 

(Depo-Provera®) is either given in the clinic as an intramuscular injection (Depo-Provera® IM, 

1992), or self-administered as a subcutaneous injection (Depo-SubQ Provera 104®, 2004)72,73. In 
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both cases, injections are given every 12 weeks. Implantable contraceptives are also considered 

LA and have an even extended duration of action. Rod-shaped etonogestrel implants 

(Nexplanon®, 2006) are placed beneath the skin and are effective for up to three years74 The 

intrauterine device with progestogen (Mirena®, 2000), used for birth control and management 

of heavy menstrual periods, are effective for up to five years74. Intrauterine devices with copper 

(Paragard, 1984) are indicated for contraception up to ten years74,75. Adolescent women were 

found to more likely experience contraceptive failure with daily pills as compared with more 

longer-acting alternatives, likely due to reduced adherence with the former option64. Failure 

rates with longer-acting contraceptives more closely reflected “perfect use” failure rates as a 

result of increased adherence64,76. The increased efficacy in preventing unintended pregnancy 

underlies the benefits of developing LA formulations.  

LA formulations of testosterone have also found utility both as hormone therapy for 

transgender men (female-to-male transgender individuals) and in treating male 

hypogonadism77,78. Testosterone is not administered orally in its parent form primarily because 

of poor absorption and extensive hepatic metabolism79. As a result, testosterone is mainly 

administered parenterally77-82. In the 1950s, ester prodrugs of testosterone, including 

testosterone propionate (Testoviron®), enanthate (Delatestryl®), and cypionate (Depo-

Testosterone®), were developed for intramuscular injections80,82. These prodrugs, esterified at 

the C17β-hydroxyl group, increased efficacy and reduced toxicity83. The prodrugs themselves 

are not active and must be hydrolyzed to exert their activity79. Testosterone propionate, 

enanthate, and cypionate are injected every 2-4 weeks78,81. Patient discomfort is often seen 

with these treatments due to the high injection frequency coupled with non-ideal PK that 
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leaves high serum levels shortly after injection and low serum levels below the next 

injection78,82. In the 1970s, testosterone undecanoate was developed for oral use80-82. The 

eleven-carbon fatty acid ester increased lipophilicity, resulting in lymphatic absorption and 

reducing first-pass metabolism79. However, oral formulations were inconveniently dosed either 

twice or three times daily78,81. More recently, testosterone undecanoate has been formulated 

into a long-acting intramuscular injection (Aveed®, 2014) given once every 10 weeks after 

initiation of therapy77-82. The more lipophilic ester prolongs compound half-life when delivered 

intramuscularly82. Testosterone treatment provides some of the first examples of the use of 

prodrugs for LA therapy. 

Long-acting injectable (LAI) therapies have also demonstrated considerable benefit for 

patients with schizophrenia. LAI formulations were developed to improve upon adherence, 

bioavailability, and possible overdose issues observed with orally administered preparations84-

91. Most LA atypical antipsychotics are formulated and administered as lipophilic prodrugs and 

given as depot injections, which allow for slow drug release from the site of injection, and 

relatively constant therapeutic concentrations in plasma for longer periods of time85,88,90. 

Risperidone (Risperdal® Constal®, 2003), dosed once every 2 weeks, must be converted to its 

active metabolite, paliperidone (9-hydroxyrisperidone) to exert antipsychotic activity87,88,92,93. 

Paliperidone itself is marketed as a LAI atypical antipsychotic in the prodrug form of 

paliperidone palmitate (Invega® Sustenna®, 2009; Invega® Trinza®, 2015)84,86,88,89,94. The 

palmitic ester moiety must be hydrolyzed in vivo for activity86,89,93,94. The lipophilic alkyl chain 

improves compatibility with LA formulation technologies85. Invega® Sustenna®, dosed once 

every 4 weeks, and Invega® Trinza®, dosed once every 3 months, differ only in formulation 
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physical properties84,86,89,90. Olanzapine pamoate (Zyprexa® Relprevv®, 2010), dosed once every 

2-4 weeks, is a lipophilic pamoic acid salt delivered as an aqueous suspension85. Slow 

dissolution of the salt yields LA activity85.  Aripiprazole lauroxil (Aristada®, 2015), dosed once 

every 4-6 weeks, is an N-acyloxymethyl prodrug of aripiprazole requiring a two-step hydrolysis 

to yield active drug95.  These atypical antipsychotics provide additional examples for the use of 

prodrugs in LA formulations. Nanosuspensions of hydrophobic compounds have a slow 

dissolution rate in the aqueous environment of the body, contributing to their LA 

action85,86,89,90. 

1.3.2: Forms and Methods of Production of Solid Drug Nanoparticles 

LA formulations come in various forms. Many LA therapies are “long acting” primarily due 

to the mechanical packaging of the drug, as is exemplified by LA contraceptives (i.e. 

transdermal patches, vaginal rings, intrauterine devices)64. These forms will not be emphasized 

extensively in this Introduction. The remaining LA drugs are typically given orally or as 

intramuscular depot injections (LAIs) either as solutions or suspensions96-98. Highly lipophilic 

testosterone prodrugs are dissolved in an oily medium, like castor oil or sesame oil, and 

injected into patients78,79,82,83. However, there have been safety concerns regarding the 

administration of large volumes (i.e. > 4 mL) of oil97,99. More recent LA drug delivery strategies 

are suspension-based and benefit significantly from the onset of nanomedicine96-98,100. Solid 

drug nanoparticles (SDNs), that is, nanoparticles constructed directly from the active 

pharmaceutical ingredient and excipients, have been used to enhance the bioavailability of 

poorly soluble compounds taken orally89,96-98,100-103. The dissolution rate is increased by 

decreasing the particle size89,90,97,100,102. Many SDN-based drugs, both LA and not, are currently 
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used in the clinic to treat a wide variety of indications, including Invega® Sustenna® and Invega® 

Trinza® (schizophrenia), Emend® (antiemetic), Rapamune® (immunosuppression), Tricor® 

(hypercholesterolemia), and many others86,89,90,93,94. SDNs delivered intramuscularly can yield 

slow drug release depending on a number of factors including particle size and excipient 

choice86,89,90,104,105. Below, methods for SDN production are summarized. 

Attrition-based, or “top-down,” SDN manufacturing is widely used for the production of 

SDNs89. Typically, top-down techniques involve inputs of energy to break large particles into 

smaller ones98,100,102. Nanomilling (also known as wet-milling or Elan’s NanoCrystal® 

technology), involves grinding of water-insoluble drug in an aqueous medium97,98,101 (Fig. 1.3). 

In the milling chamber, hydrophobic drug suspended in an aqueous medium physically interacts 

with milling media (solid beads usually composed of zirconium)97,98,100,101,104. This energy yields 

the formation of smaller particles over time, with size controlled by excipient selection, media 

size, and milling time97,98,100,101,104. Because aqueous media are preferred, this method is 

ineffective for water-soluble drugs as no suspension would be formed. In addition, due to the 

energy requirements of this process, the use of high melting point, crystalline drugs are 

recommended100,101. With nanomilling, there have also been reports of contamination from 

abrasion of the milling media or chamber walls96,100-103. Despite these disadvantages, 

nanomilled SDN-based drugs (Invega® Sustenna®/Trinza®, Rapamune®, Emend®, Tricor®, 

Megace®) have successfully entered the clinic86,89,90,93,94,97,100,101. 
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Figure 1.3 Schematic of nanomilling technique used for the production of SDNs. An aqueous 

drug suspension containing stabilizers enters a milling chamber containing milling media (Zr 

beads). Rotation of the chamber results in contact between the media and larger drug particles. 

The shear stress imparted breaks down larger agglomerations into SDNs (Figure 3 from 

reference #106)106. 

 

The other popular attrition approach for SDN formation is high-pressure 

homogenization89,97 (Fig. 1.4). In this method, large drug particles suspended in either an 

aqueous or non-aqueous liquid are forced through a small aperture at very high pressures (up 

to 4000 bar)97,100,107. The change in pressure causes the liquid to boil and the generation of 

energy that breaks apart the initial drug particles into nanoparticles97,100,107. The use of aqueous 

liquids is not recommended with drugs that are sensitive to hydrolysis or high 

temperatures100,106,107. In addition, it has been found that residual solvent is difficult to remove 

using this method100,102. However, like with nanomilling, homogenized SDN-based drugs 

(Triglide®) have also been successfully brought to the clinic97,101. 
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Figure 1.4 Schematic of high-pressure homogenization used for the production of SDNs. Forcing 

a drug suspension through a small opening at high pressure yields SDNs (Figure 5 from 

reference #100)100. 

 

The other set of SDN formulation technologies involves liquid manipulation, or “bottom-

up,” approaches that utilize solutions of dissolved pharmaceuticals and coax the formation of 

nanoparticles by precipitation89,97,98,102. Nanoprecipitation-based techniques begin with 

solutions of hydrophobic drug in water-miscible organic solvents97. Upon mixing with stabilizer-

containing water, drug particles begin to form. The organic solvent is later evaporated to yield 

precipitated nanoparticles in aqueous solution97,102. Although these methods are usually simple, 

economical, easy to scale, and produce dry and uniform particles, there are some 

disadvantages102. Precipitation techniques may yield crystal growth or produce particles of 

varying size, reducing the bioavailability over amorphous solids102,108. Also, some evaporation 

techniques utilized, such as spray drying or electrospraying, have low thermal efficiency and 
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may result in drug degradation due to thermal stress; though with newer technologies, these 

are improving102,109,110. Examples of FDA-approved amorphous dispersions produced via 

bottom-up approaches include Intelence® (etravirine), Onmel® (itraconazole), and Kaletra® 

(lopinavir/ritonavir), with many others102.  

The final technique, known as emulsion processing, is the technique most relevant to this 

thesis. 

1.3.3: Development of Emulsion-Templated/Freeze-Drying (ETFD) 

Emulsion processing techniques can utilize both water-soluble and -insoluble compounds96. 

In the case of the latter, hydrophobic compounds are dissolved in a water-immiscible organic 

solvent (or solvent mixture)96,111. This solution is then mixed with an aqueous phase containing 

dissolved excipients that will act as stabilizers of the final product to form an emulsion in which 

organic solvent droplets containing the compound of interest are dispersed throughout the 

aqueous phase96,111. At this stage, solvent removal can occur via some form of evaporation102. 

More recently, the laboratory of Steven Rannard at the University of Liverpool has employed 

the use of freeze-drying techniques to remove solvent from emulsions in a technique known as 

emulsion-templated/freeze-drying (ETFD) (Fig. 1.5)96,111. Because the emulsions are frozen, 

emulsion stability is not an issue112. The lyophilization yields porous solid monoliths composed 

of the precipitated drugs on a solid support of the polymer and surfactant excipients96,111,112. 

When these monoliths are redispersed in an aqueous environment, the excipients dissolve, 

leaving suspended excipient-stabilized nanoparticles96,111. 

 



17 
 

 

Figure 1.5 Emulsion-templated/freeze-drying technique used for the production of SDNs. a) 

Hydrophobic drug in an organic phase are mixed into an emulsion with an excipient-containing 

aqueous phase. b) The emulsion is rapidly frozen. c) Lyophilization of the solvents yields 

precipitated drug nanoparticles on a templated solid support of excipients. d) When monoliths 

are suspended in water, the excipients dissolve, allowing nanoparticles to disperse (Figure 3 

from reference #96)96. 

 

ETFD provides several advantages over attrition-based nanomilling approaches (Table 1.1). 

Unlike nanomilling, ETFD can work with both water-soluble and –insoluble drugs96,111; as well as 

crystalline, amorphous, and low-melting solids96,102,111. ETFD also provides a low impurity risk in 

contrast to the contamination from milling abrasion observed with nanomilling96,100-102. ETFD 

also improves upon drug loading. With nanomilling, up to 30 wt% drug is the maximum drug 

loading, leading to prohibitively large depot formulation volumes89,97,101. With ETFD, up to 70 
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wt% drug can be achieved, leading to reduced formulation volumes and higher patient 

acceptability111. ETFD is also much more high-throughput than nanomilling, which has much 

lower flexibility in SDN production. Whereas nanomilling can sometimes take days to form a 

single dispersion, ETFD can rapidly generate hundreds of different formulations to quickly 

screen for optimal conditions (i.e. changes in excipient, drug loading, oil/water ratio)100-102,112. 

Once optimal conditions have been determined, SDNs produced via ETFD can be translated to 

the kilogram scale using sterile spray-drying processes. 

 

Factor Nanomilling ETFD 

Drug Solubility Highly water-insoluble drugs 
Water-soluble and –insoluble 

drugs 

Drug Form Crystalline Crystalline or amorphous 

Drug Melting Point High-melting point drugs 
High- and low-melting point 

drugs 

Drug Loading 
Up to 30 wt.% drug: large 

depot formulation volumes 
Up to 70 wt.% drug: reduced 

formulation volumes 

Formulation Conditions 
Low flexibility in SDN 

production 

Can screen hundreds of 
surfactant/polymer 

combinations with different 
oil/water ratios 

Product Impurities 
Reports of inorganic 

contamination from milling 
abrasion 

Low impurity risk 

 
Table 1.1 ETFD provides several advantages over attrition-based approaches to SDN 

manufacture such as nanomilling. 

 
Despite the benefits of using ETFD, there are some disadvantages to the method that must 

be considered on a case-by-case basis. Efficient emulsion preparation can still require high 

amounts of energy and impart stress on test compounds113. Compounds containing labile 
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functional groups may thus not survive the SDN formulation process, and compound stability 

during SDN manufacture should be assessed. However, relative to other attrition-based 

approaches, such as nanomilling and high-pressure homogenization, ETFD often utilizes less 

energy, leading to improved compound stability96,100-102. The use of both surfactant and 

polymer excipients may also limit the in vivo utility due to potential toxicity114, although these 

components are often selected from the FDA-approved CDER Inactive Ingredient Database.  

Taken together, this information suggests that ETFD-based methodologies can provide a 

suitable and beneficial alternative for the production of LAI SDNs.  

1.3.4: Challenges Associated with LAI Drugs  

Although LAI drugs can provide significant benefits for adherence and quality of life, there 

are certain delivery challenges as well as information gaps regarding their pharmacology after 

administration that may complicate widespread development of these strategies for various 

therapeutic needs.  

LAI formulations necessitate the delivery of large quantities of drug in order to achieve 

sustained systemic exposure105,115,116. High concentration nanodispersions may yield viscous 

formulations that are difficult to inject with traditional medical equipment116. To address this 

issue, there are three possible solutions: 1) increasing the volume of the injection to reduce 

viscosity, 2) increasing the number of injections given (in the case of higher volume), or 3) using 

wider needles that can support delivery of viscous solutions116. None of these options is likely 

to increase patient acceptability. These challenges are more likely to arise when considering 

drugs that have low potency, and thus require large effective doses, and/or are incompatible 
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with SDN formulation approaches leading to reductions in drug loading115,116. Excipient 

selection during the formulation process may be important for tuning viscosity116. 

Another challenge surrounding the development of LAI formulations is a lack of 

understanding of the factors that contribute to drug bioavailability after intramuscular 

injection116. The role of drug transporters and drug metabolizing enzymes in skeletal muscle 

tissue is unknown, but likely depends on the drug being formulated116. Nanoparticle size may 

also be an important influencing factor117,118. SDNs on the lower end of the size distribution 

(e.g. <100 nm) may be small enough to cross tissue membranes and enter systemic circulation 

whole116. On the other hand, larger SDNs that remain in the intramuscular depot will decrease 

in size over time as drug is slowly released117. The change in size over time may increase the 

rate of drug release and lead to SDN permeation of the membrane117.  

Skeletal muscle tissue is permeated by lymphatic capillaries, suggesting the possibility that 

drug delivered in the depot may enter the lymphatic system105,116,117,119,120. It has been 

previously shown that the lymphatic system can deliver material from peripheral tissues into 

systemic circulation120. Polydispersed SDNs on the lower end of the size distribution may enter 

the lymph nodes through these capillaries116,120. Another mechanism of entry into the 

lymphatic system is via macrophage endocytosis105,116,117. Previous work has shown that 

intramuscularly injected SDNs of ARVs are endocytosed by macrophages121,122. In addition, work 

evaluating the response of injecting SDNs of paliperidone palmitate in rats has demonstrated 

granuloma formation in the depot with subsequent drug observed in the lymphatics118. While 

the mechanisms have not been fully elucidated, secondary depots in the lymphatic system may 

further contribute to the LA nature of SDNs injected intramuscularly105,116. The lymphatic 
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system also acts as an HIV reservoir in HIV infection, thus, elevated drug concentrations in 

these tissues may actually increase antiviral activity105,120. 

 Differences in patient lifestyle may also affect the pharmacology of LAI 

formulations115,116,123. Patient gender and body weight may affect drug bioavailability for 

parenterally-delivered drugs as they do for oral formulations. Physical exercise, which can 

change muscle density, may affect interpatient variability in drug exposure116,123. The presence 

of scar tissue, either from extended therapy or previous injury may also change drug 

pharmacokinetics116. These factors may need to be investigated further in order to determine 

the appropriateness of LAI therapy for certain patients.   

 

1.4. The Advent of Long-Acting Antiretroviral Therapy (LA-ARV) 

As described above, due to advances in modern medicine, HIV infection is no longer a 

death sentence. Although there are plenty of tools in our armamentarium, none of them 

amounts to a cure. As a result, HIV infection has become a manageable chronic disease. Most 

current ARV medications require lifelong daily dosing and require strict patient adherence for 

efficacy105,115,117,124,125. Because missed doses can lead to rapid viral resistance and treatment 

failure, patient adherence is one of the largest barriers to effective ARV treatment104,105,115-

117,124,126-129. Lifelong daily dosing regimens can provide significant pill burden and 

fatigue105,115,116,124,125. In section 1.3, several examples were provided of LA therapies and the 

benefits they conferred to adherence and patient comfort and convenience for a variety of 

indications. Patients on ARV therapy can also benefit from LA administration by improving 
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adherence and reducing the incidence of resistant virus104,105,115-117,124-127,129-132. In this section, 

work that has been done to produce LA-ARVs will be summarized.  

1.4.1: LA-Rilpivirine, LA-Cabotegravir, and the LATTE-2 Study 

Perhaps the most important body of work towards realizing the reality of a complete LA-

ARV regimen is the LATTE (Long-Acting TreaTment Enabling) clinical study series. The LATTE 

studies, a joint investigation between Janssen® (the pharmaceutical branch of Johnson and 

Johnson®) and GlaxoSmithKline®, have studied the combination of the NNRTI rilpivirine and the 

InSTI cabotegravir as a complete LA regimen for the treatment of HIV infection. Development of 

LA formulations of these ARVs and progress to date of the LATTE series is summarized below. 

The NNRTI rilpivirine (RPV) was FDA-approved for daily oral treatment in 2011117,124, and 

development of LA formulations of RPV (Fig. 1.6) was reported by Janssen® in 2009104. RPV was 

selected over other common NNRTIs (e.g. efavirenz) primarily because RPV is well tolerated 

during long-term administration with fewer observed side effects104,129. LA-RPV is formulated as 

a nanoparticle suspension104,105,115-117,124,129. RPV is poorly water soluble and is thus compatible 

with top-down nanomilling (Elan’s NanoCrystal® technology) approaches to SDN 

formation104,105,115,116. Nanoparticles were found to be stable and syringeable104. Animal PK 

measurements of LA-RPV nanosuspensions in rats and dogs revealed sustained plasma 

exposure for 2 and 3 months, respectively after intramuscular administration104,105. Sustained 

RPV concentrations were also observed for 3 months in HIV negative volunteers117,124. The main 

side effect observed across all species was inflammation105,117,124. In rats and dogs, high RPV 

concentrations were observed in lymph nodes (100-fold greater concentrations than in 

plasma)105. It has been suggested that the same behavior may occur in humans105,117.    
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Figure 1.6 Chemical structures of drugs rilpivirine and cabotegravir used as LAI-ARVs. 

 

Cabotegravir (CAB) (Fig. 1.6), formerly referred to as GSK1265744, is an investigational 

integrase inhibitor in development for both oral and LAI formulations by 

GlaxoSmithKline®124,125,128,131. CAB possesses favorable attributes for development into a LA 

therapy. When given orally, low doses of CAB are sufficient for suppression of viral 

load125,127,129,131,132. In vitro analysis suggests that CAB may have a higher barrier to resistance 

over other InSTIs, and this agent was determined to be effective against clinically established 

InSTI-resistant mutants115,128,131. CAB also has low metabolic clearance, suggesting it can remain 

in the body for longer periods of time127-129,131,132, and possesses low aqueous solubility that 

improves its compatibility with milling-based approaches used to formulate the drug into an 

injectable nanosuspension115,116,124-129,131,132. LA-CAB has been investigated for pre-exposure 

prophylaxis (PrEP)124-127,132. Monthly administration in rhesus macaques provided protection 

from SHIV challenge, supporting further clinical development115,124-127. PK studies in humans 

suggested that intramuscular injections of 800 mg CAB may be a viable loading dose for 

monthly or bimonthly HIV treatment, or for quarterly PrEP124,128-130,132. This was further 

supported by the ÉCLAIR clinical study, which demonstrated that quarterly CAB injections were 

sufficient for PrEP125. The most common treatment-related adverse events were mild-to-



24 
 

moderate injection site pain and swelling124,125,129,132. Despite this, participant satisfaction 

remained high124,125,129.  

FDA-approved combination therapies for the treatment and prevention of HIV infection 

were summarized in section 1.2; notably, there is no currently available combination therapy 

that combines an NNRTI with an InSTI133. In addition, co-treatment with these two drug classes 

does not meet the technical definition for HAART. In order to establish the co-delivery of LA-

RPV and LA-CAB as a complete LA therapy, it was first necessary to demonstrate, as an oral 

regimen, that this two-drug combination was not only sufficient to reduce viral load in HIV-

infected patients, but also that RPV/CAB was not inferior to current standard of care oral 

regimens134.  

The LATTE (LATTE-1) trial was a phase IIb clinical study comparing daily oral CAB (10 mg, 30 

mg, 60 mg) with RPV (25 mg) vs. efavirenz (600 mg) with dual NRTIs (either abacavir/lamivudine 

or tenofovir/emtricitabine)124,129,134. The goals of the study were to determine non-inferiority of 

the CAB/RPV two-drug regimen and determine the optimal CAB dose for efficacy and safety134. 

In the 24 week induction phase, 244 patients were randomly allocated between four groups: 1) 

CAB (10 mg), 2) CAB (30 mg), 3) CAB (60 mg), and 4) efavirenz (600 mg) all with dual 

NRTIs129,134. Virologically suppressed patients (<50 copies/mL HIV-1 RNA) were then moved to 

the 72 week maintenance phase129,134. Backbone NRTIs were discontinued for all CAB groups 

and replaced with RPV (25 mg)129,134. The efavirenz group remained on the same treatment 

throughout the trial134. The 96 week results established that a CAB/RPV regimen was non-

inferior for viral suppression as compared with efavirenz plus dual NRTIs116,124,134. Among the 

CAB treated groups, the intermediate 30 mg dose provided the best combination of efficacy 
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and safety compared to the 10 and 60 mg doses134. Results suggested that CAB treatments may 

yield even greater virological success than efavirenz-based therapy134. In combination with data 

from the SPRING-1 and SINGLE trials (both comparing dolutegravir to efavirenz), results from 

the LATTE study support current DHHS guidelines emphasizing the use of InSTIs in combination 

HIV treatments58,128,131,134.  

The success of CAB in the LATTE study led to another phase IIb trial, LATTE-2. The overall 

goals of this trial were to establish the feasibility of using a complete LAI regimen for 

management of HIV infection and evaluate patient satisfaction with both treatments130. It was a 

non-inferiority trial comparing complete LAI-ARVs at different doses against daily oral 

therapy124,130. In the 20 week induction phase, 309 patients were given daily oral CAB (30 mg) 

plus abcavir/lamivudine130. All patients received RPV (25 mg) 4 weeks prior to start of the 

maintenance phase130. The 286 virologically suppressed patients that entered the 96 week 

maintenance phase were randomly assigned to one of three groups: 1) two 2 mL intramuscular 

injections of CAB (400 mg) and RPV (600 mg) once every 4 weeks, 2) two 3 mL intramuscular 

injections of CAB (600 mg) and RPV (900 mg) once every 8 weeks, or 3) continuing daily oral 

CAB (30 mg) with abacavir/lamivudine130. The 96 week results indicated that both LA dosing 

regimens every 4 weeks and every 8 weeks were non-inferior to daily oral therapy for 

maintaining virological suppression130. In measurements of satisfaction at 96 weeks, all 

treatment groups expressed high satisfaction with their current treatment130. However, when 

asked “how satisfied [they] would be to continue with [their] present form of treatment,” fewer 

study participants in the oral treatment group were encouraged to continue as compared with 

participants receiving monthly or bimonthly intramuscular injections130. However, given that 
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participants enrolling in this study are self-selecting, these results must be approached with 

caution. The most common treatment-related adverse event involved some form of injection-

site pain or swelling124,130. Of a total of 230 patients receiving LA injections, 9 withdrew due to 

adverse events130. Results from this study demonstrate that LAI CAB/RPV is both safe and 

efficacious for management of HIV infection and offers promise that complete LAI-ARV 

regimens may be available in the near future.   

1.4.2: Other LA-ARV Agents 

The investigational work in LATTE-2 strongly suggests that complete long-acting regimens 

may be on the horizon. At the time of this writing, other groups have also been working on 

developing LA-ARVs for HIV treatment and prevention. While it is not feasible to discuss all of 

the work that has been done, some highlights will be summarized. 

Antibodies may be appropriate for LA therapy because of their long half-lives in vivo and 

high safety profile135. Broadly neutralizing antibodies (BrNAbs) have been investigated for 

passive immunization against HIV136,137. Antibodies PG9 and PG16 bind directly to the viral 

envelope, while VRC01 binds to CD4 on target cells to block HIV entry136,137. Clinical studies of 

VRC01 demonstrated initial viral suppression136. However median time to viral rebound 

occurred within 4 weeks136. Current studies on VRC01 have focused on modifying the amino 

acid sequence to improve the potency and half-life, with possible 3-6 month duration of 

action138. Development of BrNAbs for HIV treatment as part of a HAART regimen has proven 

more successful.  The humanized monoclonal antibody, ibalizumab (Trogarzo®), developed by 

TaiMed Biologics, is an entry inhibitor that binds to an epitope on domain 2 of CD4 on CD4+ T 

cells, much like VRC01115,135,139. Because ibalizumab binds to domain 2 specifically, 
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immunosuppression is not observed139. However, immune reconstitution inflammatory 

syndrome (IRIS) has been observed in patients140. Clinical studies have demonstrated that 

ibalizumab can maintain efficacy against MDR strains of HIV139. Despite this, analysis of HIV 

isolates from clinical trial patients after 9 weeks of monotherapy demonstrated reduced 

susceptibility to ibalizumab via changes in the viral envelope135,139. Thus, while biweekly 

injections may improve adherence over daily oral therapy, it is likely that administration of 

ibalizumab will be supported with daily backbone ARVs, undermining adherence benefits. It 

was approved by the FDA in March 2018 for IV administration once every 14 days in 

combination with other ARVs133,140,141. 

The lab of Howard Gendelman at the University of Nebraska Medical Center has developed 

LA nanoformulated ARVs, or what they call “long-acting slow effective release” ART (LASER 

ART)142. Their methods primarily involve reversible masking of hydrophilic ARVs using myristic 

acid esters in order to reduce aqueous solubility and improve compatibility with formulation 

approaches and LA parenteral administration143-146. Myristic acid is specifically selected because 

this compound itself also possesses antiviral activity by inhibiting the N-myristoyltransferase 

enzyme essential for processing viral proteins144-146. These esters must be cleaved in order to 

observe antiviral activity143-146. To nanoformulate their ARVs of interest, they use high-pressure 

homogenization techniques using folic acid-functionalized poloxamer 407 as the excipient142-147. 

The selection of folic-acid is intended to target the nanoparticles directly to monocyte-derived 

macrophages, which contain a folic acid receptor on the cell surface142,144,145,147. This targeting 

facilitates destruction of these viral reservoirs and generates a secondary depot in the 

lymphatics for even longer-acting activity121,122,142,144,145,147. They have applied this technology 
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to abacavir, lamivudine, cabotegravir, dolutegravir, and ritonavir-boosted atazanavir142-147. In 

each case, antiviral activity was either comparable to or improved relative to parent drug142-147. 

PK measurements in mice also demonstrated that their formulation approaches do extend drug 

exposure142-147. These methods appear promising for the development of LA-ARVs. 

The lab of Rodney Ho at the University of Washington has also focused on nanoformulating 

ARVs for LA delivery. Their focus is on preparing fixed-dose combinations of multiple ARVs as 

opposed to separate formulations per drug, which may reduce the incidence of viral 

resistance148-151. Combinations are formulated as lipid nanoparticles148-151. Lipophilic ARVs can 

be incorporated in the surface while hydrophilic ARVs can be encapsulated within the 

particle148,149. By parenterally administering these combination nanoparticles, they hope to not 

only increase systemic drug exposure, but also enhance drug levels in the lymphatics to 

improve antiviral activity148-151. Ho et al. have created triple combination nanoparticles with 

ritonavir, lopinavir, and either tenofovir or PMPA; as well as quadruple combinations including 

lamivudine148-151. PK studies in rhesus macaques demonstrated that their combination 

nanoparticles yielded higher drug half-lives and greater drug levels in lymph node mononuclear 

cells (LNMCs) and peripheral blood mononuclear cells (PBMCs) as compared with the orally 

administered drugs, although the mechanisms for this are unclear148-151. This work also appears 

promising for delivery of LA fixed-dose ARV drug combinations. 

Other efforts have focused on engineering new devices from which extended release of 

drugs can be observed, much like with LA contraception. Kirtane et al. have described the 

development of an oral delivery platform with prolonged gastric residence152. In a proof-of-

concept, this system was shown to sustain delivery of dolutegravir, cabotegravir, and rilpivirine 
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for up to 7 days in a pig model152. While promising, this platform has yet to be validated against 

HIV or SHIV models of infection.  Johnson et al. have described another platform for LA release 

involving subcutaneous delivery of a biodegradable polycaprolactone implant from which 

controlled and tunable release of ARVs can be achieved153. One of the major benefits of this 

technology is that it is removable, which can help to alleviate adverse side effects associated 

with LA drug delivery153. In a rabbit model, tenofovir alafenamide-delivering implants were 

found to provide protection for up to 91 days153. These engineering strategies also offer new 

hope towards achieving delivery of LA-ARVs.      

1.4.3: Challenges Associated with LAI-ARVs 

LAI-ARVs can provide significant benefits for adherence, drug consumption, and 

cost104,115,124,128-130. Despite the stigma surrounding lifelong injections, an “interests and 

attitudes” study of HIV-positive patients indicated that 84% of patients would “definitely or 

probably” try monthly injectable ARV therapy116,154. In addition, as noted above, satisfaction 

with LAI-ARVs measured in the LATTE-2 study was higher than that for daily oral therapy130. 

However, despite the willingness of patients to transition to these treatment alternatives, there 

are still certain challenges surrounding their development for widespread use.  

One of the biggest challenges underlying administration of LAI-ARVs (and all LA therapies) 

is the possibility of developing serious adverse events post-injection without being able to 

remove the causative agent115,116,130. This may be especially problematic with certain ARVs that 

have a defined mechanism of toxicity. For example, abacavir induces hypersensitivity in 

patients containing the HLA-B*5701 allele155. Presence of this allele precludes those patients 

from taking the drug155. If LA-abacavir were ever developed for commercial use, the toxicity 
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would decrease available complete LA treatment options. In most cases, injection is preceded 

by an oral lead-in115,124,129,130. Patient monitoring during this period can help to identify any 

potential underlying toxicity prior to LA therapy115,124,129. As mentioned in section 1.4.1, the 

induction phase of the LATTE-2 study involved daily oral therapy with CAB. Daily oral RPV was 

added 4 weeks prior to the maintenance phase130. Study participants were monitored both for 

adverse events and virological efficacy in this period to determine whether LAI-ARVs could be 

safely administered130. 

Another challenge specifically associated with LAI-ARVs involves the possible onset of 

resistance to the administered ARVs115,116,124. As described in section 1.2, HIV can mutate 

rapidly. Several different resistance mechanisms are already established for various classes of 

ARVs. If patients decide to discontinue taking LAI-ARVs, or are delayed in receiving their next 

dose, a pharmacokinetic “tail” may result in which the patient is exposed to sub-therapeutic 

drug levels115,116,124,129. This exposure may lead to drug resistance and treatment 

failure115,116,124,129. Recommendations to overcome this challenge mainly involve re-initiating 

oral therapy during this tailing period to minimize the risk of resistance124,130.   

Despite promising advances for the development of LAI-ARVs, these strategies provide few 

options for treatment. The LATTE-1 and LATTE-2 studies established that the two drug 

rilpivirine/cabotegravir regimen was sufficient to suppress viral replication both orally and as a 

complete long-acting treatment130,134. Despite the advancement to phase IIb and the promise 

of its development, this only provides one treatment option for patients on LA-ARV therapy. 

This treatment would be unsuitable for patients harboring viral strains resistant to one or both 

of these drugs as well as for patients that cannot tolerate the potential adverse events 
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associated with either of these compounds. To expand the arsenal of LA treatment options 

available, this work focuses on formulating one of the most widely used NRTIs both for 

treatment and prevention, emtricitabine (FTC), into a LAI. As described above, intramuscular 

depot injections of SDNs can yield therapies with an extended duration of action. 

 

1.5. NRTI Prodrug Strategies 

This body of work primarily focuses on formulating the NRTI emtricitabine (FTC) (Fig. 1.7). 

FTC is one of the most widely-used ARVs present in 8 out of the 16 FDA approved combination 

therapies for the treatment of HIV. Approved FTC-containing combination therapies for HIV 

treatment and prevention include Truvada® (2004), Atripla® (2006), Complera® (2011), Stribild® 

(2012), Genvoya® (2015), Odefsey® (2016), Descovy® (2016), and Biktarvy® (2018)31,32. FTC is a 

cytosine analog structurally identical to lamivudine, differing only in the incorporation of a 

fluorine atom at the 5-position on the base. For patients with normal renal function, it is given 

as a 200 mg dose once daily156,157. The human plasma half-life of FTC is approximately 10 

h156,157. Less than 4% of dosed FTC is plasma protein-bound157. The primary observed 

metabolites are oxidation of the 4’-thiol to the sulfoxide and glucuronidation of the 5’-OH157. 

There are no known drug-drug interactions with other ARVs, including forms of TFV with which 

it is often co-formulated157. The primary resistance mechanism to FTC is the reverse 

transcriptase mutation M184V/I that reduces inhibitor binding affinity36.  
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Figure 1.7 Chemical structure of the cytosine analog emtricitabine most relevant to this work. 

 

Although FTC is well characterized for the treatment of HIV infection, it, like all NRTIs, is 

highly water-soluble158. Commercially viable methods of SDN production are incompatible with 

highly water soluble drugs96,111. One strategy to overcome this limitation is to decrease aqueous 

solubility via conversion to a more hydrophobic prodrug that incorporates masking groups of 

the most hydrophilic functional groups158-161. The concept of the prodrug has been used 

extensively for a variety of reasons, including, but not limited to, circumventing the problem of 

membrane permeability often seen with compounds that are too water soluble, decreasing 

toxicity, improving pharmacokinetics, among many others159,160.  Prodrugs are chemically 

modified versions of active pharmaceutical ingredients often used to improve the 

physicochemical or pharmacokinetic properties of a drug159,160. In the context of this work, FTC 

prodrugs are meant to increase lipophilicity so as to enhance compatibility with SDN 

formulation methods. Below, the most common prodrug strategies for reducing the aqueous 

solubility of amine and hydroxyl groups, the most frequently exposed polar moieties on NRTIs, 

are briefly summarized. It should be noted that prodrug strategies that aim to increase water 

solubility (e.g. phosphates159,160) will not be discussed. 

1.5.1: Bioreversible Masking Groups for the Amine Moiety 
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The amine functional group is frequently found in FDA-approved drugs with a wide variety 

of indications162. Amines are polar moieties that contribute to increases water solubility. 

Amines are often protonated at physiological pH, making them problematic for drug delivery 

and therefore ideal candidates for masking with a prodrug. Amines are typically considered as 

functional handles that can easily be derivatized into a number of different groups162,163. 

Importantly, for amines, the ease of functionalization, and, consequently, unmasking is typically 

correlated with basicity, reflected in the pKa value162,163. In the case of FTC, this is especially 

important due to the presence of an electron withdrawing fluorine ortho to the amine, 

reducing basicity and nucleophilicity.  

One of the most common types of amine prodrugs are acylated amines162. The simplest 

hydrocarbon acylation yields the formation of amides160,162-164(Fig. 1.8). Although amides are 

easy to synthesize and effectively decrease aqueous solubility compared to the parent amine, 

amides are well characterized as being stable to chemical and enzymatic hydrolysis158,160-165. For 

prodrugs intended for formulation as LAI-SDNs, it is expected that pro-moieties will be 

hydrolyzed following release from SDNs. Prodrugs resistant to hydrolysis such as amides may 

not effectively deliver parent drug. Steric factors as well as pH may affect the hydrolysis of 

amides162-164. For particular applications where fast clearance in vivo may be an issue, slowly 

hydrolyzed prodrugs such as amides may not be suitable. One strategy to increase the rate of 

amide cleavage is to design the prodrug as a substrate for a peptidase162,164,166. However, 

oftentimes, these structures can be highly complex, must fit a specific substrate profile, and/or 

may contain other polar groups that would undermine attempts at reducing aqueous 

solubility162,164,166. Another strategy is to use intramolecular catalysis to enhance cleavage 
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rates162. One of the most noteworthy examples of this is the use of trimethyl lock162,167-169 (Fig. 

1.8). Exposure of a free hydroxyl group in this scenario leads to rapid intramolecular 

lactonization that can quickly liberate an otherwise stable amine167-169. The major disadvantage 

to these trimethyl lock-based approaches primarily involves the complexity of their synthesis 

and limited characterization of potential byproduct toxicity167-169.  

Acylation of amines with chloroformates yields carbamates162 (Fig. 1.8). Unmasking of 

carbamates typically involves ester hydrolysis, followed by release of carbon dioxide164. 

Hydrolysis of these groups is thought to occur by ubiquitous esterases160,162,164,165,170. While 

carbamates offer structural flexibility and synthetic ease, the major disadvantage is stability. In 

general, the rate of carbamate hydrolysis is thought to be very slow, similar to what has been 

observed for amides160,162. The 5-fluorouracil prodrug capecitabine, however, is a notable 

exception, designed as a prodrug to enhance oral bioavailability170-172. After oral absorption, the 

pentyl carbamate moiety in capecitabine is removed by carboxylesterase enzymes in the 

liver170-172. Given the structural similarities between capecitabine and FTC, we reasoned that a 

carbamate-based strategy may offer a promising starting point for development of FTC 

prodrugs that are amenable to SDN formulation. Other strategies have been employed to 

enhance the hydrolysis rates for carbamate prodrugs. One example involves the use of a 

double prodrug (or pro-prodrug) (Fig. 1.8), in which an enzymatically labile group is cleaved to 

release carbamic acid162. Carbamic acid is then rapidly degraded into carbon dioxide and the 

corresponding amine. Another example, similar to trimethyl lock, also takes advantage of a self-

immolative linker. Alkyloxybenzyloxy prodrugs rely on esterase activation to reveal a free 

hydroxyl group162,173 (Fig. 1.8). The electrons released cascade into the aromatic ring, causing 
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degradation of the linker into carbon dioxide and a quinone methide species,  with concomitant 

release of the  amine173,174. Although promising, quinone methides have potential toxicity that 

may decrease the utility of these prodrugs in vivo175,176.  

The last amine prodrug class considered here are Schiff bases or imines (Fig. 1.8). These 

prodrugs are formed from the reaction of amines with carbonyl-containing compounds with 

concomitant loss of water177-179. Imine masking strategies are tunable by virtue of the carbonyl-

containing substituent used, yielding compounds with a range of different logP values179. 

Imines also offer the added benefit of cleavage via non-enzymatic hydrolysis177-179. Despite 

these potential advantages, imines also have some disadvantages. In contrast to other groups 

described, the increases in logP are relatively modest. As a result, bulky and/or complex 

structures may be required to significantly decrease aqueous solubility using an imine-based 

strategy. In addition, imine formation is dependent on the nucleophilicity of the amine 

substrate as well as the electrophilicity of the carbonyl-containing compound162,177-180. The base 

amine of FTC is less nucleophilic than a standard primary amine primarily due to the presence 

of the ortho fluorine. As a result, formation and subsequent hydrolysis may be difficult to 

achieve. 
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Fig. 1.8. Common amine-masking prodrugs used to decrease aqueous solubility. 

 

1.5.2: Bioreversible Masking Groups for the Hydroxy Moiety 

Hydroxyl groups are the most common functional moiety that are masked to decrease 

aqueous solubility. Similar to amines, acylated hydroxyl groups to form esters and carbonates 

are the most common form of hydroxyl prodrugs (Fig. 1.9), linking hydrocarbons and alcohols, 

respectively159-161,181. Their ubiquity throughout explored chemical space in FDA-approved 

drugs is due in part to their ease of hydrolysis. Once in vivo, esters and carbonates can be 

hydrolyzed by endogenous esterases found ubiquitously throughout the body160,164,165,182. 

Carbonates are generally considered to be more stable than esters, but the rate of carbonate 

cleavage is typically higher than that for either carbamate or amide cleavage160. The double 
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prodrug approach has also been applied to esters and carbonates to increase their 

bioactivation160. Despite their advantages, a major challenge with the use of esters and 

carbonates in drug design is predicting the pharmacokinetics in humans160. Commonly used 

preclinical species significantly differ in esterase activity depending on the substrate, oftentimes 

making translation difficult160,183. And, as with all prodrugs, toxicity of the pro-moiety is also an 

important consideration. In the context of this work, the major disadvantage of ester and 

carbonate prodrugs is that they may be too labile. Higher-energy methods for production of 

SDNs may result in prodrug degradation, leading to wide size distributions and a lack of 

uniformity. Additionally, should these prodrugs survive SDN formation, rapid cleavage upon 

intramuscular injection in vivo may increase prodrug release and thus reduce the long-acting 

nature of the SDNs. However, because esters and carbonates are tunable, the lability of these 

pro-moieties can be decreased by changing the nature of the substituent to either incorporate 

electron-donating groups or increasing steric bulk near the site of cleavage.  

 

 

Fig. 1.9. Esters and carbonates are the most common hydroxyl-group masking prodrugs. 

 

The goal of this work is to develop LAI-FTC approaches using lipophilic prodrug strategies to 

decrease aqueous solubility. These prodrugs will enhance compatibility with ETFD, an improved 

hydrophobic SDN formulation technology. In the following chapters, the design, synthesis, and 
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evaluation of various FTC prodrugs are described. It is expected that LAI SDN formulations of 

the NRTI class will greatly increase options for treatment and prevention if these can be 

implemented in effective LAI-ARV regiments. These approaches are expected to act as a 

benchmark to support the feasibility of using similar strategies on other NRTIs to even further 

increase the number of available options in the HIV treatment toolkit. 
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Chapter 2: Development of carbamate and 5’-carbonate FTC carbamate prodrugs 

Introduction 

There is much enthusiasm for the generation of long-acting injectable antiretroviral (LAI-

ARV) formulations which could significantly improve adherence, thus enhancing HIV treatment 

and PrEP, by reducing frequency of administration1. In addition, as noted in the Introduction, 

injectable LA formulations can decrease drug exposure variability as well as overall drug 

consumption, reducing treatment costs2. Injectable LA-ARVs developed to date have accrued 

patient interest. The LATTE 2 study has demonstrated that LAI-rilpivirine and LAI-cabotegravir, 

delivered via intramuscular depot, can maintain viral suppression3. However, because two-drug 

therapy is not yet a standard of care for HIV treatment, patients on LA-ARV therapy may still 

require a daily nucleos(t)ide reverse transcriptase inhibitors (NRTI) backbone, thus attenuating 

adherence benefits. In these regimens, there is an increased risk of developing resistance to the 

LA-ARV with reduced adherence to the oral NRTI component. Thus, there is a critical need for 

complete LA regimens.  

Conventional nanomilling approaches, which have found success for other LA formulations, 

pose significant limitations for development of LA-NRTI formulations, including inorganic 

contamination resulting from corrosion of the equipment, and most prohibitively, 

incompatibility with water-soluble NRTIs4-7. We have decided to take a fundamentally different 

approach to creating LA-ARV formulations of highly polar NRTIs, and the work in this Chapter is 

focused on strategies applied for LA-emtricitabine (LA-FTC). Emulsion-templated/freeze-drying 

(ETFD) technology, a non-attrition approach that involves lyophilizing the liquid phases from 

drug-containing emulsions to produce SDNs, developed at the University of Liverpool, provides 
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several advantages over nanomilling7, detailed in the Introduction. As ETFD can produce SDNs 

from either water-soluble or insoluble materials7-10, it is an idea approach to apply to 

development of LA-FTC. In order to match the hydrophobic SDN approaches taken for LA 

rilpivirine and cabotegravir, several prodrug strategies applied to an emtricitabine (FTC) model 

system have been developed during this work to decrease FTC water solubility. These prodrugs 

were envisioned to support the formation of hydrophobic solid drug nanoparticles (SDNs) 

produced via ETFD potentially permitting the delivery of drug combinations within a single 

formulation. We hypothesized that reversible masking of FTC to incorporate a range of 

hydrophobic alkyl carbonate or carbamate groups would generate poorly water-soluble 

prodrugs that could be processed using ETFD approaches.  

This chapter describes the design, synthesis and evaluation of tunable emtricitabine (FTC) 

carbamate and carbonate prodrugs to accelerate the development of complete LA-ARV 

regimens with significant benefits for adherence, drug consumption, and cost.  

Results 

2.1. Design and synthesis of 5’-carbonate FTC carbamate (1-8) and carbamate (9-16) FTC 

prodrugs 

The amine (blue) and hydroxyl (red) groups of FTC (Fig. 2.1) contribute to its high aqueous 

solubility. Prodrugs that reversibly mask these moieties are expected to significantly decrease 

the polarity of FTC, making it amenable to SDN formulation by ETFD methods (Fig. 2.1). My 

thesis research has accessed two prodrug classes (1-16, Fig. 2.2) that mask the amine group or 

both amine and hydroxyl groups to provide FTC prodrugs that span a large logP range. As a 
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starting point, prodrugs bearing straight chain alkyl carbamoyl groups were selected based on 

structural similarity to the clinically-used 5-fluorouracil prodrug, capecitabine (Fig. 2.2). 

Capecitabine bears a pentyl carbamoyl group to mask the 5-fluorocytidine moiety, and is known 

to undergo activation by human carboxylesterase present in high levels in the liver11-14. Prodrug 

cleavage rates to release 5'-deoxy-5-fluorocytidine are governed by alkyl chain length11. 

Capecitabine was selected over analogous longer chain carbamates due to its favorable 

pharmacokinetic profile11. It is thus unknown whether longer chain FTC carbamates may impart 

unfavorable pharmacokinetic properties that would limit efficient prodrug activation in vivo.  

 I prepared two carbamoyl prodrug series with carbamoyl alkyl chain lengths ranging from 

one to eight carbons toward identifying masked FTC analogs that are both amenable to SDN 

formulation and susceptible to enzymatic hydrolysis under physiologically relevant conditions 

to release the parent drug (Fig. 2.2). Prodrugs 1-8 masking the amino and 5’-hydroxyl groups as 

carbamate and carbonate, respectively, were prepared by reaction of FTC with alkyl 

chloroformates (C1-C8) in the presence of pyridine (Fig 2.2)15. Selective removal of the 5’-

carbonate in the presence of lithium hydroxide produced carbamate prodrugs 9-1615,16. Overall, 

a clogP range of -0.16-5.50 was achieved across both prodrug series, with 1-8 giving a clogP 

range of 0.46-5.50 and 9-16 giving a clogP range of -0.16-2.48.  
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Figure 2.1. Model of FTC prodrug SDNs yielding LAI-FTC for HIV treatment and prevention. 

 

 

Figure 2.2. Synthesis of FTC carbamate/carbonate (1-8) and carbamate (9-16) prodrugs and 

proposed prodrug activation by enzymatic hydrolysis. 
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2.2. Kinetic analysis of prodrug cleavage in vitro under physiologically relevant conditions 

2.2.1: Development of UV- and HPLC-based methods for kinetic analysis 

It is expected that upon prodrug release from SDNs in the depot, FTC prodrugs will be 

exposed to muscle tissue and may then enter systemic circulation, being exposed to 

metabolism in plasma and the liver2. In order to measure the kinetics of prodrug activation to 

FTC, two assays utilizing different detection methods were developed. The first method is a 

discontinuous assay using HPLC with UV-based detection. The second UV-based method is also 

a discontinuous assay.    

In both methods, a discontinuous assay employing a methanol (MeOH) quench prior to 

sample analysis was employed. Methanol quenches reactions by precipitating proteins in 

solution. This effect is amplified when the methanol is cold. In order to physically remove the 

proteins after precipitation, centrifugation will yield a pellet from which supernatant can easily 

be separated.   

The HPLC-based method allows for visualization of all UV-active species. HPLC takes 

advantage of differences in polarity between prodrug and parent drug to clearly demonstrate 

depletion of prodrug and subsequent appearance of FTC. The major drawback for HPLC-based 

assays is the amount of time required for data analysis. It was therefore desirable to develop a 

more high-throughput method for more rapid, detailed kinetic analysis. The discontinuous UV-

based assay that was developed as a result aims to take advantage of differences in the UV 

profile between prodrug and parent drug. FTC carbamate prodrugs exhibit a λmax of 305 nm, 

while FTC has a λmax of 280 nm. In theory, kinetic analyses can monitor the depletion of UV 

signal at 305 nm as a marker for prodrug consumption. Measurements using a UV 
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spectrophotometer provide near-instantaneous reads of the UV signal, improving the speed of 

data collection over previously described HPLC-based methods.  

Despite the potential advantages of using this discontinuous UV-based assay, there are 

several drawbacks that limit its utility for kinetic analysis. Technical issues can affect the values 

obtained. The presence of bubbles in the solution can alter the absorbance. This phenomenon 

was very common during assay development, leading to high errors. Another issue was the use 

of methanol. Methanol is utilized to quench reactions by precipitating proteins. However, 

because methanol is a volatile organic solvent, if solutions are left too long in cuvettes or 

plates, evaporation is likely to occur. This will also affect the absorbance by changing the 

solution volume, thus also increasing error. Carbamate cleavage is expected to be slow. As a 

result, minor pipetting error can yield error in absorbance measurements, significantly affecting 

the calculated rate. Because, the UV-based assay also does not allow for clear visualization of all 

species, these problems cannot be adequately identified. Due to the high error associated with 

the UV-based assay, HPLC-based methods were carried forward for kinetic analysis.   

2.2.2: Evaluation in human liver S9, muscle S9, and plasma 

To measure the kinetics of prodrug activation to FTC, HPLC-based methods were used to 

obtain initial rates in human liver and muscle S9 (subcellular fractions combining microsomes 

and cytosolic fractions), and half-lives in human plasma for prodrugs 1-16 and capecitabine at 1 

mM in each case (Fig. 2.3, Tables 2.1-2.2). Rapid, enzyme-catalyzed hydrolysis of the 5’-

carbonate of 1-8 was observed, as evidenced from relatively rapid initial hydrolysis rates in liver 

and muscle S9 and short (<12 h) plasma half-lives. Under the same physiological conditions, 

prodrugs 9-16 were found to be significantly more stable, by comparison. The rate determined 
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for pentyl carbamate 13 in liver S9 was higher than that for capecitabine (73 ± 12 vs. 36 ± 4 

nmol/h/mg, respectively), validating the use of capecitabine as a model for prodrug design. 

Chain length preferences for prodrug cleavage were also observed. For prodrugs 9-16, as the 

chain length increases, rates increase in liver and muscle S9, while half-lives decrease in human 

plasma, showing improvement over capecitabine. Analogs with the longest chain-lengths 

(compounds 13, 14, 15, and 16) undergo hydrolysis most efficiently. Interestingly, for prodrugs 

1-8, a maximum initial hydrolysis rate was obtained with the three-carbon 5’-carbonate 3 to 

give carbamate 11. Prodrug 3 was the most efficiently activated carbonate in all physiological 

conditions. Comparing initial hydrolysis rates in liver, muscle, and plasma demonstrate 

unsurprisingly that hydrolysis is most rapid in liver fractions. Taken together, this data 

illustrates that carbonates and longer-chain carbamates are suitably activated to parent drug in 

physiologically-relevant media.    
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Figure 2.3. Initial rates in human liver and muscle S9, and half-lives in human plasma for 1-16 

and capecitabine (1 mM) illustrate differences in hydrolytic efficiency between carbamate and 

5’-carbonates. 5’-carbonates are more efficiently cleaved than carbamates under all conditions. 

Longer chains are preferentially cleaved for 9-16, while a 3-carbon chain displayed most 

efficient hydrolysis among 1-8. Longer chain carbamates are hydrolyzed more efficiently in all 

conditions than clinically-used capecitabine. 
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Table 2.1. Initial rates (nmol/h/mg) in human liver and muscle S9, and half-lives (h) in human 

plasma for 1-8 (1 mM). 

 

Table 2.2. Initial rates (nmol/h/mg) in human liver and muscle S9, and half-lives (h) in human 

plasma for 9-16 and capecitabine (1 mM). 
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2.2.2: Assessments of metabolism of carbamate prodrug 13 in human liver with exogenous 

cofactors 

Experiments in section 2.2.2 demonstrated that carbamate prodrugs could be activated to 

parent FTC in physiologically relevant conditions, however, these experiments were carried out 

in human compartments in the absence of exogenous cofactors. Thus, only the action of 

endogenous esterases was evaluated for carbamate cleavage. As new chemical entities, FTC 

carbamate prodrugs may be substrates for other xenobiotic metabolizing enzymes and thus 

their stabilities should be evaluated in the presence of cofactors. Using pentyl carbamate 

prodrug 13 as a model, metabolism was assessed in human liver in the presence of exogenous 

cofactors to assess whether the presence of the carbamate moiety can lead to the formation of 

additional metabolites.  

The cytochromes P450 are one of the most common classes of drug metabolizing enzymes 

primarily found in the liver17-19. These enzymes can catalyze a wide variety of reactions 

including oxygen insertions, epoxidations, and many others to generate polar metabolites for 

easier clearance17-19. The metabolites formed are potentially reactive and may lead to 

unexpected toxicity17-19. FTC, like other NRTIs, is not heavily metabolized by P450 enzymes20,21. 

However, it is unknown whether FTC carbamates are susceptible to P450 oxidation. To test this, 

human liver microsomes, instead of human liver S9 fractions, were used. Liver microsomes are 

subcellular fractions composed of endoplasmic reticulum-derived vesicles and are a more 

concentrated source of drug metabolizing enzymes compared to liver S9 which contains both 

microsomes and cytosolic fractions22.  
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Both FTC and pentyl carbamate FTC prodrug 13 were independently incubated in human 

liver microsomes in the presence of NADP+ and an NADPH regeneration system involving 

glucose-6-phosphate and glucose-6-phosphate dehydrogenase (Fig. 2.4). As expected, when 

FTC was incubated in liver microsomes with NADPH, no additional metabolites were observed 

by HPLC. When 13 was subjected to the same conditions, the primary metabolite observed was 

FTC. However, additional minor products (2.5 min, 3.2 min, 3.9 min) were also observed. These 

peaks also had a λmax value of 305 nm, like FTC carbamates, suggesting that the carbamate-

functionalized base remained intact. Formation of these products is abolished if either liver 

microsomes or NADPH are removed from the reaction, suggesting that their formation is P450-

dependent. LC-MS analysis revealed a peak with an m/z of 376 ([M-H]-) corresponding to a 

single oxygen insertion on prodrug 13. Given the lack of P450-derived products known to be 

derived from FTC, it is likely that this oxygen insertion occurs on the carbamate alkyl chain. 

However, it is also possible that the presence of the carbamate may affect substrate specificity, 

leading to oxygen insertion elsewhere on the molecule. Despite this, these metabolites are very 

minor products relative to carbamate cleavage, suggesting that they are not likely to be 

biologically significant. 
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Figure 2.4. HPLC stackplot showing incubation of carbamate prodrug 13 in human liver 

microsomes plus NADPH to look for CYP activity. Carbamate cleavage to FTC is the primary 

product. Additional minor products with λmax = 305 nm were also observed. LC-MS analysis 

suggests that these products could represent a single oxygen insertion. 

 

Glucuronosyltransferase enzymes are also found primarily in the liver and interact with 

substrates during phase II metabolism23,24. The most common of these enzymes is uridine 5’-

diphospho-glucuronosyltransferase (UGT)23,24. These enzymes typically require the presence of 

a free hydroxyl group as a functional handle for conjugation,24 which FTC contains. After oral 

administration, one of the observed primary metabolites of FTC is the 5’-O-glucuronic acid (~4% 

of the dose)25. To observe whether carbamates can enhance glucuronidation, FTC and prodrug 

13 were incubated independently in human liver S9 with uridine diphosphate glucuronic acid 



70 
 

(UDPGA) and D-saccharic acid-1,4-lactone (DSL), a β-glucuronidase inhibitor (Fig. 2.5). Results by 

HPLC indicated that neither FTC nor pentyl carbamate 13 were significantly metabolized by UGT 

enzymes in vitro. 

 

Figure 2.5. HPLC stackplots showing incubation of FTC (left) and prodrug 13 (right) in human 

liver S9 fractions plus UGT cofactors. No glucuronidation was observed on FTC, while the 

primary metabolite observed for 13 was carbamate cleavage to FTC. 

 

Taken together, these results indicate that installation of the carbamate moiety on FTC 

does not appear to significantly increase off-target metabolism. 

 

2.2.3: Species-dependent hydrolysis of carbamate prodrug 16 
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Translation of prodrug SDNs into humans will first require testing in appropriate preclinical 

models. Species differences in drug metabolism and clearance are well established and may be 

responsible for lead compound failures in clinical trials26,27. As a result, it is pertinent to 

compare prodrug cleavage in various animal compartments in vitro. Section 2.2.2 demonstrated 

that for carbamate/carbonate prodrugs 1-8, the rate-limiting step for prodrug activation en 

route to parent FTC is likely to be carbamate hydrolysis. Thus, this reaction was investigated in 

commercially available animal compartments using octyl carbamate prodrug 16 as a model 

(Table 2.3). Prodrug 16 was selected for this analysis because it is one of the most efficiently 

activated FTC carbamates in human compartments in vitro and has the lowest aqueous 

solubility of prodrugs 9-16.  

 

Table 2.3. Calculated half-lives (h) and initial rates (nmol/h/mg) for carbamate cleavage of 

prodrug 16 in physiological compartments from various species at 1 mM (1% DMSO, v/v). 

 

Initial hydrolysis rates obtained in mouse and rat liver S9 fractions (42 and 68 nmol/h/mg, 

respectively) were comparable to carbamate initial rates of hydrolysis in human liver S9 (70 

nmol/h/mg). Carbamate hydrolysis in human muscle S9 fractions (0.87 nmol/h/mg) is much 

slower than in liver compartments. In contrast, half-lives in mouse and rat plasma (1.2 and 0.28 

h, respectively) were significantly lower than in human plasma (16 h). This difference suggests 

that SDNs injected into mice or rats may be metabolized and cleared faster than in humans. As 
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a result, rodents may not represent the best preclinical model to investigate whether prodrug 

SDNs can sustain delivery of FTC over long timeframes. In an effort to identify an accessible 

preclinical model that may have more similar in vivo prodrug metabolism to humans, 

carbamate hydrolysis was evaluated in New Zealand white rabbit plasma. The calculated half-

life in rabbit plasma (7.6 h) suggests that prodrug cleavage will still be more rapid in rabbits 

relative to humans. However, the in vivo behavior in rabbits may better predict activity in 

humans. 

  

2.3. Measuring antiviral activity of prodrug 16 using single-round infectivity assays 

We anticipate the possibility that intact prodrug can penetrate target cells after release 

from the SDN.  Thus, one of the most efficiently hydrolyzed carbamate prodrugs 16 was carried 

forward to assess antiviral activity against pseudotype HIV-1 in single-round infectivity assays 

using target cells, CD4+ T lymphoblasts28. Pseudotype virus is modified by replacing the gene 

that encodes for the viral envelope necessary for virion production with a gene encoding for 

GFP containing an ER retention sequence29, allowing for cell visualization by flow cytometric 

analysis. The concentration of each prodrug that inhibited viral infection by 50% (inhibitory 

concentration – IC50) was determined (Fig. 2.6). The IC50 of parent FTC determined using this 

assay (14.1 ±5.7 nM) was found to be in close agreement with reported values, supporting the 

use of this assay to compare antiviral activity30. Interestingly, the IC50 value of FTC carbamate 16 

(39.4 ±17.6 nM) demonstrated that this prodrug was able to comparatively inhibit HIV 

infection. 
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Figure 2.6. Representative dose-response curves and average IC50 values for carbamate prodrug 

16 and FTC obtained from single-round infectivity assays of antiviral activity. Comparable 

potency is observed between 16 and FTC.  

 

The median-effect equation (Scheme 2.1) has been used to describe dose-response 

curves28,31. Although IC50 values are generally used as measures of activity, the dose-response 

curve slope is often ignored. Different classes of antiviral drugs have characteristic dose-

response curve slopes, related to their instantaneous inhibitory potential (IIP) describing the log 

increase in the inhibition of infectivity28. For the nucleotide reverse transcriptase inhibitors, this 

slope is close to 128. Median-effect parameters (fa = fraction of virus affected; fu = fraction of 

virus unaffected) were derived from single-round infectivity assays and used to determine 

whether the IIP of FTC matches what is expected. The IIP of prodrug 16 was also measured to 

determine whether its inhibitory mechanism matched that of FTC. A comparison of the plots in 

Fig. 2.7 demonstrates that the determined IIPs of both FTC and prodrug 16 are close to 1, 

indicating that prodrugs inhibit viral infection similarly to parent drug. 
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Scheme 2.1. Median-effect equation used to determine dose-response curve slope and 

instantaneous inhibitory potential. Abbv: fa = fraction of virus affected; fu = fraction of virus 

unaffected; m = slope; D = dose. 

 

 

Figure 2.7. Representative median-effect equation plots for carbamate prodrug 16 and FTC. 

Both 16 and FTC have instantaneous inhibitory potentials (IIPs) close to 1, indicating that their 

inhibitory mechanism is similar to that of NRTIs.  

 

It is possible that the medium used to culture human-blood derived CD4+ T cells, super T 

cell media (STCM) mixed with 50% complement-inactivated human serum to account for 

protein binding, may be sufficient to activate incubated prodrugs to parent FTC during the pre-

incubation period. To determine if sufficient prodrug activation can occur under these 

conditions, prodrug 16 was incubated with the prepared medium and evaluated via HPLC (Fig. 

2.8). Carbamate prodrug 16 was hydrolyzed to FTC with a half-life of about 18 h, a timeframe 

relevant to prodrug pre-incubation in the infectivity assay. Thus, any loss of activity observed 
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relative to parent FTC is likely reflective of incomplete prodrug activation in the medium, 

dependent on the location and kinetics of prodrug activation, suggesting that antiviral activity is 

dependent on prodrug hydrolysis to parent FTC.  

 

 

Figure 2.8. Plot of HPLC peak area vs. time (h) for carbamate prodrug 16 following incubation in 

well medium used to culture cells in single-round infectivity assays. Culture medium is sufficient 

for carbamate cleavage, yielding parent FTC with a half-life of 18 h. 

 

2.4. Solid drug nanoparticle (SDN) formulation screens 

To determine the suitability of candidate prodrugs for hydrophobic SDN formation, 

preliminary ETFD screens on prodrugs were carried out by Jay Hobson in Steven Rannard’s lab 

at the University of Liverpool. Seven polymer and six surfactant excipients were selected from 

the U.S. Food and Drug Administration Center for Drug Evaluation and Research Inactive 

Ingredient Database to use in the ETFD screen for SDN formation. The dispersed phases of the 

emulsions consisted of prodrug solutions in chloroform. The continuous phases of the 

emulsions were aqueous binary mixtures of polymers and surfactants. There were 42 possible 
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candidate SDNs for each of the 16 prodrugs, yielding a total of 672 possible SDNs at 10 wt. % 

prodrug loading relative to excipients in the lyophilized solid monolith. SDNs were re-dispersed 

and assessed using dynamic light scattering. SDN “hits” were defined by the following criteria: 

1) Z-average hydrodynamic diameter of <1000 nm (to meet the true definition of a 

nanoparticle), 2) polydispersity index (PDI) value (measuring the uniformity of a material 

distribution) is <0.4, 3) prodrug nanoparticles are able to disperse in water at a concentration of 

1 mg/mL, and 4) reproducible production with <5% variability. 

Across all prodrugs, a correlation was observed between clogP and the number of hits 

obtained out of these 42-condition screens (Fig. 2.9). While monosubstituted FTC carbamates 

9-16 were amenable to hydrophobic SDN formation, relatively few hits were observed 

compared to the number of hits observed for fully masked FTC prodrugs. While a similarly a low 

number of hits was observed for disubstituted carbamate/carbonate prodrugs 1-3, prodrugs 4-

8, which had the highest clogP values, yielded the greatest number of SDN hits. However, it 

should be noted that clogP does not fully correlate with an increasing number of SDN hits. 

Prodrug 16 has a similar clogP to prodrug 4, yet the two prodrugs gave considerably different 

outcomes in the ETFD screen. Despite similar clogPs, compound 16 still contains a free hydroxyl 

moiety that may freely interact with the aqueous phase of the emulsion, potentially resulting in 

a larger size distribution and higher PDI values. Although clogP may act as a predictive factor of 

SDN success, it will be important to take these values into context. 
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Figure 2.9. Hydrophobic solid drug nanoparticles screening of prodrugs 1-16 in 42 conditions at 

10 wt.% prodrug reveals a correlation between logP and the number of SDN hits obtained. 

 

Screens at 10 wt.% prodrug are an important preliminary step towards identifying suitable 

conditions for hydrophobic nanoparticle formation. However, low drug loadings are not 

amenable for low volume depot injections32. As a result, more advanced SDN screens in which 

drug loading was increased were performed (Fig. 2.10). Given the success of prodrugs 4-8 in 

preliminary ETFD screens, prodrugs 4, 6, and 8 were carried forward for this analysis. Screening 

at 50 wt.% prodrug produced 36 hits: 5 hits from 4, 14 hits from 6, and 17 hits from 8. Even 

more significantly, SDNs containing 70 wt.% prodrug were also produced with hits from 

prodrugs 4 and 8, but not 6. These results demonstrate that hydrophobic carbamate-based FTC 

prodrugs are amenable to SDN formation via ETFD. In addition, results from these screens 
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illustrate the complexity associated with predicting outcomes from ETFD screening and 

nanoparticle formation. 

 

Figure 2.10. SDN formulation screens via ETFD at increased drug loading. Representative plots 

comparing obtained Z-average diameter with different polymer/surfactant excipient 

combinations for prodrug 8 (left). SDN samples with 50 or 70 wt.% prodrug were produced 

from 4, 6, and 8 (right).  

 

2.5. In vitro prodrug release from higher drug-loaded SDNs 

At this stage of preclinical development, it is difficult to predict how in vivo drug release 

may occur from SDNs following intramuscular depot injections. This is primarily because there 
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are a wide variety of potential biological processes that may act on intact SDNs and/or free 

prodrug2,33. A simplified in vitro model system was designed to study the release of prodrug 8 

from SDN sample A (Fig. 2.11). SDN A represented a highly robust formulation and contained 

70 wt% prodrug 8; 20 wt% of the amphiphilic A-B-A block copolymer poly[(ethylene glycol)100-

block-poly(propylene glycol)56-block-poly(ethylene glycol)100], commercially known as Pluronic 

F127; and 10 wt% of the surfactant d-α-tocopheryl poly(ethylene glycol)22 succinate, 

commercially known as TPGS or Tocophersolan.  

 

Figure 2.11. Simplified diagram of an in vitro model experiment showing release of free prodrug 

8 (II) from SDN A, and subsequent enzymatic conversion of II to III, and III to FTC. 

 

In a model experiment to demonstrate that prodrug 8 can be slowly released from SDN A 

and enzymatically converted to FTC in human compartments (Fig. 2.11), SDNs were dispersed 

in water and subsequently suspended in muscle S9 fractions. The formation of FTC was 

monitored by HPLC over time. Two experimental approaches were employed. In Method 1, 

enzymatic reactions were quenched using a 3K MWCO centrifugal filter to remove 

nanoparticles and metabolizing enzymes. Control experiments demonstrated complete 
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recovery of FTC; however, intermediates II and III are retained on the filter. Thus, Method 1 

permits detection of FTC only over time. In Method 2, reaction aliquots were quenched with 

methanol to simultaneously dissolve remaining nanoparticles and precipitate S9 enzymes. HPLC 

analysis of supernatant permits visualization of prodrug, intermediate C and FTC, but does not 

distinguish between 8 as free prodrug (II) or as nanoparticle-bound (A).  

A variety of steps with associated rates are hypothesized to contribute to the measured 

rate of FTC formation under these assay conditions (Fig. 2.11). Steps include release of 8 from 

the SDN (k1); enzymatic cleavage of the carbonate moiety (k2), which is expected to be more 

rapid than carbamate hydrolysis based on in vitro experiments with unformulated prodrug; and 

enzymatic hydrolysis of the carbamate (k3) to generate parent FTC.  

In initial experiments, SDN A was suspended to a concentration of 0.8 mg/mL in muscle S9 

fractions. As illustrated in Fig. 2.12, significant accumulation of intermediate III is observed 

within 3 h using Method 2, and near-complete conversion of prodrug to FTC is achieved within 

48 h. The rate obtained for FTC formation in this scenario is lower than the rate of carbamate 

cleavage for unformulated prodrug 16 in muscle S9 fractions (0.44 nmol/h/mg vs. 0.87 

nmol/h/mg, respectively, Fig. 2.12). Despite this, the accumulation of intermediate III suggests 

that, under these conditions, carbamate hydrolysis, and not prodrug release from the SDN, is 

rate limiting. As expected, the rate of FTC formation measured using Method 1 (0.66 

nmol/h/mg) is comparable to that measured using Method 2.  
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Figure 2.12. HPLC stackplot and analysis of 0.8 mg/mL SDN A suspended in human muscle S9 

fractions exhibits behavior similar to unformulated prodrug. Accumulation of III is observed, 

suggesting that carbamate hydrolysis is rate-limiting. A methanol-quench method is used 

(Method 2).  

 

Intramuscular injections will use SDNs at high concentration to minimize injection volume. 

In order to mimic high nanoparticle concentrations with the depot site following intramuscular 

injection, experiments were repeated at a significantly higher SDN concentration (32 mg/mL) to 

ascertain the effect of SDN concentration on prodrug release (Fig. 2.13). In this case, Method 2 

was used to detect FTC and intermediate III. HPLC analysis demonstrates, under conditions of 

high SDN concentration, that FTC is generated over time without accumulation of intermediate 

III, and that a significant amount of intact prodrug (A + II) remains after 72 hours. Formation of 

FTC over time shows biphasic behavior in which there is a burst of FTC generated, followed by a 

lower rate of FTC formation. It is conceivable that the initial FTC burst arises from initial prodrug 
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release from the nanoparticle prior to saturation of the solution with prodrug. Faster prodrug 

release from smaller nanoparticles present in the dispersion may also contribute to this effect. 

Once the solution is saturated with prodrug, prodrug release from the SDN slows and a steady-

state prodrug concentration is reached as soluble prodrug is converted enzymatically to FTC in 

solution. The post-saturation rate of FTC formation could more closely mimic the conditions 

expected for SDNs in the intramuscular depot, helping to sustain concentrations of FTC over 

time. Interestingly, the rate of FTC formation under these apparent steady-state conditions 

(0.65 ± 0.14 nmol/h/mg, Fig. 2.13) is not significantly different (p-value > 0.05 in an unpaired 

one-tailed t-test) from the rate of carbamate hydrolysis from soluble prodrug 16 (0.87 ± 0.01 

nmol/h/mg, Table 2.2) at lower concentrations. Despite this, the biphasic nature of FTC release, 

coupled with the lack of accumulation of intermediate III, suggests that prodrug is slowly 

released from SDNs and subsequently undergo enzymatic activation to active FTC. 

 

Figure 2.13. HPLC stackplot and analysis of 32 mg/mL SDN A suspended in human muscle S9. 

Compared with data at lower concentrations, no accumulation of III is observed and 
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measurements of FTC concentration over time demonstrate biphasic behavior. Method 2 is also 

utilized here.  

While SDN behavior at high particle density is markedly different from that at lower 

density, when total prodrug concentrations are calculated using Method 2, the actual 

concentration obtained (~10-15 mM) does not match the concentration expected from SDNs at 

a concentration of 32 mg/mL (~40 mM). This suggests that the methanol quench used in 

Method 2 may not be sufficient to fully dissolve SDNs. To work around this problem, a third 

method was introduced. In Method 3, reaction mixture aliquots are diluted in phosphate buffer 

(0.1 M, pH 7.4) and centrifuged in order to pellet undissolved SDNs. The resulting supernatant 

should, in theory, only contain free prodrug released from SDNs. Like Method 2, the 

supernatant is quenched in methanol to precipitate muscle S9 proteins.  

When Method 3 was applied to SDN E (containing 50 wt.% prodrug 8 and the same 

excipients as SDN A), the same biphasic behavior was observed (Fig. 2.14). Like before, 

intermediate carbamate prodrug III did not grow in over time, suggesting that carbamate 

hydrolysis is not rate-limiting. However, the difference between the initial “burst” rate and the 

steady-state rate of FTC formation (4.9 vs 1.7 nmol/h/mg) was not as distinct as those 

previously observed in Fig. 2.13 (3.9 vs 0.65 nmol/h/mg). The reason for this change may be 

due to the different excipient composition or prodrug wt.% with SDN E vs. SDN A, or may result 

from protocol-specific differences.  
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Figure 2.14.  HPLC stackplot and analysis of 32 mg/mL SDN E suspended in human muscle S9 

using Method 3 in an attempt to pellet undissolved SDNs. No accumulation of III is observed 

and measurements of FTC concentration over time demonstrate biphasic behavior.  

 

With Method 3, the calculated starting concentration of prodrug 8 was approximately 2 

mM. It is possible that 5% of SDNs (with 40 mM total prodrug) immediately dissolve upon 

initiation of the reaction in muscle S9. However, it is also possible that a subset of SDNs can 

dissolve at each dilution step. A fourth method was thus employed in order to remove this 

variable. In Method 4, after suspension of SDNs in muscle S9, the reaction mixture is distributed 

across several tubes. At each time point, a tube is centrifuged to pellet SDNs and the resulting 

supernatant is quenched in methanol. The dilution step in phosphate buffer used in Method 3 

is thus omitted in Method 4. A summary of all methods employed to study in vitro prodrug 

release is visualized in Fig. 2.15.  
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Figure 2.15. A summary of Methods 1-4 used to analyze prodrug release from SDNs in vitro. 

 

Much like what has been observed with Methods 1-3, when Method 4 was applied to SDN 

A, there was a biphasic pattern of FTC formation and no intermediate carbamate III was formed 

(Fig. 2.16). Table 2.4 shows the rates calculated from each method. Interestingly, while the 

calculated burst rate value for FTC formation (1.9 nmol/h/mg) is lower than those calculated 

from other methods, the steady-state rate (0.46 nmol/h/mg) falls in line with what was 

previously calculated from Method 2. The reason for these observations is unclear, but may, 

again, be the result of protocol-specific differences.  
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Figure 2.16. HPLC stackplot and analysis of 32 mg/mL SDN A suspended in human muscle S9 

using Method 4 to avoid unnecessary dilution steps. As observed with all previous methods, no 

accumulation of III is observed and measurements of FTC concentration over time demonstrate 

biphasic behavior.   

 

 

Table 2.4. Comparison of the calculated “burst” and “steady-state” rates obtained from 

Methods 2-4. Although rates are on the same order of magnitude, the reason for observed 
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differences is unclear and may be protocol-specific, highlighting the complexity surrounding 

measurements of prodrug release in vitro. 

 

Although the dilution step has been removed in Method 4, high (~2 mM) starting material 

concentrations were still observed, suggesting the possibility that not all SDNs are pelleted 

during centrifugation and are carried through subsequent steps. The starting material 

concentration was also determined to increase over time. While prodrug release from SDNs 

may be one contributing factor, reaction mixture evaporation may also account for this 

phenomenon. In Method 4, the reaction mixture is distributed across several tubes with small 

volumes (~15 μL). Although o-ring sealed tubes are employed to reduce evaporation over the 

course of several days, it is still conceivable that the overall reaction mixture volume could be 

decreasing with time. While it is possible to use larger volumes, this would require the use of 

significant amounts of material. Starting material concentrations in Method 4 are similar to 

those observed with Method 3, while Method 4 presents the possibility of significant 

evaporation. Taken together, this suggests that Method 4 should not be used to probe in vitro 

prodrug release. 

  Although our simplified in vitro systems have been difficult to interpret for modeling 

prodrug release from SDNs, important information can be gleaned. These experiments 

demonstrated that high particle density will likely be required in order to more accurately 

model the intramuscular depot. In addition, despite the rate differences observed using 

Methods 2-4, a biphasic pattern of FTC formation and lack of accumulation of intermediate 

carbamate III were common features among all experiments. Taken together, these 
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observations are consistent with slow release of prodrug 8 (II) at high SDN concentrations (k1 is 

rate-limiting). This provides confidence for progression of higher-loaded SDNs to in vivo studies 

in preclinical models.   

 

2.6. In vivo pharmacokinetics of prodrug SDNs 

Higher loaded prodrug SDNs were carried forward for preclinical assessment to determine 

whether sustained delivery of parent FTC could be achieved in vivo. This work was carried out 

by Paul Curley at the University of Liverpool. 

 

2.6.1: Preliminary 7 day in vivo screens in rats 

An initial screen of the 12 candidate formulations A-L (Fig. 2.8) were conducted in Wistar 

rats, a readily accessible and inexpensive model. One rat per formulation was tested at this 

early stage of in vivo modeling. Rats were dosed via a singular intramuscular injection in the 

musculus biceps femoris to give 10 mg/kg parent FTC. Plasma samples were taken daily for 7 

days and analyzed using a validated LC-MS/MS assay to measure FTC concentration and PK 

parameters Cmax, Tmax, and AUC. Results of this preliminary screen are shown in Fig. 2.17 and 

Table 2.5.  
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Fig. 2.17. FTC plasma concentration (ng/mL) vs. time (h) plots following a single intramuscular 

injection of SDN formulations A-L, dosed to give 10 mg/kg FTC, in Wistar rats. Formulations I, J, 

and L provide sustained FTC plasma exposure over 7 days. 
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Table 2.5. Pharmacokinetic parameters (Cmax, Tmax, and AUC) of SDN formulations A-L generated 

following a singular intramuscular injection in Wistar rats and monitoring for 7 days.  

 

For 9 of the 12 formulations (A-H, K), the concentration of FTC fell below the limit of 

detection prior to completion of the experiment. This is represented by the relatively low AUC 

(<1000 ng/h/mL) and Cmax (<20 ng/mL) values, indicating that injection of SDNs did not yield 

high FTC exposure. The only exception to this is formulation K, which actually had the highest 

Cmax (88.57 ng/mL) and AUC (3960.61 ng/h/mL) values of all formulations tested. As shown in 

Fig. 2.17, although injection of formulation K yielded the highest plasma FTC concentration, 

that concentration was not sustained and fell below the limit of detection after 4 days, 

providing an unfavorable PK profile. 

In contrast, formulations I, J, and L demonstrated a favorable PK profile. FTC 

concentrations were sustained for the duration of the week, with the possibility for extension 
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beyond that timeframe. Compared with A-H, Cmax values were relatively high, and all AUCs were 

>3000 ng/h/mL. Formulations I, J, and L use either prodrug 6 or 8 at 50 wt.%. They are 

distinguished from the other formulations with the use of hydroxypropyl methylcellulose 

(Hypromellose. HPMC) as the polymer excipient, and either sodium deoxycholate (NDC) (I, J) or 

dioctylsulfosuccinate (AOT) (L) as the surfactant. While underlying the complexity of 

determining factors that yield optimal SDN properties, these results suggest that excipient 

choice may impact formulation integrity and prodrug release. 

 

2.6.2: 28 day in vivo analysis of candidate SDNs in rats 

Given the success of formulations I, J, and L in preliminary in vivo screens, these SDNs were 

moved forward for a longer-term 28 day in vivo analysis in Wistar rats. Three rats were tested 

per formulation. Rats were dosed via two intramuscular injections (one per leg simultaneously) 

to yield 20 mg/kg FTC, double the amount given in the preliminary 7 day experiment. Plasma 

samples were taken at 1.5, 3, 6, 24, 48, 96, 168, 240, 336, 504, and 672 h; with FTC 

concentration and PK parameters measured as before. Results for this 28 day analysis are 

shown in Fig. 2.18 and Table 2.6. 
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Fig. 2.18. FTC plasma concentration (ng/mL) vs. time (h) plots following two simultaneous 

intramuscular injections of SDN formulations I, J, and L, dosed to give 20 mg/kg FTC, in Wistar 

rats. All three formulations sustain FTC plasma exposure for 14 days. 

 

 

Table 2.6. Pharmacokinetic parameters (Cmax, Tmax, and AUC) of SDN formulations I, J, and L 

generated following two intramuscular injections in Wistar rats and monitoring for 28 days.  

 

For all three formulations, the Cmax was reached after 6 h (I: 128  53 ng/mL; J: 91  40 

ng/mL; L: 119  21 ng/mL). In each case, the FTC plasma concentrations were detectable up to 

14 days (336 h). However, by 21 days (504 h), concentrations rapidly fell. It is possible that, at 

this point, the administered dose had been consumed, leading to rapid decreases in plasma 

concentration. The in vivo data presented here demonstrate that carbamate/carbonate 

prodrug SDNs can provide plasma exposure of FTC in Wistar rats for 14 days. It should be noted 
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that due to species differences in prodrug cleavage and renal clearance of FTC, it is possible 

that 14-day exposure in rats may translate to much longer exposures in humans.  

 

2.7. SAR around the 5’-OH of carbamate prodrug 16 

5’-carbonate FTC carbamate and carbamate prodrugs 1-16 represent a suitable strategy to 

decrease the aqueous solubility of FTC and enhance compatibility with ETFD SDN formulation 

approaches. While section 2.2 illustrated that 5’-carbonate cleavage is generally more rapid 

than carbamate cleavage; a true structure-activity relationship (SAR) study has yet to be 

conducted to determine functionalities that can be tolerated by esterases responsible for 

cleavage. Octyl carbamate prodrug 16 was employed as a starting point for these studies 

because it is one of the most efficiently cleaved carbamates in human compartments, and 

prodrug 8 (the precursor to 16) performed exceptionally well for generation of SDNs as well as 

in in vivo PK studies. A series of 5’-esters and carbonates were synthesized on octyl carbamate 

prodrug 16 using commercially available acid chlorides and chloroformates (Scheme 2.2). These 

compounds were evaluated for 5’-prodrug cleavage in human compartments: measuring initial 

rates in human liver and muscle, and half-lives in human plasma (Tables 2.7-2.8). 

 

 



94 
 

 

Scheme 2.2. Synthesis of 5’-carbonates and 5’-esters on octyl carbamate prodrug 16 for SAR 

analysis in physiologically relevant human compartments. 

 

 

Table 2.7. Kinetics of straight-alkyl chain 5’-carbonates and esters (1 mM) derived from prodrug 

16 were measured under conditions where the carbamate remains stable. Esters and shorter-

chain carbonates are preferentially cleaved. 
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Table 2.8. Kinetics of branched chain 5’-esters (1 mM) derived from prodrug 16 measured 

under conditions where the carbamate is stable. Light branching close to the cleavage site is 

tolerated. Heavier branching and greater distance between the site of branching and the 

cleavage site decreases hydrolysis efficiency. Kinetics of cholesteryl carbonate 32 were not 

measured due to insolubility in common organic solvents.  

 

Results from these kinetic analyses demonstrated substrate preferences and illustrated 

tolerated functionalities for esterase cleavage. Table 2.7 displays cleavage rates for straight-

chain carbonates and esters. Analysis of straight-alkyl chain carbonates, with chain lengths 

ranging from 1 to 8 carbons (8, 17-23), showed that shorter carbonates are more efficiently 
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cleaved in liver and muscle. However, the trends observed in plasma are flat with values 

ranging from 5-12 h. The hydrolysis rate of the 5’-pentyl ester (24) is higher in human liver and 

muscle relative to alkyl carbonate cleavage. This is not surprising given what is known about 

differences in stability between esters and carbonates. However, no significant differences in 

plasma half-life were observed. Branching was also explored in this study (Table 2.8, work 

performed by Stephanie Henriquez). Hydrolysis of the 5’-isobutyl ester (25) was most rapid of 

any prodrug tested thus far, suggesting that light branching is well tolerated for esterase 

activity. When branching is extended, even by one carbon, the rates are much lower and 

plasma half-life is much higher, as was observed for the 5’-isopentyl ester (26). If the level of 

branching is increased from the 5’-isobutyl ester (25) to the 5’-pivaloyl group (27), rates of 

prodrug cleavage are also significantly decreased, suggesting that it is not tolerated by 

esterases. The trend observed between compounds 25 and 26 was also observed between 27 

and 28, the 5’-(3,3-dimethylbutanoyl prodrug). Heavier branching was already less well 

tolerated. A one carbon extension away from the cleavage site ablates activity. No cleavage was 

observed in any condition for prodrug 28 even after incubation for 48 h. Ring structures were 

also explored. Interestingly, the 5-cyclohexoyl prodrug (29) exhibited higher cleavage rates in 

liver and muscle and a shorter half-life in plasma than any straight-alkyl chain carbonate. 

However, supporting the previously observed trend with branching, the 5’-acetylcyclohexoyl 

prodrug (30) had much lower cleavage rates in all conditions. The 5’-adamantoyl prodrug (31) 

was hydrolyzed with low efficiency in liver and muscle S9, but exhibited a very long plasma half-

life. Lastly, the 5’-cholesteryl carbonate (32), though successfully synthesized, and representing 

a strategy to significantly decrease aqueous solubility over parent drug, could not be evaluated 
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for prodrug activation. Prodrug 32 was insoluble in common organic solvents that would be 

used for testing, including DMSO, methanol, and acetonitrile. These 5’-SAR studies suggest that 

branching in close proximity to the cleavage site can be tolerated by esterases responsible for 

prodrug cleavage. However, increasing the distance between the site of cleavage and the site of 

branching decreases the efficiency of hydrolysis. 

 

2.8. Bis(FTC carbamate) prodrugs 

To further explore modifications at the 5’-OH, prodrugs that link two molecules of FTC octyl 

carbamate 16 were developed. These bis(FTC carbamate) prodrugs would permit the delivery 

of two molecules of FTC from the same scaffold. In addition, these dimerization strategies may 

support the creation of polymer of prodrug structures as another potential strategy for long-

acting delivery.  

 

Scheme 2.3. Synthesis of bis(carbamate) dimers prepared using octyl carbamate FTC prodrug 

16 and carbonate linkers of different lengths.  
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FTC carbamate dimers were prepared by linking together two equivalents of 16 with 

commercially available or synthetically prepared bis(chloroformates) (Scheme 2.3). The 

ethylene carbonate linked dimer (33) was synthesized using commercially available ethylene 

bis(chloroformate) (Sigma-Aldrich). However, the bis(chloroformate) used to prepare the 

butylene carbonate linked dimer (34) was synthesized via a phosgenation reaction of 1,4-

butanediol. The different linker chemistries are hypothesized to change the metabolic profile of 

each dimer. The ethylene dimer 33 is expected to self-immolate after initial alcohol liberation. 

This linker length would allow for the favorable formation of a 5-membered ring via 

intramolecular attack, releasing both equivalents of the FTC octyl carbamate 16 (Fig. 2.19). In 

contrast, for butylene dimer 34, intramolecular attack is not expected following initial 

enzymatic alcohol release due to changes in linker length that would lead to less-favorable 

formation of a 7-membered ring. In this case, each cleavage step is therefore expected to occur 

separately by esterases (Fig. 2.20).  
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Fig. 2.19. Proposed esterase-mediated hydrolysis pathway of ethylene carbonate-linked dimer 

33 to FTC. It is expected that after initial carbonate cleavage, the liberate alcohol will be poised 

for rapid intramolecular attack. 

 

 

Fig. 2.20. Proposed esterase-mediated hydrolysis pathway of butylene carbonate-linked dimer 

34 to FTC. It is expected, that the linker length will preclude intramolecular attack. As a result, 

each cleavage step is expected to occur separately. 
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Both dimers were subjected to hydrolysis conditions in human liver, muscle, and plasma. 

The metabolic profiles observed by HPLC support our proposed hypotheses. For the ethylene 

dimer 33, only three species were observed: the starting material dimer (A), the intermediate 

octyl carbamate 16 (C), and FTC (Fig. 2.21). For the butylene dimer 34, five species were 

observed including the FTC carbamate (B, Fig. 2.22) and free base species attached to the 

carbonate linker (D) (Fig. 2.22). Initial rates looking at depletion of starting material are the 

lowest observed for any compounds in the 5’-OH SAR series (Table 2.9). Rates and half-lives in 

muscle and plasma, respectively, seem to mostly reflect depletion of starting material as 

significant growth of FTC is not observed in those conditions.    
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Fig. 2.21. Representative HPLC stackplot at 305 nm showing metabolism of dimer 33 in 4.0 

mg/mL pooled, mixed gender human liver. As predicted, only species A, C, and FTC are 

observed. B is likely not observed due to rapid intramolecular attack. 
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Fig. 2.22. Representative HPLC stackplot at 305 nm showing metabolism of dimer 34 in 4.0 

mg/mL pooled, mixed gender human liver. All species, A-D and FTC are observed in this 

reaction, demonstrating that changing the linker length can alter the compound metabolic 

profile. 

 

 

Table 2.9. Initial rates (in human liver and muscle S9 fractions) and half-lives in plasma for 

dimers 33 and 34. Because significant growth of FTC is not observed in muscle and plasma, 

those rates and half-lives primarily reflect depletion of starting material. 
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Discussion 

The design for carbamate prodrugs was based primarily on the structurally similar 5-

fluorouracil prodrug capecitabine. The structure of capecitabine was optimized to maximize 

oral bioavailability and enhance plasma half-life relative to parent drug11. Although other 

longer-chain carbamates exhibited similar susceptibility to cleavage in liver tissue, capecitabine 

was ultimately selected because its in vivo pharmacokinetic profile demonstrated the highest 

area under the curve (AUC) and maximum concentration (Cmax) levels for doxifluridine, an 

intermediary prodrug of 5-fluorouracil11. However, unlike orally administered capecitabine, 

SDNs of FTC carbamates would be delivered via intramuscular injection. As a consequence, 

prodrugs released from nanoparticles within the intramuscular depot will not undergo first-pass 

metabolism in the liver, although it is expected that liver tissue may be reached after entry into 

systemic circulation. The successful clinical use of capecitabine provided strong support to 

explore substrate specificity and physiochemical properties of FTC carbamates in various 

physiologically relevant compartments. 

Biochemical data presented in this study highlights that carbamates from prodrugs 9-16 

are most efficiently hydrolyzed in the liver. The reduced electrophilicity of the carbamate 

carbonyl markedly enhances stability relative to the analogous carbonate or ester. It is 

unsurprising that the primary site of metabolism contains enzymes sufficient for prodrug 

activation. Similar data obtained in plasma and muscle S9 fractions not only suggests that total 

esterase concentration in those compartments is significantly lower than that found within the 

liver. Indeed, the pentyl carbamate of capecitabine is purportedly hydrolyzed by human 

carboxylesterase 1 (CES1)11,13,14. Although CES1 is found in several tissues throughout the body, 
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the highest levels are found in the liver34-36. Studies of CES1 substrate specificity suggest that 

while compounds with smaller alcohol groups and larger acyl groups are preferred34,37, the 

enzyme adopts a conformationally relaxed active site that allows recognition of a wide variety 

of substrates irrespective of the size of the alcohol group34,38,39. In contrast, the other major 

isozyme, CES2, is mostly expressed outside of the liver40,41, and prefers substrates with larger 

alcohol groups and smaller acyl groups34,42. The structure of FTC carbamate prodrugs fits the 

CES1 substrate profile and thus supports enhanced prodrug activation in the liver relative to 

other compartments. In addition, biochemical data also demonstrates that longer carbamate 

alkyl chains enhance cleavage efficiency in the liver. This trend was also observed in plasma and 

muscle S9 fractions suggesting the presence of esterases that cleave FTC carbamates with some 

specificity.  

As previously noted, carbonates have greater lability relative to the corresponding 

carbamates43. This is supported by biochemical data where plasma half-lives and initial rates in 

muscle and liver S9 fractions for carbonates in 1-8 demonstrate faster enzymatic cleavage than 

the carbamates 9-16. In this case, the longest plasma half-life and lowest initial rates were 

observed for the octyl carbonate in 8. It is possible that the steric bulk is negatively impacting 

either the esterase catalytic efficiency, substrate recognition, or a combination of the two. As 

steric bulk is reduced, half-lives decrease and initial rates increase until a maximum is reached 

for the propyl carbonate in 3. Much like in the carbamate series, rates are reduced for the 

shortest members of the series, 1 and 2. However, these described trends do not solely result 

from changing the structure of the carbonate moiety. The corresponding carbamate also 

exhibits changes in structure moving from 1 to 8. The possibility that the carbamate 
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functionality may have effects on substrate binding cannot be ruled out. Despite these trends, 

the rates of carbonate cleavage at all chain lengths are markedly more rapid than those for 

carbamate cleavage. This suggests that for 1-8, carbamate cleavage will likely be the rate-

limiting step en route to FTC.  

Carbamate prodrug 16 was also assessed in human compartments plus exogenous 

cofactors in vitro to assess the potential for off-target metabolism and possible toxicity in vivo. 

Although highly toxic metabolic byproducts are possible, it is unlikely that they will accumulate 

to significant levels in tissues. Drugs delivered orally and absorbed through the gut reach the 

liver via the portal vein and undergo first-pass metabolism44. Prodrug nanoparticles are 

formulated for delivery via intramuscular depot. Although a proportion of prodrugs may reach 

the liver after entering systemic circulation2, it is expected that liver metabolism will be greatly 

reduced relative to that for orally-given drugs. As a result, experiments in liver fractions with 

exogenous cofactors may actually represent an overestimation of possible metabolism in vivo. 

Beyond human compartments, carbamate prodrug 13 was also assessed in animal 

compartments in order to guide studies in preclinical models. At this early stage of 

development, cost and accessibility are the primary determining factors for animal model 

selection. While mice, rats, and rabbits fit the criteria, the trade-off is that species differences in 

metabolism may be significant, precluding accurate predictions for translation into humans. 

Results suggested that carbamate metabolism in mice and rats would be much more rapid than 

that in humans. Although metabolism in rabbits was also more rapid than human metabolism, 

the calculated rates suggested that rabbits would be better predictors in vivo of activity in 

humans relative to rodent species. It should be noted, however, that these experiments were 
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carried out in vitro. Calculated rates only factor in esterases responsible for cleavage. As 

discussed in section 1.3.4, there are several possible fates for nanoparticles in vivo and species 

differences, such as changes in the lymphatic system and/or capillary architecture, may alter 

these fates. It is thus important for in vivo studies to monitor nanoparticle and prodrug 

behavior in order to adequately assess whether formulations can be safely translated to human 

clinical trials. 

Single-round infectivity assays assess the ability of test compounds to inhibit viral 

replication inside host cells28,29. Pseudotype HIV-1 used in these experiments is not viable for 

infection because it encodes an incomplete envelope protein in favor of an ER-retained GFP 

that allows for visualization by flow cytometry28,29. These virions can thus only go through one-

round of infection. As a consequence, test compounds must be preincubated with the activated 

cells prior to viral challenge28,29. This is especially true for NRTIs which must be enzymatically 

converted to the requisite triphosphates for inhibition28,29,45,46. In addition to showcasing the 

potential of these prodrugs incorporated into nanoparticles for treatment, these results also 

highlight their potential utility in pre-exposure prophylaxis. This is unsurprising given the 

current use of emtricitabine in prophylactics Truvada and Descovy47,48. Antiviral assays coupled 

with assessments of prodrug activation in the culture medium strongly suggested that 

carbamate prodrug 16 itself was not the active agent, but rather FTC released following 

cleavage of the pro-moiety. Heat inactivation of human serum in these experiments is intended 

to remove the complement system49. Although it is possible that heat treatment would be 

sufficient to inactivate esterases responsible for prodrug activation, results presented here 
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demonstrated that this was not the case with the calculated half-life matching the timeline of 

test compound preincubation.  

Nanoparticle screening via ETFD demonstrated that carbamate-based prodrugs were 

suitable for formulation into SDNs. It is expected that the best hits to emerge from these 

screens would display monomodal particle size distributions with near-monodisperse 

distributions (polydispersity index <0.2) as these criteria were expected to confer predictable 

drug release. There was a correlation between prodrug clogP and the number of SDN hits 

generated for prodrugs 1-8, but not for 9-16. This suggests that while clogP values may act as a 

predictor for success in SDN generator, it is also important to recognize these values in the 

context of prodrug structure. Although prodrugs 4 and 16 have very similar clogP values, the 

former yielded many more hits than the latter. Carbamate-only prodrugs 9-16 contain a free 

hydroxyl group that may freely interact with water and other polar molecules present in the 

emulsion. These interactions can significantly affect particle size, leading to increases in 

polydispersity index beyond the 0.5 cutoff in our hits criteria. Prodrugs 1-8 lack this free 

hydroxyl group, reducing such potential complications.    

Due to the myriad possible biological processes that can occur following intramuscular 

administration, it is difficult to model in vivo drug release using an in vitro model. Muscle S9 is a 

subcellular fraction composed of intracellular compartments. Because SDNs are not expected 

to enter muscle tissue, the use of muscle S9 fractions may not accurately represent in vivo 

behavior. Our system also cannot be used to model the speed of tissue absorption of the 

aqueous vehicle or the size and shape of the depot, both of which can affect clinical 

outcomes50. The goal of our in vitro assays was to inform at a basic level about the potential for 
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prodrug SDNs to demonstrate sustained release of prodrug at high concentrations, mimicking 

concentrations expected in the depot.  

In vitro pharmacokinetic analysis of SDN A, containing 70 wt.% prodrug  8, at high initial 

SDN density provided a proof of concept for delivery of FTC from SDNs of FTC prodrugs. 

Variability in calculated rates suggested that changes to the protocol may affect SDN behavior, 

making our in vitro model difficult to interpret. There are several variables not accounted for in 

our closed system. Prodrugs released from SDNs in the depot have several potential fates. One 

possibility is for molecules to diffuse through muscle tissue and enter systemic circulation via 

blood vessels51. However, it is possible for compounds with higher lipophilicity to diffuse 

through the lymphatic system, which is well associated with muscle tissue50,52-54. Indeed, this is 

further supported by reports of granuloma formation around microsuspensions of paliperidone 

palmitate injected intramuscularly in rats52. This latter scenario would impact the 

pharmacokinetics, modulating release and clearance rates, potentially allowing for longer 

sustained delivery of drugs50,52,54. In addition, CD4+ T cells acting as target cells for HIV infection 

migrate through the lymphatic vessels55. Thus the possibility of lymphatic diffusion may provide 

released FTC with direct access to its target. Pharmacokinetic analysis in preclinical models in 

vivo can help to elucidate some of the questions unanswered by these in vitro experiments.  

In vivo PK experiments of SDNs A-L in Wistar rats revealed three formulations (I, J, L) that 

sustained delivery of parent FTC for up to 14 days. SDNs A-L differ in prodrug, prodrug loading, 

and excipient selection. Any one or a combination of these factors may contribute to their 

differential activity in vivo56,57. Prodrug clogP can affect the release rate from the nanoparticle, 

with higher clogP typically reducing the rate of release into an aqueous environment57. No SDNs 
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involving prodrug 4 (B, C, F) demonstrated sustained release of FTC, suggesting the possibility 

that the clogP of 4 is too low.  Granuloma formation around injected SDNs may also contribute 

to longer-acting activity and may be dictated by the excipients used52,56. SDNs I, J, and L use 

HPMC and either NDC (I and J), or AOT (L) as the excipients, differentiating them from SDNs A-

H. This combination of excipients may attract macrophages. SDN K, however, also uses HPMC 

and AOT as excipients. The use of 6 instead of 8 distinguishes it from SDN L, underlying the 

complexity of predicting conditions for optimal formulations.  

In 28 day in vivo experiments, the SDN concentration in injected suspensions was double 

that used for 7 day in vivo screening. The higher concentration yielded an increased suspension 

viscosity, requiring greater force for injection. As a result, it is possible that some SDNs may 

have been pushed straight through muscle tissue upon injection, affecting the 

pharmacokinetics. This should also be considered if these SDNs are translated to humans. The 

increased injection force may be prohibitive for patients, reducing the utility of prodrug SDNs as 

a viable treatment option51. To work around this viscosity problem, it may be possible to 

increase the number of injections. However, this may also be prohibitive. It will be necessary to 

find an optimal balance between the number of injections and their viscosity when considering 

dosage in humans. 

As previously mentioned, rats may not be the best experimental model to predict SDN 

behavior in humans due to faster prodrug metabolism and other biological differences26,27. This 

is corroborated by in vitro experimental data. Because of this, it is possible that SDNs may 

actually yield an even longer duration of action in humans. Future in vivo experiments will be 

performed in New Zealand white rabbits, based on in vitro data, to see whether longer-acting 
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activity is observed. Future work will also focus on testing prodrug SDNs in humanized animal 

models of infection to observe whether viral loads can be suppressed. 

Structure-activity relationship studies were conducted on the 5’-OH of 16 to observe direct 

impacts different groups have on the enzymatic activation rate. While shorter straight alkyl-

chain carbonates were cleaved faster than longer chains in liver and muscle, the change in half-

life in human plasma was flat. This suggests that esterases present in human plasma are not as 

susceptible to changes in chain length off the 5’-position. Although generally, branching is 

expected to reduce the rate of cleavage due to steric bulk, it is possible that for isobutyl ester 

25, the level of branching is still accommodated by esterase active sites. This, however, was not 

true of pivaloyl ester 27. Conversion to a t-butyl group significantly ablated esterase activity in 

all human compartments, yielding rates that were nearly as low as those for carbamate 

cleavage. One carbon shifts of the branched moieties away from the cleavage site, as in 26 and 

28, also reduced rates, providing additional implications for esterase active site structure. Given 

this data, it is surprising that cyclohexyl ester 29 is also cleaved relatively rapidly compared to 

compounds 26-28. The ring structure may be responsible for the observation of rates lower 

than for isobutyl ester 25. The cholesterol carbonate prodrug 32 was not tested in any 

condition due to insolubility in common organic solvents that would be used in biological 

reactions, including DMSO, methanol, and acetonitrile. However, given the data observed with 

branched prodrugs 26-28, and 30-31, it seems likely that cleavage rates for the cholesterol 

moiety would be low relative to straight-chain carbonates. In addition, the potential side effects 

associated with elevated serum cholesterol makes prodrug 32 a less than ideal candidate to 
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advance forward. In conjunction with information from SDN formulation screens and in vivo 

data, these results can be used to guide the design of future prodrug strategies.  

Prodrug dimers 33 and 34 were also synthesized and evaluated in vitro to determine the 

possibility of delivering two molecules of FTC on the same scaffold. The cleavage rates obtained 

for 33 and 34 in liver and muscle fractions were the lowest observed for any compound tested 

thus far. It is interesting that changes in the metabolic profile did not yield significant changes in 

the cleavage rate and half-life between 33 and 34 in muscle and plasma, respectively. These 

prodrug dimers are sterically hindered molecules. It is likely that esterases may have trouble 

accessing potential cleavage sites, leading to reductions in rate. The new molecular shapes and 

linker lengths may also affect substrate specificity for the octyl carbamate moiety, leading to 

even further rate reductions. To determine whether these strategies are feasible for long-acting 

delivery, it will be necessary to observe whether these dimers are amenable to hydrophobic 

SDN formation and can demonstrate slow release. If successful, these strategies may be used to 

produce prodrugs that link two different drugs, such as FTC and TAF, on the same molecule. 

 

Conclusion 

This report has described the design, synthesis, and evaluation of carbamate-based FTC 

prodrugs that are amenable to hydrophobic SDN formation for use in LAI-ARV applications. 

These dosing strategies are expected to significantly improve patient adherence. Results from 

prodrug activation studies show that carbamates are most efficiently activated in the liver, 

although some cleavage may be observed in plasma and muscle tissue, while carbonates are 

more efficiently cleaved in all human compartments. When prodrug 16 was assessed in antiviral 
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assays looking for sufficient inhibition of viral replication, comparable potency to parent FTC 

was observed. Our data indicates that activity does not stem from intact prodrugs as new 

chemical entities, but requires prodrug hydrolysis to parent FTC.  Furthermore, SDN screens of 

compounds 1-16 demonstrated that these prodrugs support formation of SDNs with favorable 

properties with a correlation between clogP and the number of hits obtained. In vivo work has 

revealed three prodrug SDN formulations that provide sustained delivery of parent FTC for up 

to 14 days. These results illustrate the promise of this approach towards developing LAI-ARVs. 

Future work will focus on applying the prodrug strategies and technologies used on FTC to 

other NRTIs using results obtained from FTC as a benchmark.  

 

Experimental 

General 

Unless otherwise noted, all reagents were obtained from commercial suppliers and used 

without further purification.  Dichloromethane was distilled after drying over CaH2. Reaction 

yields refer to the purified products. Compound purification was carried out on a Biotage 

Isolera One flash chromatography system with indicated solvent mixtures and gradients. Elution 

was monitored by UV detection. Thin layer chromatography (TLC) was performed using 250 μm 

w/h F254 plates. 1H and 13C NMR spectra were acquired on a Bruker Avance III 500 

spectrometer operating at 500 MHz for 1H and 126 MHz for 13C. Chemical shift values are 

reported as δ (ppm) relative to CHCl3 at δ 7.27 ppm, MeOH at δ 3.31 ppm, and DMSO at δ 2.50 

ppm for 1H NMR. Mass spectrometry analysis was performed on a Thermo Q-Exactive (ESI 

ionization with orbitrap mass analyzer). The purity of synthesized compounds is ≥95% as 
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analyzed by HPLC (Beckman Gold Nouveau System Gold) on a C18 column (Grace Altima, 3 µm 

C18 analytical Rocket® column, 53 mm × 7 mm) using the following method: 0% to 100% B over 

10 minutes at a flow rate of 3 mL min-1 (solvent A: Et3NHOAc (50 mM, pH 8), solvent B: 

acetonitrile). Unless otherwise noted, all HPLC analyses were performed using the following 

method: 0% to 100% B over 10 minutes at a flow rate of 3 mL min-1 (solvent A: Et3NHOAc (50 

mM, pH 8), solvent B: acetonitrile).  

Synthesis 

General Procedure for Synthesis of 5’-Alkoxycarbonyl FTC Carbamates (1-8): In a flame-dried 

25 mL round-bottom flask, cooled under argon, FTC (1.0 eq., 0.5 M) was suspended in DCM. 

Pyridine (3.0 eq., 1.5 M) was then added to the flask, and the resulting mixture was cooled to 0 

°C in an ice-water bath. The reaction was initiated by the dropwise addition of the alkyl 

chloroformate (2.1 eq., 1.05 M). The reaction mixture was allowed to warm to room 

temperature with stirring. The reaction was deemed complete after 3 hours as monitored by 

TLC. Volatiles were removed from the reaction mixture under reduced pressure. The resulting 

residue was purified via silica flash chromatography (30% EtOAc in Hexanes for 5 minutes, then 

30-100% EtOAc over 6 minutes, then 100% EtOAc for 3 minutes). 

 

Methyl (5-fluoro-1-((2R,5S)-2-(((methoxycarbonyl)oxy)methyl)-1,3-oxathiolan-5-yl)-2-oxo-1,2-

dihydropyrimidin-4-yl)carbamate (1):  262 mg of colorless waxy solid (68%). m.p.: 97-103 °C. 1H 

NMR (500 MHz, CD3OD) δ ppm 3.34 (br. s., 1 H) 3.63 (dd, J=12.50, 5.27 Hz, 1 H) 3.77 - 3.84 (m, 6 

H) 4.54 - 4.70 (m, 2 H) 5.49 (br. s., 1 H) 6.26 (br. s., 1 H) 8.33 (d, J=6.45 Hz, 1 H). HRMS (ESI) m/z: 
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calc’d 364.0609 [M+H]+, 386.0429 [M+Na]+; found 364.0601, 386.0420. RP-HPLC retention time 

(0% to 100% B over 5 minutes): 3.0 min. 

 

Ethyl (1-((2R,5S)-2-(((ethoxycarbonyl)oxy)methyl)-1,3-oxathiolan-5-yl)-5-fluoro-2-oxo-1,2-

dihydropyrimidin-4-yl)carbamate (2): 551 mg of colorless waxy solid (89%). 1H NMR (500 MHz, 

CDCl3) δ ppm 1.30 - 1.39 (m, 6 H) 3.21 (d, J=10.38 Hz, 1 H) 3.53 (d, J=6.92 Hz, 1 H) 4.25 (q, J=7.07 

Hz, 4 H) 4.57 (br. s., 2 H) 5.39 (t, J=3.22 Hz, 1 H) 6.31 (br. s., 1 H) 8.01 (br. s., 1 H) 12.08 (br. s., 1 

H). HRMS (ESI) m/z: calc’d 392.0922 [M+H]+, 414.0742 [M+Na]+; found 392.0912, 414.0732. RP-

HPLC retention time (0% to 100% B over 5 minutes): 3.4 min. 

 

Propyl (5-fluoro-2-oxo-1-((2R,5S)-2-(((propoxycarbonyl)oxy)methyl)-1,3-oxathiolan-5-yl)-1,2-

dihydropyrimidin-4-yl)carbamate (3): 741 mg of colorless waxy solid (88%). m.p.: 102-107 °C. 

1H NMR (500 MHz, CDCl3) δ ppm 0.98 (dt, J=11.00, 7.47 Hz, 6 H) 1.66 - 1.81 (m, 4 H) 3.21 (d, 

J=10.22 Hz, 1 H) 3.54 (br. s., 1 H) 4.16 (t, J=6.45 Hz, 4 H) 4.57 (br. s., 2 H) 5.39 (br. s., 1 H) 6.31 

(br. s., 1 H) 8.02 (br. s., 1 H) 12.10 (br. s., 1 H). HRMS (ESI) m/z: calc’d 420.1235 [M+H]+, 

442.1055 [M+Na]+; found 420.126, 442.1045. RP-HPLC retention time (0% to 100% B over 5 

minutes): 3.7 min. 

 

Butyl (1-((2R,5S)-2-(((butoxycarbonyl)oxy)methyl)-1,3-oxathiolan-5-yl)-5-fluoro-2-oxo-1,2-

dihydropyrimidin-4-yl)carbamate (4): 901 mg of colorless waxy solid (95%). 1H NMR (500 MHz, 

CDCl3) δ ppm 0.94 (td, J=7.39, 2.20 Hz, 6 H) 1.41 (tq, J=14.72, 7.43 Hz, 4 H) 3.20 (d, J=9.59 Hz, 1 

H) 3.53 (d, J=9.60 Hz, 1 H) 4.19 (t, J=6.68 Hz, 4 H) 4.56 (br. s., 2 H) 5.39 (t, J=3.22 Hz, 1 H) 6.30 
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(br. s., 1 H) 8.00 (br. s., 1 H) 12.09 (br. s., 1 H). HRMS (ESI) m/z: calc’d 448.1548 [M+H]+, 

470.1368 [M+Na]+; found 448.1551, 470.1367. RP-HPLC retention time (0% to 100% B over 5 

minutes): 4.2 min. 

 

Pentyl (5-fluoro-2-oxo-1-((2R,5S)-2-((((pentyloxy)carbonyl)oxy)methyl)-1,3-oxathiolan-5-yl)-

1,2-dihydropyrimidin-4-yl)carbamate (5): 1430 mg of ccolorless waxy solid (90%). m.p.: 103-

106 °C. 1H NMR (500 MHz, CDCl3) δ ppm 0.83 - 0.98 (m, 6 H) 1.29 - 1.44 (m, 8 H) 1.62 - 1.77 (m, 

4 H) 3.20 (d, J=10.38 Hz, 1 H) 3.53 (d, J=7.39 Hz, 1 H) 4.15 - 4.29 (m, 4 H) 4.56 (br. s., 2 H) 5.39 (t, 

J=3.22 Hz, 1 H) 6.30 (br. s., 1 H) 7.99 (br. s., 1 H) 12.10 (br. s., 1 H). HRMS (ESI) m/z: calc’d 

476.1861 [M+H]+, 498.1681 [M+Na]+; found 476.1853, 498.1669. RP-HPLC retention time (0% to 

100% B over 5 minutes): 4.6 min. 

 

Hexyl (5-fluoro-1-((2R,5S)-2-((((hexyloxy)carbonyl)oxy)methyl)-1,3-oxathiolan-5-yl)-2-oxo-1,2-

dihydropyrimidin-4-yl)carbamate (6): 904 mg of colorless waxy solid (95%). m.p.: 110 °C. 1H 

NMR (500 MHz, CDCl3) δ ppm 0.78 - 0.97 (m, 6 H) 1.21 - 1.45 (m, 12 H) 1.60 - 1.74 (m, 4 H) 3.19 

(d, J=9.90 Hz, 1 H) 3.53 (br. s., 1 H) 4.18 (t, J=6.68 Hz, 4 H) 4.47 - 4.69 (m, 2 H) 5.38 (t, J=3.22 Hz, 

1 H) 6.30 (br. s., 1 H) 7.99 (br. s., 1 H) 12.09 (br. s., 1 H). HRMS (ESI) m/z: calc’d 504.1274 

[M+H]+, 526.1994 [M+Na]+; found 504.2178, 526.1996. RP-HPLC retention time (0% to 100% B 

over 5 minutes): 5.1 min. 

 

Heptyl (5-fluoro-1-((2R,5S)-2-((((heptyloxy)carbonyl)oxy)methyl)-1,3-oxathiolan-5-yl)-2-oxo-

1,2-dihydropyrimidin-4-yl)carbamate (7): 1062 mg of colorless waxy solid (99%). 1H NMR (500 
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MHz, CDCl3) δ ppm 0.82 - 0.95 (m, 6 H) 1.18 - 1.43 (m, 16 H) 1.66 - 1.75 (m, 4 H) 3.20 (br. s., 1 H) 

3.53 (br. s., 1 H) 4.16 (t, J=6.30 Hz, 4 H) 4.56 (br. s., 2 H) 5.38 (t, J=3.30 Hz, 1 H) 6.30 (br. s., 1 H) 

7.99 (br. s., 1 H) 12.09 (br. s., 1 H). HRMS (ESI) m/z: calc’d 532.2487 [M+H]+, 554.2307 [M+Na]+; 

found 532.2480, 554.2296. RP-HPLC retention time (0% to 100% B over 5 minutes): 5.4 min. 

 

Octyl (5-fluoro-1-((2R,5S)-2-((((octyloxy)carbonyl)oxy)methyl)-1,3-oxathiolan-5-yl)-2-oxo-1,2-

dihydropyrimidin-4-yl)carbamate (8): 805 mg of colorless waxy solid (89%). m.p.: 216-218 °C. 

1H NMR (500 MHz, CDCl3) δ ppm 0.88 (t, J=1.00 Hz, 6 H) 1.21 - 1.42 (m, 20 H) 1.66 - 1.73 (m, 4 

H) 3.19 (d, J=10.38 Hz, 1 H) 3.53 (d, J=6.60 Hz, 1 H) 4.18 (t, J=6.40 Hz, 4 H) 4.56 (br. s., 2 H) 5.39 

(t, J=3.22 Hz, 1 H) 6.30 (br. s., 1 H) 7.99 (br. s., 1 H) 12.10 (br. s., 1 H). HRMS (ESI) m/z: calc’d 

560.2800 [M+H]+, 582.2620 [M+Na]+; found 560.2803, 582.2617. RP-HPLC retention time (0% to 

100% B over 5 minutes): 5.9 min. 

 

General Procedure for Synthesis of FTC Carbamates (9-16): In a 20 mL vial, the 5’-

alkoxycarbonyl FTC carbamate (1-8, 1.0 eq., 0.5 M) was dissolved in THF. Lithium hydroxide (5 

eq., 2.5 M) was then added to the vial. Water (~20 drops) was added to the mixture dropwise 

to enhance solubility of the mixture. The reaction mixture was stirred at room temperature and 

monitored by TLC. After stirring for 18 hours, the reaction was found to be complete by TLC. 

Volatiles were removed from the reaction mixture under reduced pressure. The resulting 

residue was purified via silica flash chromatography (3% MeOH in DCM for 8 minutes, then 3-

10% MeOH over 5 minutes, then 10% MeOH for 3 minutes). 
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Methyl (5-fluoro-1-((2R,5S)-2-(hydroxymethyl)-1,3-oxathiolan-5-yl)-2-oxo-1,2-

dihydropyrimidin-4-yl)carbamate (9): 24 mg of white solid (58%). m.p.: 85-89 °C. 1H NMR (500 

MHz, CD3OD) δ ppm 3.27 - 3.30 (m, 1 H) 3.61 (dd, J=12.58, 5.34 Hz, 1 H) 3.80 (s, 3 H) 3.90 (dd, 

J=12.81, 3.07 Hz, 1 H) 4.08 (dd, J=12.80, 2.80 Hz, 1 H) 5.33 (t, J=2.91 Hz, 1 H) 6.22 - 6.27 (m, 1 H) 

8.79 (d, J=6.76 Hz, 1 H). HRMS (ESI) m/z: calc’d 306.0554 [M+H]+, 328.0374 [M+Na]+; found 

306.0551, 328.0369. RP-HPLC retention time (0% to 100% B over 10 minutes): 3.0 min. 

 

Ethyl (5-fluoro-1-((2R,5S)-2-(hydroxymethyl)-1,3-oxathiolan-5-yl)-2-oxo-1,2-dihydropyrimidin-

4-yl)carbamate (10): 161 mg of white solid (59%). 1H NMR (500 MHz, CD3OD) δ ppm 1.32 (t, 

J=7.15 Hz, 3 H) 3.29 (dd, J=12.58, 2.83 Hz, 1 H) 3.60 (dd, J=12.42, 5.34 Hz, 1 H) 3.90 (dd, J=12.73, 

3.14 Hz, 1 H) 4.07 (dd, J=12.81, 2.91 Hz, 1 H) 4.24 (q, J=7.07 Hz, 2 H) 5.32 (t, J=2.99 Hz, 1 H) 6.24 

(ddd, J=4.95, 2.91, 1.57 Hz, 1 H) 8.70 (d, J=6.76 Hz, 1 H). HRMS (ESI) m/z: calc’d 320.0711 

[M+H]+, 342.0530 [M+Na]+; found 320.0707, 342.0526. RP-HPLC retention time (0% to 100% B 

over 10 minutes): 3.3 min. 

 

Propyl (5-fluoro-1-((2R,5S)-2-(hydroxymethyl)-1,3-oxathiolan-5-yl)-2-oxo-1,2-

dihydropyrimidin-4-yl)carbamate (11): 74 mg of white solid (46%). m.p.: 82-86 °C. 1H NMR (500 

MHz, CD3OD) δ ppm 0.99 (t, J=7.47 Hz, 3 H) 1.72 (sxt, J=7.14 Hz, 2 H) 3.26 - 3.30 (m, 1 H) 3.61 

(dd, J=12.58, 5.19 Hz, 1 H) 3.90 (dd, J=12.89, 2.99 Hz, 1 H) 4.08 (dd, J=12.81, 2.59 Hz, 1 H) 4.16 

(t, J=6.68 Hz, 2 H) 5.33 (t, J=2.91 Hz, 1 H) 6.24 (dt, J=3.07, 1.77 Hz, 1 H) 8.79 (br. s., 1 H). HRMS 

(ESI) m/z: calc’d 334.0867 [M+H]+, 356.0687 [M+Na]+; found 334.0864, 356.0683. RP-HPLC 

retention time (0% to 100% B over 10 minutes): 3.6 min. 
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Butyl (5-fluoro-1-((2R,5S)-2-(hydroxymethyl)-1,3-oxathiolan-5-yl)-2-oxo-1,2-dihydropyrimidin-

4-yl)carbamate (12): 134 mg of white solid (58%). m.p.: 47 °C. 1H NMR (500 MHz, CDCl3)  ppm 

0.89 (t, J=7.23 Hz, 3 H) 1.28 - 1.46 (m, 2 H) 1.53 - 1.72 (m, 2 H) 3.22 (d, J=12.26 Hz, 1 H) 3.48 (d, 

J=12.30 Hz, 1 H) 3.97 (d, J=11.00 Hz, 1 H) 4.06 - 4.26 (m, 3 H) 5.27 (br. s., 1 H) 6.20 (br. s., 1 H) 

8.55 (br. s., 1 H) 11.97 (br. s., 1 H). HRMS (ESI) m/z: calc’d 348.1024 [M+H]+, 370.0843 [M+Na]+; 

found 348.1017, 370.0837. RP-HPLC retention time (0% to 100% B over 10 minutes): 4.1 min. 

 

Pentyl (5-fluoro-1-((2R,5S)-2-(hydroxymethyl)-1,3-oxathiolan-5-yl)-2-oxo-1,2-

dihydropyrimidin-4-yl)carbamate (13): 750 mg of white solid (98%). m.p.: 44-47 °C 1H NMR 

(500 MHz, CDCl3) δ ppm 0.86 - 0.92 (m, 3 H) 1.26 - 1.42 (m, 4 H) 1.68 (quin, J=7.03 Hz, 2 H) 3.24 

(dd, J=12.58, 2.83 Hz, 1 H) 3.51 (br. s., 1 H) 3.91 - 4.06 (m, 1 H) 4.09 - 4.26 (m, 3 H) 5.30 (t, 

J=2.52 Hz, 1 H) 6.24 (ddd, J=4.99, 3.10, 1.34 Hz, 1 H) 8.52 (br. s., 1 H) 12.09 (br. s., 1 H). HRMS 

(ESI) m/z: calc’d 362.1180 [M+H]+, 384.1000 [M+Na]+; found 362.1174, 384.0993. RP-HPLC 

retention time (0% to 100% B over 10 minutes): 4.6 min. 

 

Hexyl (5-fluoro-1-((2R,5S)-2-(hydroxymethyl)-1,3-oxathiolan-5-yl)-2-oxo-1,2-

dihydropyrimidin-4-yl)carbamate (14): 87 mg of white solid (64%). m.p.: 46-49 °C. 1H NMR (500 

MHz, CDCl3) δ ppm 0.90 (t, J=7.00 Hz, 3 H) 1.26 - 1.47 (m, 6 H) 1.70 (quin, J=7.00 Hz, 2 H) 3.21 

(d, J=11.16 Hz, 1 H) 3.52 (d, J=8.02 Hz, 1 H) 3.97 (d, J=12.10 Hz, 1 H) 4.17 (br. s., 3 H) 5.33 (br. s., 

1 H) 6.30 (t, J=3.85 Hz, 1 H) 8.25 (br. s., 1 H) 12.11 (br. s., 1 H). HRMS (ESI) m/z: calc’d 376.1337 
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[M+H]+, 398.1156 [M+Na]+; found 376.1332, 398.1151. RP-HPLC retention time (0% to 100% B 

over 10 minutes): 4.9 min. 

 

Heptyl (5-fluoro-1-((2R,5S)-2-(hydroxymethyl)-1,3-oxathiolan-5-yl)-2-oxo-1,2-

dihydropyrimidin-4-yl)carbamate (15): 230 mg of white solid (67%). m.p.: 46 °C. 1H NMR (500 

MHz, CDCl3) δ ppm 0.85 (t, J=7.00 Hz, 3 H) 1.16 - 1.41 (m, 8 H) 1.65 (quin, J=6.50 Hz, 2 H) 3.23 

(dd, J=12.65, 2.75 Hz, 1 H) 3.50 (d, J=7.70 Hz, 1 H) 3.98 (dd, J=12.89, 2.83 Hz, 1 H) 4.08 - 4.24 (m, 

3 H) 5.28 (t, J=2.59 Hz, 1 H) 6.17 - 6.29 (m, 1 H) 8.55 (br. s., 1 H) 12.07 (br. s., 1 H). HRMS (ESI) 

m/z: calc’d 390.1493 [M+H]+, 412.1313 [M+Na]+; found 390.1488, 412.1307. RP-HPLC retention 

time (0% to 100% B over 10 minutes): 5.2 min. 

 

Octyl (5-fluoro-1-((2R,5S)-2-(hydroxymethyl)-1,3-oxathiolan-5-yl)-2-oxo-1,2-dihydropyrimidin-

4-yl)carbamate (16): 130 mg of white solid (81%). m.p.: 41-44 °C. 1H NMR (500 MHz, CDCl3) δ 

ppm 0.82 (t, J=6.60 Hz, 3 H) 1.16 - 1.37 (m, 10 H) 1.56 - 1.69 (m, 2 H) 3.20 (dd, J=12.42, 1.73 Hz, 

1 H) 3.47 (d, J=8.17 Hz, 1 H) 3.95 (dd, J=12.58, 1.57 Hz, 1 H) 4.08 - 4.21 (m, 3 H) 5.26 (br. s., 1 H) 

6.19 (br. s., 1 H) 8.55 (br. s., 1 H) 12.03 (br. s., 1 H). HRMS (ESI) m/z: calc’d 404.1650 [M+H]+, 

426.1469 [M+Na]+; found 404.1645, 426.1462. RP-HPLC retention time (0% to 100% B over 10 

minutes): 5.6 min. 

 

General Procedure for Synthesis of 5’-OH-Modified FTC Octyl Carbamate (17-32): In a flame-

dried 25 mL round-bottom flask, cooled under argon, FTC octyl carbamate (16, 1.0 eq., 0.2 M) is 

dissolved in THF. Dimethylaminopyridine (DMAP, 2.0 eq., 0.4 M) was then added to the flask, 
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and the resulting mixture was cooled to 0 °C in an ice-water bath. The reaction was initiated by 

the dropwise addition of the appropriate chloroformate or acid chloride (1.2 eq., 0.24 M). The 

reaction mixture was allowed to warm to room temperature with stirring. The reaction was 

deemed complete after 1 hour as monitored by TLC. Volatiles were removed from the reaction 

mixture under reduced pressure. The resulting residue was purified via silica flash 

chromatography (10 g silica column; 30% EtOAc in Hexanes for 5 column volumes, then 30-

100% EtOAc over 8 column volumes, then 100% EtOAc for 6 column volumes). 

 

Octyl (5-fluoro-1-((2R,5S)-2-((((methoxy)carbonyl)oxy)methyl)-1,3-oxathiolan-5-yl)-2-oxo-1,2-

dihydropyrimidin-4-yl)carbamate (17): 69.3 mg of colorless waxy solid (87%). 1H NMR (500 

MHz, CDCl3) δ ppm 0.89 (t, J=6.92 Hz, 3 H) 1.20 - 1.46 (m, 10 H) 1.66 - 1.78 (m, 2 H) 3.19 (d, 

J=9.27 Hz, 1 H) 3.52 (br. s., 1 H) 3.85 (s, 3 H) 4.12 - 4.30 (m, 2 H) 4.57 (br. s., 2 H) 5.39 (t, J=3.14 

Hz, 1 H) 6.31 (br. s., 1 H) 7.94 (br. s., 1 H) 12.10 (br. s., 1 H). RP-HPLC retention time (0% to 

100% B over 5 minutes): 4.5 min. 

 

Octyl (1-((2R,5S)-2-(((ethoxycarbonyl)oxy)methyl)-1,3-oxathiolan-5-yl)-5-fluoro-2-oxo-1,2-

dihydropyrimidin-4-yl)carbamate (18): 73.2 mg of colorless waxy solid (89%). 1H NMR (500 

MHz, CDCl3) δ ppm 0.89 (t, J=6.84 Hz, 3 H) 1.25 - 1.45 (m, 13 H) 1.71 (quin, J=7.15 Hz, 2 H) 3.20 

(d, J=11.00 Hz, 1 H) 3.53 (d, J=8.17 Hz, 1 H) 4.07 - 4.22 (m, 2 H) 4.26 (q, J=7.00 Hz, 2 H) 4.57 (br. 

s., 2 H) 5.39 (t, J=2.99 Hz, 1 H) 6.31 (br. s., 1 H) 8.01 (br. s., 1 H) 12.11 (br. s., 1 H). RP-HPLC 

retention time (0% to 100% B over 5 minutes): 4.5 min.
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Octyl (5-fluoro-2-oxo-1-((2R,5S)-2-(((propoxycarbonyl)oxy)methyl)-1,3-oxathiolan-5-yl)-1,2-

dihydropyrimidin-4-yl)carbamate (19): 42.5 mg of colorless waxy solid (78%). 1H NMR (500 

MHz, CDCl3) δ ppm 0.88 (t, J=6.76 Hz, 3 H) 0.96 (t, J=7.39 Hz, 3 H) 1.23 - 1.42 (m, 10 H) 1.65 - 

1.78 (m, 4 H) 3.21 (d, J=9.43 Hz, 1 H) 3.53 (br. s., 1 H) 4.10 - 4.26 (m, 4 H) 4.51 - 4.67 (m, 2 H) 

5.39 (t, J=2.99 Hz, 1 H) 6.30 (br. s., 1 H) 8.03 (br. s., 1 H) 12.10 (br. s., 1 H). RP-HPLC retention 

time (0% to 100% B over 5 minutes): 4.7 min. 

 

Octyl (1-((2R,5S)-2-(((butoxycarbonyl)oxy)methyl)-1,3-oxathiolan-5-yl)-5-fluoro-2-oxo-1,2-

dihydropyrimidin-4-yl)carbamate (20): 57.5 mg of colorless waxy solid (92%). 1H NMR (500 

MHz, CDCl3) δ ppm 0.89 (t, J=7.00 Hz, 3 H) 0.95 (t, J=7.00 Hz, 3 H) 1.20 - 1.50 (m, 12 H) 1.62 - 

1.79 (m, 4 H) 3.20 (d, J=11.16 Hz, 1 H) 3.54 (br. s., 1 H) 4.20 (t, J=6.60 Hz, 4 H) 4.57 (br. s., 2 H) 

5.39 (br. s., 1 H) 6.31 (br. s., 1 H) 8.01 (br. s., 1 H) 12.11 (br. s., 1 H). RP-HPLC retention time (0% 

to 100% B over 5 minutes): 5.2 min.

 

Octyl (5-fluoro-2-oxo-1-((2R,5S)-2-((((pentyloxy)carbonyl)oxy)methyl)-1,3-oxathiolan-5-yl)-

1,2-dihydropyrimidin-4-yl)carbamate (21): 59.4 mg of colorless waxy solid (93%). 1H NMR (500 

MHz, CDCl3) δ ppm 0.86 - 0.97 (m, 6 H) 1.19 - 1.48 (m, 14 H) 1.64 - 1.78 (m, 4 H) 3.21 (br. s., 1 H) 

3.54 (br. s., 1 H) 4.19 (t, J=6.60 Hz, 4 H) 4.56 (br. s., 2 H) 5.39 (d, J=2.83 Hz, 1 H) 6.31 (br. s., 1 H) 

8.00 (br. s., 1 H) 12.11 (br. s., 1 H). RP-HPLC retention time (0% to 100% B over 5 minutes): 5.6 

min. 
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Octyl (5-fluoro-1-((2R,5S)-2-((((hexyloxy)carbonyl)oxy)methyl)-1,3-oxathiolan-5-yl)-2-oxo-1,2-

dihydropyrimidin-4-yl)carbamate (22): 59.7 mg of colorless waxy solid (91%). 1H NMR (500 

MHz, CDCl3) δ ppm 0.87 - 0.97 (m, 6 H) 1.23 - 1.47 (m, 16 H) 1.70 (dt, J=10.77, 7.27 Hz, 4 H) 3.22 

(br. s., 1 H) 3.55 (br. s., 1 H) 4.08 - 4.33 (m, 4 H) 4.49 - 4.75 (m, 2 H) 5.39 (d, J=2.99 Hz, 1 H) 6.31 

(br. s., 1 H) 8.03 (br. s., 1 H) 12.12 (br. s., 1 H). RP-HPLC retention time (0% to 100% B over 5 

minutes): 5.1 min.

 

Octyl (5-fluoro-1-((2R,5S)-2-((((heptyloxy)carbonyl)oxy)methyl)-1,3-oxathiolan-5-yl)-2-oxo-

1,2-dihydropyrimidin-4-yl)carbamate (23): 46.4 mg of colorless waxy solid (83%). 1H NMR (500 

MHz, CDCl3) δ ppm 0.88 (t, J=6.92 Hz, 6 H) 1.22 - 1.44 (m, 18 H) 1.66 - 1.73 (m, 4 H) 3.21 (br. s., 

1 H) 3.54 (br. s., 1 H) 4.09 - 4.31 (m, 4 H) 4.48 - 4.67 (m, 2 H) 5.39 (t, J=3.22 Hz, 1 H) 6.30 (br. s., 

1 H) 8.00 (br. s., 1 H) 12.10 (br. s., 1 H) . RP-HPLC retention time (0% to 100% B over 5 minutes): 

5.6 min. 

 

((2R,5S)-5-(5-fluoro-4-(((octyloxy)carbonyl)amino)-2-oxopyrimidin-1(2H)-yl)-1,3-oxathiolan-2-

yl)methyl hexanoate (24): 48.9 mg of colorless waxy solid (79%). 1H NMR (500 MHz, CDCl3) δ 

ppm 0.89 (q, J=6.86 Hz, 6 H) 1.23 - 1.43 (m, 14 H) 1.62 - 1.77 (m, 4 H) 2.42 (t, J=7.55 Hz, 2 H) 

3.22 (d, J=11.63 Hz, 1 H) 3.56 (d, J=7.39 Hz, 1 H) 4.18 (br. s., 2 H) 4.47 (dd, J=12.65, 2.59 Hz, 1 H) 

4.64 (d, J=12.26 Hz, 1 H) 5.38 (br. s., 1 H) 6.29 (br. s., 1 H) 8.06 (br. s., 1 H) 12.11 (br. s., 1 H). RP-

HPLC retention time (0% to 100% B over 5 minutes): 5.0 min. 
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((2R,5S)-5-(5-fluoro-4-(((octyloxy)carbonyl)amino)-2-oxopyrimidin-1(2H)-yl)-1,3-oxathiolan-2-

yl)methyl isobutyrate (25): 17.6 mg of colorless waxy solid (74%). 1H NMR (500 MHz, CDCl3) δ 

ppm 0.85 - 0.94 (m, 3 H) 1.22 (d, J=7.07 Hz, 6 H) 1.25 - 1.44 (m, 10 H) 1.67 - 1.78 (m, 2 H) 2.66 

(dt, J=13.99, 7.00 Hz, 1 H) 3.21 (d, J=11.00 Hz, 1 H) 3.56 (d, J=8.02 Hz, 1 H) 4.17 (br. s., 2 H) 4.45 

(dd, J=12.73, 2.67 Hz, 1 H) 4.63 (d, J=11.63 Hz, 1 H) 5.39 (br. s., 1 H) 6.28 (br. s., 1 H) 8.01 (br. s., 

1 H) 12.11 (br. s., 1 H). RP-HPLC retention time (0% to 100% B over 5 minutes): 4.8 min. 

 

((2R,5S)-5-(5-fluoro-4-(((octyloxy)carbonyl)amino)-2-oxopyrimidin-1(2H)-yl)-1,3-oxathiolan-2-

yl)methyl 3-methylbutanoate (26): 19.6 mg of colorless waxy solid (80%). 1H NMR (500 MHz, 

CDCl3) δ ppm  0.84 - 0.92 (m, 3 H) 0.98 (d, J=6.60 Hz, 6 H) 1.23 - 1.44 (m, 10 H) 1.71 (quin, J=7.07 

Hz, 2 H) 2.14 (dt, J=13.56, 6.82 Hz, 1 H) 2.31 (d, J=7.07 Hz, 2 H) 3.22 (d, J=11.48 Hz, 1 H) 3.56 (d, 

J=7.70 Hz, 1 H) 4.18 (br. s., 2 H) 4.46 (d, J=12.58 Hz, 1 H) 4.66 (d, J=11.95 Hz, 1 H) 5.38 (br. s., 1 

H) 6.29 (br. s., 1 H) 8.08 (br. s., 1 H) 12.11 (br. s., 1 H). RP-HPLC retention time (0% to 100% B 

over 5 minutes): 4.8 min. 

 

((2R,5S)-5-(5-fluoro-4-(((octyloxy)carbonyl)amino)-2-oxopyrimidin-1(2H)-yl)-1,3-oxathiolan-2-

yl)methyl pivalate (27): 55.4 mg of colorless waxy solid (92%). 1H NMR (500 MHz, CDCl3) δ ppm 

0.88 (t, J=6.37 Hz, 3 H) 1.21 - 1.45 (m, 19 H) 1.69 - 1.75 (m, 2 H) 3.17 (d, J=10.53 Hz, 1 H) 3.56 

(br. s., 1 H) 4.17 (br. s., 2 H) 4.41 (d, J=12.42 Hz, 1 H) 4.60 (d, J=10.22 Hz, 1 H) 5.37 (br. s., 1 H) 

6.27 (br. s., 1 H) 7.86 (br. s., 1 H) 12.10 (br. s., 1 H). RP-HPLC retention time (0% to 100% B over 

5 minutes): 4.9 min. 
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((2R,5S)-5-(5-fluoro-4-(((octyloxy)carbonyl)amino)-2-oxopyrimidin-1(2H)-yl)-1,3-oxathiolan-2-

yl)methyl 3,3-dimethylbutanoate (28): 21.9 mg of colorless waxy solid (87%). 1H NMR (500 

MHz, CDCl3) δ ppm 0.88 (t, J=6.21 Hz, 3 H) 1.06 (s, 9 H) 1.25 - 1.43 (m, 11 H) 1.67 - 1.77 (m, 2 H) 

2.32 (s, 2 H) 3.22 (d, J=11.95 Hz, 1 H) 3.56 (d, J=8.33 Hz, 1 H) 4.17 (br. s., 2 H) 4.45 (d, J=12.73 

Hz, 1 H) 4.63 (d, J=11.48 Hz, 1 H) 5.39 (br. s., 1 H) 6.29 (br. s., 1 H) 8.10 (br. s., 1 H) 12.11 (br. s., 

1 H). RP-HPLC retention time (0% to 100% B over 5 minutes): 5.2 min. 

 

((2R,5S)-5-(5-fluoro-4-(((octyloxy)carbonyl)amino)-2-oxopyrimidin-1(2H)-yl)-1,3-oxathiolan-2-

yl)methyl cyclohexanecarboxylate (29): 61.5 mg of colorless waxy solid (88%). 1H NMR (500 

MHz, CDCl3) δ ppm 0.89 (t, J=6.84 Hz, 3 H) 1.21 - 1.54 (m, 15 H) 1.62 - 1.83 (m, 5 H) 1.95 (d, 

J=12.10 Hz, 2 H) 2.42 (tt, J=11.40, 3.54 Hz, 1 H) 3.22 (d, J=12.26 Hz, 1 H) 3.56 (d, J=9.12 Hz, 1 H) 

4.18 (br. s., 2 H) 4.45 (dd, J=12.73, 2.52 Hz, 1 H) 4.64 (d, J=11.79 Hz, 1 H) 5.38 (br. s., 1 H) 6.28 

(br. s., 1 H) 8.07 (br. s., 1 H) 12.12 (br. s., 1 H). RP-HPLC retention time (0% to 100% B over 5 

minutes): 5.2 min. 

 

((2R,5S)-5-(5-fluoro-4-(((octyloxy)carbonyl)amino)-2-oxopyrimidin-1(2H)-yl)-1,3-oxathiolan-2-

yl)methyl 2-cyclohexylacetate (30): 62.5 mg of colorless waxy solid (87%). 1H NMR (500 MHz, 

CDCl3) δ ppm 0.89 (t, J=6.84 Hz, 3 H) 0.93 - 1.04 (m, 2 H) 1.21 - 1.46 (m, 13 H) 1.61 - 1.87 (m, 8 

H) 2.30 (d, J=7.07 Hz, 2 H) 3.22 (d, J=13.68 Hz, 1 H) 3.56 (d, J=6.13 Hz, 1 H) 4.14 - 4.31 (m, 2 H) 

4.45 (dd, J=12.73, 2.67 Hz, 1 H) 4.65 (d, J=11.79 Hz, 1 H) 5.38 (br. s., 1 H) 6.29 (br. s., 1 H) 8.08 

(br. s., 1 H) 12.12 (br. s., 1 H). RP-HPLC retention time (0% to 100% B over 5 minutes): 5.5 min. 
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((2R,5S)-5-(5-fluoro-4-(((octyloxy)carbonyl)amino)-2-oxopyrimidin-1(2H)-yl)-1,3-oxathiolan-2-

yl)methyl adamantane-1-carboxylate (31): 23.9 mg of colorless waxy solid (85%). 1H NMR (500 

MHz, CDCl3) δ ppm 0.84 - 0.94 (m, 3 H) 1.19 - 1.45 (m, 10 H) 1.66 - 1.80 (m, 8 H) 1.94 (d, J=2.52 

Hz, 6 H) 2.04 (br. s., 3 H) 3.18 (d, J=11.32 Hz, 1 H) 3.55 (d, J=7.55 Hz, 1 H) 4.17 (br. s., 2 H) 4.41 

(dd, J=12.58, 2.67 Hz, 1 H) 4.61 (d, J=11.00 Hz, 1 H) 5.36 (br. s., 1 H) 6.27 (br. s., 1 H) 7.88 (br. s., 

1 H) 12.11 (br. s., 1 H). RP-HPLC retention time (0% to 100% B over 5 minutes): 5.8 min. 

 

octyl (1-((2R,5S)-2-((((((3S,8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17-((R)-6-methylheptan-2-

yl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-

yl)oxy)carbonyl)oxy)methyl)-1,3-oxathiolan-5-yl)-5-fluoro-2-oxo-1,2-dihydropyrimidin-4-

yl)carbamate (32): 33.6 mg of colorless waxy solid (82%). 1H NMR (500 MHz, CDCl3) δ ppm 0.69 

(br. s., 3 H) 0.81 - 1.21 (m, 26 H) 1.22 - 1.56 (m, 19 H) 1.65 - 1.76 (m, 3 H) 1.78 - 2.08 (m, 5 H) 

2.30 - 2.53 (m, 2 H) 3.22 (br. s., 1 H) 3.53 (br. s., 1 H) 4.17 (br. s., 2 H) 4.45 - 4.71 (m, 3 H) 5.39 

(br. s., 2 H) 6.31 (br. s., 1 H) 8.06 (br. s., 1 H) 12.11 (br. s., 1 H). 

 

Procedure for Synthesis of Dioctyl (((2R,2'R,5S,5'S)-(3,8-dioxo-2,4,7,9-tetraoxadecane-1,10-

diyl)bis(1,3-oxathiolane-2,5-diyl))bis(5-fluoro-2-oxo-1,2-dihydropyrimidine-1,4-

diyl))dicarbamate (33): In a flame-dried 25 mL round-bottom flask, cooled under argon, FTC 

octyl carbamate (16, 2.1 eq., 0.21 M) was dissolved in THF. Dimethylaminopyridine (DMAP, 3.0 

eq., 0.3 M) was then added to the flask, and the resulting mixture was cooled to 0 °C in an ice-

water bath. The reaction was initiated by the dropwise addition of ethylene(bis)chloroformate 

(1.0 eq., 0.1 M). The reaction mixture was allowed to warm to room temperature with stirring. 
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The reaction was deemed complete after stirring overnight as monitored by TLC. Volatiles were 

removed from the reaction mixture under reduced pressure. The resulting residue was purified 

via silica flash chromatography (10 g silica column; 2% MeOH in DCM for 30 column volumes, 

then 3% MeOH over 15 column volumes, 4% MeOH for 15 column volumes, ramped up to 6% 

MeOH in DCM). 21.3 mg of colorless waxy solid (75%). 1H NMR (500 MHz, CDCl3) δ ppm  0.84 - 

0.92 (m, 6 H) 1.22 - 1.42 (m, 20 H) 1.64 - 1.74 (m, 4 H) 3.26 (d, J=11.16 Hz, 2 H) 3.54 (br. s., 2 H) 

4.17 (br. s., 4 H) 4.43 (s, 4 H) 4.59 (br. s., 4 H) 5.40 (t, J=3.22 Hz, 2 H) 6.30 (br. s., 2 H) 8.00 (br. s., 

2 H) 12.06 (br. s., 1 H). RP-HPLC retention time (0% to 100% B over 5 minutes): 5.1 min. 

 

Procedure for Synthesis of Butylene(bis)chloroformate: A 25 mL flask was flame-dried, cooled 

under argon, and placed in an ice-water bath. A 15% v/v solution of phosgene in toluene (10.0 

eq, 1.4 M) was added to the flask. The reaction was initiated by the dropwise addition of 1,4-

butanediol (1.0 eq, 0.14 M). The reaction mixture was allowed to warm to room temperature 

with stirring. The reaction was deemed complete after stirring overnight as monitored by TLC. 

Volatiles were removed from the reaction mixture under reduced pressure. The resulting 

residue was left to dry under high vacuum. Following NMR analysis, this residue was used 

without further purification. 1H NMR (500 MHz, CDCl3) δ ppm 1.75 - 2.05 (m, 4 H) 4.29 - 4.50 

(m, 4 H). 

 

Procedure for Synthesis of Dioctyl (((2R,2'R,5S,5'S)-(3,10-dioxo-2,4,9,11-tetraoxadodecane-

1,12-diyl)bis(1,3-oxathiolane-2,5-diyl))bis(5-fluoro-2-oxo-1,2-dihydropyrimidine-1,4-

diyl))dicarbamate (34): In a flame-dried 25 mL round-bottom flask, cooled under argon, FTC 
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octyl carbamate (16, 2.1 eq., 0.21 M) was dissolved in THF. Dimethylaminopyridine (DMAP, 3.0 

eq., 0.3 M) was then added to the flask, and the resulting mixture was cooled to 0 °C in an ice-

water bath. The reaction was initiated by the dropwise addition of butylene(bis)chloroformate 

(1.0 eq., 0.1 M). The reaction mixture was allowed to warm to room temperature with stirring. 

The reaction was deemed complete after stirring overnight as monitored by TLC. Volatiles were 

removed from the reaction mixture under reduced pressure. The resulting residue was purified 

via silica flash chromatography (10 g silica column; 2% MeOH in DCM for 30 column volumes, 

then 3% MeOH over 15 column volumes, 4% MeOH for 15 column volumes, ramped up to 6% 

MeOH in DCM). 8.1 mg of colorless waxy solid (36%). 1H NMR (500 MHz, CDCl3) δ ppm 0.88 (t, 

J=6.76 Hz, 6 H) 1.24 - 1.42 (m, 20 H) 1.68 - 1.74 (m, 4 H) 1.80 (br. s., 4 H) 3.24 (br. s., 2 H) 3.55 

(br. s., 2 H) 4.05 - 4.32 (m, 8 H) 4.57 (br. s., 4 H) 5.39 (br. s., 2 H) 6.30 (br. s., 2 H) 8.01 (br. s., 2 

H) 12.09 (br. s., 1 H). RP-HPLC retention time (0% to 100% B over 5 minutes): 5.3 min. 

 

Kinetic Analysis 

Unless otherwise noted, all experiments were performed in triplicate. 

Initial rate (human muscle and liver S9) measurements of carbamate cleavage from 9-16 and 

capecitabine: Reaction mixtures containing mixed gender human skeletal muscle S9 (10.47 

mg/mL, Bioreclamation) or phosphate buffer (0.1 M, pH 7.4) and pooled, mixed gender liver S9 

(9-13, 15-16 and capecitabine: 10.0 mg/mL; 14: 5.0 mg/mL) were pre-incubated at 37 °C for 5 

min. Reactions were initiated by the addition of prodrugs 9-16 or capecitabine (1 mM, 1% 

DMSO, v/v). After incubation at 37 °C, aliquots were taken at time points measuring initial rate 

(Muscle S9: capecitabine (CAP), 9-16: 0.5 min, 1 h, 3 h, 5 h, 24 h, 48 h, 72 h) (Liver S9: 9: 0.5 
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min, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h; 10-11: 0.5 min, 20 min, 40 min, 60 min, 80 min, 100 min, 120 

min; 12-13: 0.5 min, 10 min, 20 min, 30 min, 40 min, 50 min, 60 min; CAP and 14-16: 0.5 min, 5 

min, 10 min, 15 min, 20 min, 25 min, 30 min). These aliquots were quenched in two volumes of 

ice-cold methanol. The quenched aliquots were then centrifuged at 14000 rpm for 5 minutes. 

The supernatant was diluted 10-fold into phosphate buffer (0.1 M, pH 7.4) and analyzed by 

HPLC monitoring product depletion at 305 nm using the following method: 0% to 100% B over 5 

minutes at a flow rate of 3 mL min-1 (solvent A: Et3NHOAc (50 mM, pH 8), solvent B: 

acetonitrile). 

Half-life (human plasma) measurements of carbamate cleavage from 9-16 and capecitabine: 

Reaction mixtures containing pooled mixed gender human plasma (Bioreclamation) were pre-

incubated at 37 °C for 5 min. Reactions were initiated by the addition of prodrugs 9-16 or 

capecitabine (1 mM, 1% DMSO, v/v). After incubation at 37 °C, aliquots were taken at the 

following time points: 0.5 min, 1 h, 3 h, 5 h, 24 h, 48 h, 72 h. These aliquots were quenched in 

two volumes of ice-cold methanol. The quenched aliquots were then centrifuged at 14000 rpm 

for 5 minutes. The supernatant was diluted 10-fold into phosphate buffer (0.1 M, pH 7.4) and 

analyzed by HPLC monitoring product depletion at 305 nm using the following method: 0% to 

100% B over 5 minutes at a flow rate of 3 mL min-1 (solvent A: Et3NHOAc (50 mM, pH 8), solvent 

B: acetonitrile). 

Initial rate (human muscle and liver S9) measurements of carbonate cleavage from 1-8: 

Reaction mixtures containing mixed gender human skeletal muscle S9 (10.47 mg/mL, 

Bioreclamation), or phosphate buffer (0.1 M, pH 7.4) and pooled, mixed gender liver S9 (2.0 
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mg/mL, Xenotech) were pre-incubated at 37 °C for 5 min. Reactions were initiated by the 

addition of prodrugs 1-8 (1 mM, 5% DMSO, v/v). After incubation at 37 °C, aliquots were taken 

at time points measuring initial rate (Muscle S9: 1-3: 0.5, 10, 20, 30, 40, 50, and 60 min; 4: 0.5, 

20, 40, 60, 80, 100, and 120 min; 5-6: 0.5, 30, 60, 90, 150, and 180 min;  7-8: 0.5 min, 30 min, 1 

h, 3 h, 4 h, 5 h) (Liver S9: 1-2: 0.5, 1, 2, 3, 4, and 5 min; 3-6: 0.5, 2, 4, 6, 8, and 10 min; 7-8: 0.5, 

5, 10, 15, 20, 25, 30, and 60 min). These aliquots were quenched in two volumes of ice-cold 

methanol. The quenched aliquots were then centrifuged at 14000 rpm for 5 minutes. The 

supernatant was diluted 10-fold into phosphate buffer (0.1 M, pH 7.4) and analyzed by HPLC 

monitoring product depletion at 305 nm using the following method: 0% to 100% B over 5 

minutes at a flow rate of 3 mL min-1 (solvent A: Et3NHOAc (50 mM, pH 8), solvent B: 

acetonitrile). 

Half-life (human plasma) measurements of carbonate cleavage from 1-8: Reaction mixtures 

containing pooled mixed gender human plasma (Bioreclamation) were pre-incubated at 37 °C 

for 5 min. Reactions were initiated by the addition of prodrugs 1-8 (1 mM, 5% DMSO, v/v). After 

incubation at 37 °C, aliquots were taken at the following time points: 1-3: 0.5, 10, 20, 30, 40, 50, 

and 60 min; 4: 0.5, 20, 40, 60, 80, 100, and 120 min; 5-6: 0.5, 30, 60, 90, 120, 150, and 180 min; 

7: 0.5 min, 30 min, 1 h, 2 h, 3 h, 4 h, 5 h; 8: 0.5, 20, 30, 50, 60, and 90 min. These aliquots were 

quenched in two volumes of ice-cold methanol. The quenched aliquots were then centrifuged 

at 14000 rpm for 5 minutes. The supernatant was diluted 10-fold into phosphate buffer (0.1 M, 

pH 7.4) and analyzed by HPLC monitoring product depletion at 305 nm using the following 

method: 0% to 100% B over 5 minutes at a flow rate of 3 mL min-1 (solvent A: Et3NHOAc (50 

mM, pH 8), solvent B: acetonitrile). 
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Half-life (mouse and rat plasma) measurements of carbamate cleavage from 16: Reaction 

mixtures containing pooled mixed gender mouse or rat plasma (Bioreclamation) were pre-

incubated at 37 °C for 5 min. Reactions were initiated by the addition of prodrug 16 (1 mM, 1% 

DMSO, v/v). After incubation at 37 °C, aliquots were taken at the following time points: mouse: 

0.5 min, 3 min, 6 min, 9 min, 12 min, 15 min, 45 min, 240 min; rat: 0.5 min, 5 min, 10 min, 20 

min, 30 min, 60 min, 90 min, 180 min. These aliquots were quenched in two volumes of ice-cold 

methanol. The quenched aliquots were then centrifuged at 14000 rpm for 5 minutes. The 

supernatant was diluted 10-fold into phosphate buffer (0.1 M, pH 7.4) and analyzed by HPLC 

monitoring product depletion at 305 nm using the following method: 0% to 100% B over 10 

minutes at a flow rate of 3 mL min-1 (solvent A: Et3NHOAc (50 mM, pH 8), solvent B: 

acetonitrile). 

Half-life (rabbit plasma) measurements of carbamate cleavage from 16: Reaction mixtures 

containing pooled mixed gender New Zealand white rabbit plasma (Bioreclamation) were pre-

incubated at 37 °C for 5 min. Reactions were initiated by the addition of prodrug 16 (1 mM, 1% 

DMSO, v/v). After incubation at 37 °C, aliquots were taken at the following time points: 0.5 min, 

5 min, 10 min, 20 min, 30 min, 120 min. These aliquots were quenched in two volumes of ice-

cold methanol. The quenched aliquots were then centrifuged at 14000 rpm for 5 minutes. The 

supernatant was diluted 10-fold into phosphate buffer (0.1 M, pH 7.4) and analyzed by HPLC 

monitoring product depletion at 305 nm using the following method: 0% to 100% B over 5 

minutes at a flow rate of 3 mL min-1 (solvent A: Et3NHOAc (50 mM, pH 8), solvent B: 

acetonitrile). 
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Initial rate (mouse and rat liver S9) measurements of carbamate cleavage from 16: Reaction 

mixtures containing pooled, mixed gender mouse liver S9 (20.8 mg/mL, Bioreclamation) or 

phosphate buffer (0.1 M, pH 7.4) and pooled, mixed gender rat liver S9 (2.0 mg/mL, 

Bioreclamation) were pre-incubated at 37 °C for 5 min. Reactions were initiated by the addition 

of prodrug 16 (1 mM, 1% DMSO, v/v). After incubation at 37 °C, aliquots were taken at time 

points measuring initial rate (mouse: 0.5 min, 3 min, 6 min, 9 min, 12 min, 15 min, 45 min, 240 

min; rat: 0.5 min, 5 min, 10 min, 15 min, 20 min, 30 min, 40 min, 60 min). These aliquots were 

quenched in two volumes of ice-cold methanol. The quenched aliquots were then centrifuged 

at 14000 rpm for 5 minutes. The supernatant was diluted 10-fold into phosphate buffer (0.1 M, 

pH 7.4) and analyzed by HPLC monitoring product depletion at 305 nm using the following 

method: 0% to 100% B over 10 minutes at a flow rate of 3 mL min-1 (solvent A: Et3NHOAc (50 

mM, pH 8), solvent B: acetonitrile). 

Measurements of P450 metabolism of FTC and 13: Reaction mixtures containing phosphate 

buffer (0.1 M, pH 7.4); pooled, mixed gender human liver microsomes (2.0 mg/mL); NADP+ (1 

mM); glucose-6-phosphate (G6P, 5 mM); and G6P dehydrogenase (1.5 U/mL) were pre-

incubated at 37 °C for 5 min. Reactions were initiated by the addition of prodrug 13 or FTC (1 

mM, 0.2% DMSO, v/v). After incubation at 37 °C, aliquots were taken at time points of 0.5 min, 

10 min, 20 min, 30 min, 45 min, 60 min, 90 min, 2 h, and 19 h. These aliquots were quenched in 

two volumes of ice-cold methanol. The quenched aliquots were then centrifuged at 14000 rpm 

for 5 minutes. The supernatant was diluted 10-fold into phosphate buffer (0.1 M, pH 7.4) and 

analyzed by HPLC using the following method: 0% to 100% B over 10 minutes at a flow rate of 3 

mL min-1 (solvent A: Et3NHOAc (50 mM, pH 8), solvent B: acetonitrile). 
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Analysis of P450 metabolism of 13 by LC-MS: The reaction of 13 in human liver microsomes 

was carried out as previously described. A 1 μL aliquot was taken at 2 h and quenched in 190 μL 

of methanol to precipitate protein. This quenched sample was injected onto the LC-MS using 

the following method: 0% to 100% B over 15 minutes at a flow rate of 50 μL min-1 (solvent A: 

0.05% TFA in water, solvent B: acetonitrile). Mass spectrometer parameters were set to 

observe ions in both positive and negative mode.  

Measurements of UGT metabolism of FTC and 13: Reaction mixtures containing phosphate 

buffer (0.1 M, pH 7.4); pooled, mixed gender liver S9 (2.0 mg/mL); uridine diphosphate 

glucuronic acid (UDPGA, 8 mM); MgCl2 (10 mM); and D-saccharic acid-1,4-lactone (DSL, a β-

glucuronidase inhibitor; 2 mM) were pre-incubated at 37 °C for 5 min. Reactions were initiated 

by the addition of prodrug 13 or FTC (1 mM, 1% DMSO, v/v). After incubation at 37 °C, aliquots 

were taken at time points of 0.5 min, 15 min, 30 min, 60 min, 120 min, 19 h, 43 h, and 71 h. 

These aliquots were quenched in two volumes of ice-cold methanol. The quenched aliquots 

were then centrifuged at 14000 rpm for 5 minutes. The supernatant was diluted 10-fold into 

phosphate buffer (0.1 M, pH 7.4) and analyzed by HPLC using the following method: 0% to 

100% B over 10 minutes at a flow rate of 3 mL min-1 (solvent A: Et3NHOAc (50 mM, pH 8), 

solvent B: acetonitrile). 

Initial rate (human liver S9) measurements of carbonate/ester cleavage from 17-27, 29-31: 

Reaction mixtures containing phosphate buffer (0.1 M, pH 7.4) and pooled, mixed gender liver 

S9 (Xenotech) (2.0 mg/mL: 17-24, 26-27, 29-31) (1.0 mg/mL: 25) were pre-incubated at 37 °C 

for 5 min. Reactions were initiated by the addition of prodrugs 17-27, 29-31 (1 mM, 5% DMSO, 
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v/v). After incubation at 37 °C, aliquots were taken at the following time points measuring 

initial rate: 17-24: 0.5, 2, 4, 6, 8, and 10 min; 25: 0.5, 1, 2, 3, 4, and 5 min; 26: 0.5, 2, 4, 6, 8, 10, 

15, and 20 min; 27: 0.5, 2, 5, 10, 15, 20, and 30 min; 29-30: 0.5, 2, 4, 6, 8, 10, 15, and 20 min; 

31: 0.5, 2, 4, 6, 8, 10, 20, and 30 min. These aliquots were quenched in two volumes of ice-cold 

methanol. The quenched aliquots were then centrifuged at 14000 rpm for 5 minutes. The 

supernatant was diluted 10-fold into phosphate buffer (0.1 M, pH 7.4) and analyzed by HPLC 

monitoring product depletion at 305 nm using the following method: 0% to 100% B over 5 

minutes at a flow rate of 3 mL min-1 (solvent A: Et3NHOAc (50 mM, pH 8), solvent B: 

acetonitrile). 

Initial rate (human muscle S9) measurements of carbonate/ester cleavage from 17-27, 29-31: 

Reaction mixtures containing either female human skeletal muscle S9 (7.93 mg/mL, 

Bioreclamation) (17-22, 24, 31), or mixed gender human skeletal muscle S9 (10.47 mg/mL, 

Bioreclamation) (23, 25-27, 29-30) were pre-incubated at 37 °C for 5 min. Reactions were 

initiated by the addition of prodrugs 17-27, 29-31 (1 mM, 5% DMSO, v/v). After incubation at 37 

°C, aliquots were taken at the following time points measuring initial rate: 17-24, 26-27, 30: 0.5, 

10, 20, 30, 40, 50, and 60 min; 25: 0.5, 2, 4, 6, 8, and 10 min; 29: 0.5, 5, 10, 15, 20, 25, and 30 

min; 31: 0.5, 30, 60, 90, 120, 150, and 180 min. These aliquots were quenched in two volumes 

of ice-cold methanol. The quenched aliquots were then centrifuged at 14000 rpm for 5 

minutes. The supernatant was diluted 10-fold into phosphate buffer (0.1 M, pH 7.4) and 

analyzed by HPLC monitoring product depletion at 305 nm using the following method: 0% to 

100% B over 5 minutes at a flow rate of 3 mL min-1 (solvent A: Et3NHOAc (50 mM, pH 8), solvent 

B: acetonitrile). 
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Half-life (human plasma) measurements of carbonate/ester cleavage from 17-27, 29-31: 

Reaction mixtures containing pooled mixed gender human plasma (Bioreclamation) were pre-

incubated at 37 °C for 5 min. Reactions were initiated by the addition of prodrugs 17-27, 29-

31(1 mM, 5% DMSO, v/v). After incubation at 37 °C, aliquots were taken at the following time 

points: 17-25: 0.5, 10, 20, 30, 40, 50, and 60 min; 26: 0.5, 60, 120, 240, 360, and 480 min; 27: 

0.5, 960, 1440, 2520, and 2880 min; 29: 0.5, 5, 10, 15, 20, 25, 25, and 30 min; 30: 0.5, 20, 40, 

60, 80, 100, and 120 min; 31: 0.5, 30, 60, 90, 120, 150, and 180 min. These aliquots were 

quenched in two volumes of ice-cold methanol. The quenched aliquots were then centrifuged 

at 14000 rpm for 5 minutes. The supernatant was diluted 10-fold into phosphate buffer (0.1 M, 

pH 7.4) and analyzed by HPLC monitoring product depletion at 305 nm using the following 

method: 0% to 100% B over 5 minutes at a flow rate of 3 mL min-1 (solvent A: Et3NHOAc (50 

mM, pH 8), solvent B: acetonitrile). 

Initial rate (human liver S9) measurements of prodrug dimer cleavage from 33-34: Reaction 

mixtures containing phosphate buffer (0.1 M, pH 7.4) and pooled, mixed gender liver S9 (4.0 

mg/mL, Xenotech) were pre-incubated at 37 °C for 5 min. Reactions were initiated by the 

addition of prodrugs 33-34 (1 mM, 10% DMSO, v/v). After incubation at 37 °C, aliquots were 

taken at the following time points measuring initial rate: 33: 0.5, 20, 40, 60, 90, 120, 180, and 

300 min; 34: 0.5, 30, 60, 90, 120, 180, 300, 420, and 1440 min. These aliquots were quenched in 

two volumes of ice-cold methanol. The quenched aliquots were then centrifuged at 14000 rpm 

for 5 minutes. The supernatant was diluted 10-fold into phosphate buffer (0.1 M, pH 7.4) and 

analyzed by HPLC monitoring product depletion at 305 nm using the following method: 0% to 
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100% B over 5 minutes at a flow rate of 3 mL min-1 (solvent A: Et3NHOAc (50 mM, pH 8), solvent 

B: acetonitrile). 

Initial rate (human muscle S9) measurements of prodrug dimer cleavage from 33-34: Reaction 

mixtures containing mixed gender human skeletal muscle S9 (10.47 mg/mL, Bioreclamation) 

were pre-incubated at 37 °C for 5 min. Reactions were initiated by the addition of prodrugs 33-

34 (1 mM, 10% DMSO, v/v). After incubation at 37 °C, aliquots were taken at the following time 

points measuring initial rate:  0.5, 60, 120, 180, 240, 300,  360, 1440, 2880, and 4320 min. These 

aliquots were quenched in two volumes of ice-cold methanol. The quenched aliquots were then 

centrifuged at 14000 rpm for 5 minutes. The supernatant was diluted 10-fold into phosphate 

buffer (0.1 M, pH 7.4) and analyzed by HPLC monitoring product depletion at 305 nm using the 

following method: 0% to 100% B over 5 minutes at a flow rate of 3 mL min-1 (solvent A: 

Et3NHOAc (50 mM, pH 8), solvent B: acetonitrile). 

Half-life (human plasma) measurements of prodrug dimer cleavage from 33-34: Reaction 

mixtures containing pooled mixed gender human plasma (Bioreclamation) were pre-incubated 

at 37 °C for 5 min. Reactions were initiated by the addition of prodrugs 33-34 (1 mM, 10% 

DMSO, v/v). After incubation at 37 °C, aliquots were taken at the following time points: 33: 0.5, 

30, 60, 120, 180, 240, and 360 min; 34: 0.5, 30, 60, 90, 120, 180, and 240 min. These aliquots 

were quenched in two volumes of ice-cold methanol. The quenched aliquots were then 

centrifuged at 14000 rpm for 5 minutes. The supernatant was diluted 10-fold into phosphate 

buffer (0.1 M, pH 7.4) and analyzed by HPLC monitoring product depletion at 305 nm using the 
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following method: 0% to 100% B over 5 minutes at a flow rate of 3 mL min-1 (solvent A: 

Et3NHOAc (50 mM, pH 8), solvent B: acetonitrile). 

Antiviral Assays 

Single round infectivity assays of FTC and prodrug 16: Peripheral blood mononuclear cells 

were isolated from healthy blood donors using Hypaque-Ficoll gradient centrifugation. CD4+ T 

cells were selected by magnetic beads (Miltenyi) and activated using anti-CD3 and anti-CD28 

antibodies. Activated cells were seeded onto a 96-well plate at a concentration of 1 x 105 

cells/well in RPMI1640 supplemented with 10% FBS, cytokine-rich supernatant, and 50% heat-

inactivated human serum. Test compounds, FTC and 16, were added at this step and 

maintained throughout the culture. Cells were incubated at 37 °C for 21 hours. Pseudotype 

(GFP-tagged) HIV was then added to the culture via spinoculation and incubated for 3 days. 

Cells were then washed and stained with Zombie Red viability stain. Infectivity was quantified 

using flow cytometry. All donors provided their informed consent. 

Half-life measurements of carbamate cleavage from 16 in infectivity assay culture medium: 

Human serum is heat-inactivated by incubation in a water bath at 56 °C for 1 h with stirring. 

Prepared super T cell media containing Roswell Park Memorial Institute 1640 medium 

combined with heat-inactivated FBS and T cell growth factors is mixed with HEPES (12 mM) and 

the heat-inactivated human serum (50% v/v). This mixture was pre-incubated at 37 °C for 5 

min. Reactions were initiated by the addition of prodrugs 16 (1 mM, 0.5% DMSO, v/v). After 

incubation at 37 °C, aliquots were taken at time points measuring initial rate (0.5 min, 30 min, 4 

h, 6 h, 23 h, 48 h). These aliquots were quenched in two volumes of ice-cold methanol. The 
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quenched aliquots were then centrifuged at 14000 rpm for 5 minutes. The supernatant was 

diluted 10-fold into phosphate buffer (0.1 M, pH 7.4) and analyzed by HPLC monitoring product 

depletion at 305 nm using the following method: 0% to 100% B over 10 minutes at a flow rate 

of 3 mL min-1 (solvent A: Et3NHOAc (50 mM, pH 8), solvent B: acetonitrile). 

Nanoparticle Screening 

Solid drug nanoparticle screening via ETFD at 10 wt.% prodrug: Stock solutions of carrier 

materials were dissolved in water at a concentration of 22.5 mg/mL and left to roll overnight to 

ensure full dissolution. Prodrugs were dissolved in chloroform at a concentration of either 10 

mg/mL. The resultant prodrug solutions were not left rolling overnight, due to the likely 

hydrolysis of the modified carbamate groups. Into a 4 mL glass vial was added 266.6 µL of 

polymer solution, along with 133.4 µL of surfactant solution. To this total of 400 µL aqueous 

phase, 100 µL of prodrug solution in chloroform was added giving a ratio of 1:4 of organic phase 

to aqueous phase. This two phase mixture was then sonicated (Covaris S2x ultrasonicator, with 

a duty cycle of 20%, an intensity of 250 cycles per burst of 500 in frequency sweeping mode). 

This provided homogenous emulsions. Following sonication, the emulsions were immediately 

frozen in liquid nitrogen prior to being freeze dried for 48 hours using a Benchtop K freeze dryer 

(Virtis) at a setting of -100°C and a pressure of <20 µBar. At the end of the 48 hours freeze 

drying process, the samples were sealed and placed in a humidity controlled desiccator prior to 

analysis. Physical characterization of the prodrug nanoparticles (after dispersion in water) for 

measurements of hydrodynamic diameter and polydispersity index (PDI) were analyzed using 

Dynamic Light Scattering (DLS). Dynamic light scattering measurements were carried out at 25 
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°C on a Malvern Instruments Ltd. Zetasizer Nano S spectrometer with three measurements at a 

measurement angle of 172° back scatter. 

Solid drug nanoparticle screening via ETFD at 50 wt.% prodrug: SDNs were prepared as 

previously described with the following changes: stock solutions of polymer were dissolved in 

water at a concentration of either 13.3 mg/mL, with surfactants dissolved in water at a 

concentration of 10 mg/mL. Prodrugs were dissolved in chloroform at a concentration of either 

50 mg/mL. The 400 μL aqueous phase is composed of 300 µL of polymer solution, along with 

100 µL of surfactant solution. 

Solid drug nanoparticle screening via ETFD at 70 wt.% prodrug: SDNs were prepared as 

previously described with the following changes: stock solutions of polymer were dissolved in 

water at a concentration of either 10 mg/mL, with surfactants dissolved in water at a 

concentration of 5 mg/mL. Prodrugs were dissolved in chloroform at a concentration of either 

70 mg/mL. The 400 μL aqueous phase is composed of 200 µL of polymer solution, along with 

200 µL of surfactant solution. 

Prodrug release from SDNs in vitro 

Measurements of FTC release from SDNs (Method 1): SDNs were suspended in phosphate 

buffer (0.1 M, pH 7.4) to a concentration of either 32 mg/mL or 250 mg/mL. Reaction mixtures 

containing female human skeletal muscle S9 (7.96 mg/mL, Bioreclamation) were pre-incubated 

at 37 °C for 5 min and initiated by the addition of suspended SDNs yielding a final SDN 

concentration of either 0.8 mg/mL or 32 mg/mL. Aliquots were taken at time points of 0.5 min, 

1 h, 3 h, 5 h, 24 h, 30 h, 48 h, 72 h, and 96 h; and diluted 40-fold in phosphate buffer (0.1 M, pH 
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7.4). The diluted mixtures were quenched by filtration through a VWR modified PES 3K MWCO 

centrifugal filter following centrifugation for 10 min at 14000 rpm. After centrifugation, the 

filtrate was diluted 10-fold into phosphate buffer (0.1 M, pH 7.4) prior to HPLC analysis using 

the following method: 0% to 100% B over 5 minutes at a flow rate of 3 mL min-1 (solvent A: 

Et3NHOAc (50 mM, pH 8), solvent B: acetonitrile). 

Measurements of FTC release from SDNs (Method 2): SDNs were suspended in phosphate 

buffer (0.1 M, pH 7.4) to a concentration of either 32 mg/mL or 250 mg/mL. Reaction mixtures 

containing female human skeletal muscle S9 (7.96 mg/mL, Bioreclamation) were pre-incubated 

at 37 °C for 5 min and initiated by the addition of suspended SDNs yielding a final SDN 

concentration of either 0.8 mg/mL or 32 mg/mL. Aliquots were taken at time points of 0.5 min, 

1 h, 3 h, 5 h, 24 h, 30 h, 48 h, 72 h, and 96 h; diluted 40-fold in an ice-cold methanol quench; 

and centrifuged at 14000 rpm for 5 minutes. After centrifugation, the supernatant was diluted 

10-fold into phosphate buffer (0.1 M, pH 7.4) prior to HPLC analysis using the following method: 

0% to 100% B over 5 minutes at a flow rate of 3 mL min-1 (solvent A: Et3NHOAc (50 mM, pH 8), 

solvent B: acetonitrile). 

Measurements of FTC release from SDNs (Method 3): SDNs were suspended in phosphate 

buffer (0.1 M, pH 7.4) to a concentration of 200 mg/mL. Reaction mixtures containing mixed 

gender human skeletal muscle S9 (10.47 mg/mL, Bioreclamation) were pre-incubated at 37 °C 

for 5 min and initiated by the addition of suspended SDNs yielding a final SDN concentration of 

32 mg/mL. Aliquots were taken at time points of 0.5 min, 0.5 h, 1 h, 2 h, 3 h, 5 h, 24 h, 30 h, 48 

h, 72 h, and 96 h; diluted 10-fold in phosphate buffer (0.1 M, pH 7.4); and centrifuged at 14000 
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rpm for 5 minutes. After centrifugation, the supernatant was quenched in three volumes of ice-

cold methanol. This mixture was again centrifuged at 14000 rpm for 5 min. The supernatant 

was diluted 10-fold into phosphate buffer (0.1 M, pH 7.4) prior to HPLC analysis using the 

following method: 0% to 100% B over 5 minutes at a flow rate of 3 mL min-1 (solvent A: 

Et3NHOAc (50 mM, pH 8), solvent B: acetonitrile). 

Measurements of FTC release from SDNs (Method 4): SDNs were suspended in phosphate 

buffer (0.1 M, pH 7.4) to a concentration of 200 mg/mL. Reaction mixtures containing mixed-

gender human skeletal muscle S9 (10.47 mg/mL, Bioreclamation) were pre-incubated at 37 °C 

for 5 min and initiated by the addition of suspended SDNs yielding a final SDN concentration of 

32 mg/mL. The total 190 μL reaction was distributed across 12 o-ring sealed Eppendorf tubes at 

15 μL per tube. At time points of 0.5 min, 0.5 h, 1 h, 2 h, 3 h, 5 h, 24 h, 30 h, 48 h, 72 h, and 96 

h; a single tube was taken and centrifuged at 14000 rpm for 5 min. After centrifugation, the 

supernatant was quenched in three volumes of ice-cold methanol. This mixture was again 

centrifuged at 14000 rpm for 5 minutes. The supernatant was diluted 10-fold into phosphate 

buffer (0.1 M, pH 7.4) prior to HPLC analysis using the following method: 0% to 100% B over 5 

minutes at a flow rate of 3 mL min-1 (solvent A: Et3NHOAc (50 mM, pH 8), solvent B: 

acetonitrile). 

In vivo PK analysis of prodrug SDNs 

Preliminary 7 day in vivo screening of SDN formulations A-L: Adult Wistar male rats (~300 g) 

were divided into 12 groups (1 rat per group). Following 7 days of habituation, the rats received 

a single dose of the nanoparticles (0.1 mL as a suspension in distilled water). Groups were 
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dosed with prodrug nanoparticle formulations A-L to give 10 mg/kg of FTC, adjusted for the m/z 

of FTC in each prodrug. SDNs were administered via intramuscular injection in the musculus 

biceps femoris. The rats were anesthetized during injection using isoflurane. Eutectic mixture of 

local anesthetics EMLA (2.5% each of lidocaine and prilocaine) was given topically and 

buprenorphine was provided subcutaneously (0.3 mg/mL). Food and water was provided ad 

libitum throughout the procedure. Blood samples (500 μL) were then collected every 24 h for 7 

days post dosing from the tail vein. The weight of each rat was determined prior to sampling 

and used as an estimation of healthiness. At the point of termination, the rats were sacrificed 

using a rising gradient of CO2 followed by cervical dislocation.  

Bioanalysis was performed on a TSQ Endura (ThermoScientific) using a validated assay for FTC 

in plasma. A calibration curve of FTC was prepared in rat plasma via serial dilution, ranging from 

1.9 to 500 ng/mL. Extraction was performed using protein precipitation. Linearity was then 

assessed by three independent preparations of the standard curve. Maximum allowed 

deviation of standards was set at 15% of the stated valued, excluding the LLOQ, where 

deviation was set at no more than 20%. Inter- and intra-assay accuracy and precision was 

assessed by preparation of three concentrations (in the range of the standard curve 5, 200, and 

400 ng/mL) with each preparation in triplicate. The mean value of each concentration was 

within defined limits of the stated concentration. Plasma concentrations of FTC following 

administration of prodrug SDNs A-L were determined and pharmacokinetic parameters (Cmax, 

Tmax, and AUC) were calculated using PKsolver.   
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28 day in vivo screening of SDN formulations I, J, and L: In vivo screening was performed as 

previously described with the following changes: adult Wistar male rats were divided into three 

groups (3 rats per group). Groups were dosed with prodrug nanoparticle formulations I, J, and L 

to give 20 mg/kg of FTC, adjusted for the m/z of FTC in each prodrug. SDNs were administered 

via two near simultaneous intramuscular injections in the legs (one injection per leg). Blood 

samples (200 μL) were collected at 1.5, 3, 6, 24, 48, 96, 168, 240, 336, 504, and 672 h post-

dosing from the tail vein. All bioanalysis performed is the same as previously described. 
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NMR Data 



144 
 



145 
 



146 
 



147 
 



148 
 



149 
 



150 
 

 



151 
 

 



152 
 



153 
 



154 
 



155 
 



156 
 



157 
 



158 
 

 



159 
 

 



160 
 

 



161 
 

 



162 
 

 



163 
 

 



164 
 

 



165 
 

 



166 
 

 



167 
 

 



168 
 

 



169 
 

 



170 
 

 



171 
 

 



172 
 

 



173 
 

 



174 
 

 



175 
 

 



176 
 



177 
 

References 

 

1. Boffito M, Jackson A, Owen A, Becker S. New approaches to antiretroviral drug delivery: 
Challenges and opportunities associated with the use of long-acting injectable agents. Drugs. 
2014;74(1):7-13. doi: 10.1007/s40265-013-0163-7. 

2. Rajoli R, Back D, Rannard S, et al. Physiologically based pharmacokinetic modelling to inform 
development of intramuscular long-acting nanoformulations for HIV. Clin Pharmacokinet. 
2015;54(6):639-650. doi: 10.1007/s40262-014-0227-1. 

3. Margolis DA, Gonzalez-Garcia J, Stellbrink H, et al. Long-acting intramuscular cabotegravir 
and rilpivirine in adults with HIV-1 infection (LATTE-2): 96-week results of a randomised, open-
label, phase 2b, non-inferiority trial. The Lancet. 2017;390(10101):1499-1510. doi: 
10.1016/S0140-6736(17)31917-7. 

4. Horn D, Rieger J. Organic nanoparticles in the aqueous Phase—Theory, experiment, and use. 
Angewandte Chemie International Edition. 2001;40(23):4330. doi: AID-ANIE4330>3.0.CO;2-W. 

5. Liu P, Rong X, Laru J, et al. Nanosuspensions of poorly soluble drugs: Preparation and 
development by wet milling. International Journal of Pharmaceutics. 2011;411(1):215-222. doi: 
10.1016/j.ijpharm.2011.03.050. 

6. Peltonen L, Hirvonen J. Pharmaceutical nanocrystals by nanomilling: Critical process 
parameters, particle fracturing and stabilization methods. Journal of Pharmacy and 
Pharmacology. 2010;62(11):1569-1579. doi: 10.1111/j.2042-7158.2010.01022.x. 

7. Zhang H, Wang D, Butler R, et al. Formation and enhanced biocidal activity of water-
dispersable organic nanoparticles. Nature Nanotechnology. 2008;3(8):506-511. doi: 
10.1038/nnano.2008.188. 

8. Jog R, Burgess DJ. Pharmaceutical amorphous nanoparticles. Journal of Pharmaceutical 
Sciences. 2017;106(1):39-65. doi: 10.1016/j.xphs.2016.09.014. 

9. Junghanns JAH, Müller RH. Nanocrystal technology, drug delivery and clinical applications. 
International journal of nanomedicine. 2008;3(3):295. doi: 10.2147/IJN.S595. 

10. McDonald TO, Giardiello M, Martin P, et al. Antiretroviral solid drug nanoparticles with 
enhanced oral bioavailability: Production, characterization, and in Vitro–In vivo correlation. 
Advanced Healthcare Materials. 2014;3(3):400-411. doi: 10.1002/adhm.201300280. 



178 
 

11. Shimma N, Umeda I, Arasaki M, et al. The design and synthesis of a new tumor-selective 
fluoropyrimidine carbamate, capecitabine. Bioorganic & Medicinal Chemistry. 2000;8(7):1697-
1706. doi: 10.1016/S0968-0896(00)00087-0. 

12. S K Quinney, S P Sanghani, W I Davis, et al. Hydrolysis of capecitabine to 5'-deoxy-5-
fluorocytidine by human carboxylesterases and inhibition by loperamide. The Journal of 
pharmacology and experimental therapeutics. 2005;313(3):1011-1016. doi: 
10.1124/jpet.104.081265. 

13. Tabata T, Katoh M, Tokudome S, Nakajima M, Yokoi T. Identification of the cytosolic 
carboxylesterase catalyzing the 5'-deoxy-5-fluorocytidine formation from capecitabine in 
human liver. Drug metabolism and disposition: the biological fate of chemicals. 
2004;32(10):1103-1110. doi: 10.1124/dmd.104.000554. 

14. Toshiki Tabata, Miki Katoh, Shogo Tokudome, et al. Bioactivation of capecitabine in human 
liver: Involvement of the cytosolic enzyme on 5'-deoxy-5-fluorocytidine formation. Drug 
metabolism and disposition: the biological fate of chemicals. 2004;32(7):762-767. doi: 
10.1124/dmd.32.7.762. 

15. Meyers AI, Tomioka K, Roland DM, Comins D. Progress toward the total synthesis of 
maytansinoids. an efficient route to two major precursors (western-southern zone). 
Tetrahedron Letters. 1978;19(16):1375-1378. doi: 10.1016/S0040-4039(01)94549-6. 

16. Ramesh R, Bhat RG, Chandrasekaran S. Highly selective deblocking of propargyl carbonates 
in the presence of propargyl carbamates with tetrathiomolybdate. The Journal of organic 
chemistry. 2005;70(3):837-840. doi: 10.1021/jo048777o. 

17. Guengerich FP. Cytochrome p450 enzymes in the generation of commercial products. 
Nature Reviews Drug Discovery. 2002;1(5):359-366. doi: 10.1038/nrd792. 

18. Rendic S, Carlo FJD. Human cytochrome P450 enzymes: A status report summarizing their 
reactions, substrates, inducers, and inhibitors. Drug Metabolism Reviews. 1997;29(1-2):413-
580. doi: 10.3109/03602539709037591. 

19. Zanger UM, Schwab M. Cytochrome P450 enzymes in drug metabolism: Regulation of gene 
expression, enzyme activities, and impact of genetic variation. Pharmacology and Therapeutics. 
2013;138(1):103-141. doi: 10.1016/j.pharmthera.2012.12.007. 

20. Cerny MA. Prevalence of non-cytochrome P450-mediated metabolism in food and drug 
administration-approved oral and intravenous drugs: 2006-2015. Drug metabolism and 
disposition: the biological fate of chemicals. 2016;44(8):1246-1252. doi: 
10.1124/dmd.116.070763. 



179 
 

21. Masho SW, Wang C, Nixon DE. Review of tenofovir-emtricitabine. Therapeutics and clinical 
risk management. 2007;3(6):1097-1104. 

22. Asha S, Vidyavathi M. Role of human liver microsomes in in vitro metabolism of Drugs—A 
review. Appl Biochem Biotechnol. 2010;160(6):1699-1722. doi: 10.1007/s12010-009-8689-6. 

23. Dai P, Luo F, Wang Y, et al. Species‐ and gender‐dependent differences in the 
glucuronidation of a flavonoid glucoside and its aglycone determined using expressed UGT 
enzymes and microsomes. Biopharmaceutics & Drug Disposition. 2015;36(9):622-635. doi: 
10.1002/bdd.1989. 

24. Iyanagi T. Molecular mechanism of phase I and phase II Drug‐Metabolizing enzymes: 
Implications for detoxification. In: International review of cytology. Vol 260. United States: 
Elsevier Science & Technology; 2007:35-112. 10.1016/S0074-7696(06)60002-8. 

25. Gilead Sciences. FDA access data: Emtriva package insert. . Updated 2005. 

26. Bahar FG, Ohura K, Ogihara T, Imai T. Species difference of esterase expression and 
hydrolase activity in plasma. Journal of Pharmaceutical Sciences. 2012;101(10):3979-3988. doi: 
10.1002/jps.23258. 

27. J H Lin. Species similarities and differences in pharmacokinetics. Drug Metabolism and 
Disposition. 1995;23(10):1008.  

28. Shen L, Peterson S, Sedaghat A, et al. Dose-response curve slope sets class-specific limits on 
inhibitory potential of anti-HIV drugs. Nature Medicine. 2008;14(7):762-766. doi: 
10.1038/nm1777. 

29. Haili Zhang, Yan Zhou, Cecily Alcock, et al. Novel single-cell-level phenotypic assay for 
residual drug susceptibility and reduced replication capacity of drug-resistant human 
immunodeficiency virus type 1. Journal of Virology. 2004;78(4):1718-1729. doi: 
10.1128/JVI.78.4.1718-1729.2004. 

30. Wang LH, Begley J, St. Claire RI, Harris J, Wakeford C, Rousseau FS. Pharmacokinetic and 
pharmacodynamic characteristics of emtricitabine support its once daily dosing for the 
treatment of HIV infection. AIDS Research and Human Retroviruses. 2004;20(11):1173-1182. 
doi: 10.1089/0889222042544965. 

31. Chou T. Drug combination studies and their synergy quantification using the chou-talalay 
method. Cancer Research. 2010;70(2):440-446. doi: 10.1158/0008-5472.CAN-09-1947. 

32. Della Rocca J, Liu D, Lin W. Are high drug loading nanoparticles the next step forward for 
chemotherapy? Nanomedicine. 2012;7(3):303-305. doi: 10.2217/nnm.11.191. 



180 
 

33. Rajoli R, Back D, Rannard S, et al. In silico dose prediction for long-acting rilpivirine and 
cabotegravir administration to children and adolescents. Clin Pharmacokinet. 2018;57(2):255-
266. doi: 10.1007/s40262-017-0557-x. 

34. Imai T. Human carboxylesterase isozymes: Catalytic properties and rational drug design. 
Drug Metabolism and Pharmacokinetics. 2006;21(3):173-185. doi: 10.2133/dmpk.21.173. 

35. Munger JS, Shi G, Mark EA, Chin DT, Gerard C, Chapman HA. A serine esterase released by 
human alveolar macrophages is closely relatedto liver microsomal carboxylesterases. Journal of 
Biological Chemistry. 1991;266. 

36. Tetsuo Satoh, Palmer Taylor, William F. Bosron, Sonal P. Sanghani, Masakiyo Hosokawa, 
Bert N. La Du. Current progress on esterases: From molecular structure to function. Drug 
Metabolism and Disposition. 2002;30(5):488-493. doi: 10.1124/dmd.30.5.488. 

37. Takai S, Matsuda A, Usami Y, et al. Hydrolytic profile for ester- or amide-linkage by 
carboxylesterases pI 5.3 and 4.5 from human liver. Biol Pharm Bull. 1997;20(8):869-873. 

38. Bencharit S, Morton CL, Hyatt JL, et al. Crystal structure of human carboxylesterase 1 
complexed with the alzheimer's drug tacrine: From binding promiscuity to selective inhibition. 
Chemistry & Biology. 2003;10(4):341-349. doi: 10.1016/S1074-5521(03)00071-1. 

39. Bencharit S, Morton CL, Xue Y, Potter PM, Redinbo MR. Structural basis of heroin and 
cocaine metabolism by a promiscuous human drug-processing enzyme. Nature Structural 
Biology. 2003;10(5):349-356. doi: 10.1038/nsb919. 

40. Schwer H, Langmann T, Daig R, Becker A, Aslanidis C, Schmitz G. Molecular cloning and 
characterization of a novel putative carboxylesterase, present in human intestine and liver. 
Biochemical and Biophysical Research Communications. 1997;233(1):117-120. doi: 
10.1006/bbrc.1997.6413. 

41. Guang Xu, Wanghai Zhang, Margaret K. Ma, Howard L. McLeod. Human carboxylesterase 2 
is commonly expressed in tumor tissue and is correlated with activation of irinotecan. Clinical 
Cancer Research. 2002;8(8):2605.  

42. Evgenia V. Pindel, Natalia Y. Kedishvili, Trent L. Abraham, et al. Purification and cloning of a 
broad substrate specificity human liver carboxylesterase that catalyzes the hydrolysis of cocaine 
and heroin. Journal of Biological Chemistry. 1997;272(23):14769-14775. doi: 
10.1074/jbc.272.23.14769. 

43. Ghosh AK, Brindisi M. Organic carbamates in drug design and medicinal chemistry. Journal 
of medicinal chemistry. 2015;58(7):2895.  



181 
 

44. K. C. Kwan. Oral bioavailability and first-pass effects. Drug Metabolism and Disposition. 
1997;25(12):1329.  

45. P A Furman, J A Fyfe, M H St Clair, et al. Phosphorylation of 3'-azido-3'-deoxythymidine and 
selective interaction of the 5'-triphosphate with human immunodeficiency virus reverse 
transcriptase. Proceedings of the National Academy of Sciences of the United States of America. 
1986;83(21):8333-8337. doi: 10.1073/pnas.83.21.8333. 

46. Hiroaki Mitsuya, Kent J. Weinhold, Phillip A. Furman, et al. 3'-azido-3'-deoxythymidine (BW 
A509U): An antiviral agent that inhibits the infectivity and cytopathic effect of human T-
lymphotropic virus type III/lymphadenopathy-associated virus in vitro. . 1985;82. 

47. U.S. FDA Office of the Commissioner. HIV/AIDS treatment - antiretroviral drugs used in the 
treatment of HIV infection. 
https://www.fda.gov/ForPatients/Illness/HIVAIDS/Treatment/ucm118915.htm. Updated 2018. 
Accessed Apr 1, 2018. 

48. NIH Library of Medicine. Understanding HIV/AIDS: FDA-approved HIV medicines. 
https://aidsinfo.nih.gov/understanding-hiv-aids/fact-sheets/21/58/fda-approved-hiv-
medicines. Updated 2018. Accessed Apr 1, 2018. 

49. R. D. SOLTIS, DIANE HASZ, M. J MORRIS, et al. The effect of heat inactivation of serum on 
aggregation of immunoglobulins. . 1979. 

50. Zuidema J, Kadir F, Titulaer HAC, Oussoren C. Release and absorption rates of 
intramuscularly and subcutaneously injected pharmaceuticals (II). International Journal of 
Pharmaceutics. 1994;105(3):189-207. 

51. Owen A, Rannard S. Strengths, weaknesses, opportunities and challenges for long acting 
injectable therapies: Insights for applications in HIV therapy. Advanced drug delivery reviews. 
2016;103:144-156. doi: 10.1016/j.addr.2016.02.003. 

52. Darville N, van Heerden M, Vynckier A, et al. Intramuscular administration of paliperidone 
palmitate extended-release injectable microsuspension induces a subclinical inflammatory 
reaction modulating the pharmacokinetics in rats. Journal of Pharmaceutical Sciences. 
2014;103(7):2072-2087. doi: 10.1002/jps.24014. 

53. Tegenge M, Mitkus R. A physiologically-based pharmacokinetic (PBPK) model of squalene-
containing adjuvant in human vaccines. J Pharmacokinet Pharmacodyn. 2013;40(5):545-556. 
doi: 10.1007/s10928-013-9328-y. 

54. Trevaskis NL, Kaminskas LM, Porter CJH. From sewer to saviour - targeting the lymphatic 
system to promote drug exposure and activity. Nature reviews. Drug discovery. 
2015;14(11):781. doi: 10.1038/nrd4608. 

https://www.fda.gov/ForPatients/Illness/HIVAIDS/Treatment/ucm118915.htm
https://aidsinfo.nih.gov/understanding-hiv-aids/fact-sheets/21/58/fda-approved-hiv-medicines
https://aidsinfo.nih.gov/understanding-hiv-aids/fact-sheets/21/58/fda-approved-hiv-medicines


182 
 

55. Hunter MC, Halin C, Teijeira A. T cell trafficking through lymphatic vessels. Frontiers in 
Immunology. 2016. 

56. Siccardi M, Martin P, Smith D, et al. Towards a rational design of solid drug nanoparticles 
with optimised pharmacological properties. Journal of Interdisciplinary Nanomedicine. 
2016;1(3):110-123. doi: 10.1002/jin2.21. 

57. Singh R, Lillard JW. Nanoparticle-based targeted drug delivery. Experimental and Molecular 
Pathology. 2009;86(3):215-223. doi: 10.1016/j.yexmp.2008.12.004. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



183 
 

Chapter 3: Development of imine and self-immolative FTC prodrugs 

Introduction 

Chapter 2 of this thesis demonstrated that carbamate-based prodrugs could offer a 

suitable strategy for production of LAI formulations of FTC. Carbamate and 5’-carbonate FTC 

carbamate pro-moieties effectively decrease compound aqueous solubility and are cleaved in 

physiologically relevant human compartments. These prodrugs also enhance compatibility with 

ETFD SDN formulation technologies, with nanoparticles up to 70 wt.% achieved. In vivo 

screening of prodrug SDNs in rats revealed 3 formulations that could provide sustained FTC 

exposure for up to 14 days, suggesting possible longer durations of action upon translation to 

humans.  

Although data generated thus far has been highly promising, carbamates and carbonates 

represent a single prodrug strategy. To increase the available options from which to produce 

LAI formulations, additional prodrug strategies have been explored as contributions to our 

pipeline. This Chapter describes the production of tunable imine and self-immolative FTC 

prodrugs in order to decrease aqueous solubility and enhance compatibility with ETFD SDN 

formulation technologies. 

Results 

3.1. Imine FTC Prodrugs 

3.1.1. Design, synthesis, and challenges 

Relative to hydroxyl-masking groups, few amino prodrug strategies are described in the 

literature. However, imines represent a promising reversible masking strategy to convert highly 
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polar amines into more lipophilic prodrugs. In the context of the NRTIs, reversibility is 

important primarily because irreversible amino modifications on the nucleoside base are 

expected to ablate antiviral activity1. Imine masking strategies are also tunable, with changes in 

lipophilicity accessed by different imine substituents. Another benefit of using imine analogs 

over other potential strategies is that activation is expected to occur via non-enzymatic 

hydrolysis, reducing the dependence on endogenous enzymes2,3. Rates of imine cleavage are 

typically dependent on solution pH as well as the nature of the ketone or aldehyde moiety from 

which the prodrug is based2-4.  

Typical conditions for imine synthesis involve reacting the amino group and the aldehyde 

or ketone in the presence of acid3-6. The acidity helps to enhance the electrophilicity of the 

carbonyl carbon, increasing its reactivity3,5. Imine formation also involves the loss of a water 

molecule5,6. Some synthetic strategies include the use of molecular sieves or another drying 

agent to absorb the water as it is released4-6. This theoretically drives equilibrium forward to 

further enhance imine formation.  Solvent choice in these reactions is also important5. Some 

common solvents such as acetone and ethyl acetate may react to form imines. In addition, 

nucleophilic solvents such as methanol or ethanol may react with imines once formed, resulting 

in adducts. Reactivity of the carbonyl-containing substituent is also critical for reaction success5. 

Aldehydes and ketones may be used to form aldimines and ketimines, respectively5. Aldehydes 

are typically considered to be more reactive than ketones5. As a result, aldimine synthesis is 

more accessible than ketimine synthesis5. In the context of this project, however, due to the 

presence of fewer alkyl groups, aldimines may yield more modest increases in logP than 

ketimines. Although higher reactivity may improve reaction efficiency with aldehydes, this 
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increased reactivity also leads to higher toxicity of aldehydes versus ketones in vivo, potentially 

limiting their utility for LAI-ARVs. 

It is expected that synthesized imine prodrugs will yield increases in logP to enhance 

compatibility with SDN formulation technologies. After formulation and injection in vivo, 

prodrug release, followed by activation is expected. Non-enzymatic activation of imines yields 

parent FTC (Fig. 3.1). 

 

 

Figure 3.1. Following formulation of imine FTC prodrugs and injection of nanoparticles in vivo, 

slow release of intact prodrugs followed by non-enzymatic activation to parent FTC is expected. 
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Imine synthesis was attempted on emtricitabine using a variety of different aldehydes and 

ketones under various acidic conditions (Fig. 3.2). Acids used included acetic acid, para-

toluenesulfonic acid, hydrochloric acid, Si-Al catalyst, and K10 acidic clay. Some reactions were 

carried out in the presence of molecular sieves or calcium oxide as drying agents to absorb 

water. Reactions were carried out either at room temperature, or elevated temperatures 

(reflux or microwave) with varied solvents (ethanol, THF, DCM). No set of conditions yielded the 

formation of FTC imines, as observed by TLC. It is likely that the amine group of FTC has low 

nucleophilicity due to the presence of the fluorine in the ortho position. In order to determine 

whether the low basicity/nucleophilicity of the FTC base amine was responsible for the inability 

to form imine prodrugs, similar reactions were carried out on lamivudine (3TC). Structurally, 

3TC and FTC are nearly identical, with the only difference being that 3TC lacks the ortho fluorine 

as compared with FTC. Removal of the fluorine will purportedly increase amine nucleophilicity 

and should increase imine formation. 
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Figure 3.2. Conditions for attempted synthesis of FTC imines. None of the conditions listed 

yielded the desired product. 

 

Aldimine and ketimine synthesis was attempted on 3TC (Fig. 3.3). 3TC was first reacted 

with valeraldehyde in the presence of glacial acetic acid in methanol at 120 C. The resulting 

aldimine 1 was formed, with the product confirmed by NMR. In a separate reaction, 3TC and 3-

pentanone were mixed in neat titanium ethoxide (a catalyst and drying agent) at 120 C. 

Because ketimine synthesis is more challenging relative to aldimine synthesis due to the 

reduced electrophilicity of the ketone carbonyl, more extreme conditions were required. The 

ketimine product 2 was also formed under these harsh conditions. Product formation was 

confirmed by HPLC stability at pH 4 in conjunction with NMR and LC-MS. The success in 
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synthesis of 3TC imines supports the hypothesis that the fluorine ortho to the base amine of 

FTC may be responsible for decreasing amine nucleophilicity, significantly decreasing the ability 

of FTC to form imines. 

 

Figure 3.3. 3TC is structurally similar to FTC with key differences including lack of the fluorine 

ortho to the base amine. Syntheses of aldimine 1 and ketimine 2 from 3TC were successfully 

achieved. 

 

To determine the feasibility of using 3TC imines for LAI-ARVs, imine hydrolysis was 

evaluated in various physiologically relevant conditions (Fig. 3.4). Aldimine 1 was incubated in 

0.1 M phosphate buffer at pH 7.4, and in human plasma. Because it is expected for imines to 

hydrolyze more rapidly under acidic conditions, 1 was also incubated in 0.1 M citrate buffer at 
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pH 4.  As expected of imines, 1 was rapidly hydrolyzed to 3TC at pH 4 with complete conversion 

occurring in less than 5 min. However, when incubated at pH 7.4, hydrolysis was comparatively 

much slower. Even after 70 h, despite significant accumulation of 3TC, complete hydrolysis to 

3TC was not observed. In human plasma, hydrolysis of 1 was even slower than in phosphate 

buffer. HPLC traces indicate minimal accumulation of 3TC after 48 h. Aldimine 1 exhibited slow 

hydrolysis under physiologically relevant conditions. Given that ketimines are more stable than 

aldimines, ketimine hydrolysis is expected to be even slower than that for aldimines. Taken 

together, this data suggests that imines may not represent a suitable prodrug strategy for LAI-

ARV applications.  

 

Figure 3.4. Hydrolysis of 3TC aldimine 1 in pH 4 buffer, pH 7.4 buffer, and in human plasma. 

Rapid imine hydrolysis is observed at pH 4. However, under more physiologically relevant 

conditions, the rate of hydrolysis decreases significantly. 
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3.2. Trimethyl Lock (TML) FTC Prodrugs 

3.2.1. Design and synthesis 

It may be desirable to identify prodrug strategies that potentially increase the rate of 

activation following release from SDNs. Self-immolative prodrugs offer the dual advantage of 

increasing compound lipophilicity with potentially rapid activation. These types of prodrugs are 

typically stable. However, after an initial enzymatic step, the released moiety yields rapid 

complete activation to parent drug7-9. Trimethyl lock (TML)-based prodrugs are amine-masking 

prodrugs. Upon esterase-mediated activity, self-immolative amides are revealed (Fig. 3.5)7-9. 

After ester cleavage, the free hydroxyl group is poised for rapid intramolecular attack at the 

amide due to the presence of the strategically placed gem-dimethyl and methyl groups ortho 

and meta to the hydroxyl, respectively7-9. Steric hindrance resulting from the placement of 

these methyl groups brings the hydroxyl group closer to the amide site of cleavage, 

encouraging attack. Rapid cleavage releases parent FTC as well as a lactone byproduct that has 

previously been shown to be non-toxic7. Much like with other prodrugs described in this thesis, 

TML-FTC prodrugs are tunable by virtue of the ester substituent to achieve desired lipophilicity 

and prodrug unmasking kinetics.  
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Figure 3.5. Activation of TML-FTC prodrugs following prodrug release from SDNs. After 

esterase-mediated hydrolysis to liberate the free phenolic hydroxyl, strategically positioned 

methyl groups facilitate rapid intramolecular lactonization. FTC and a lactone byproduct is 

released. The nature of the ester moiety can be used to tune hydrolysis rates.   

 

TML-FTC prodrugs were synthesized by Dr. David Meyers (JHU Synthetic Core Facility). At 

this early stage of development, only the acetyl ester prodrug was produced and evaluated in 

proof-of-concept studies. The synthetic route to acetyl TML-FTC prodrug 3 is illustrated in 

Scheme 3.1. The TML moiety must first be synthesized prior to coupling onto FTC7,9. Initial 

reaction of the starting material phenol with methyl 3,3-dimethylacrylate in the presence of 

methanesulfonic acid yields a lactone species. An LAH-mediated reduction yields a primary 

alcohol that is then TBS-protected prior to installation of the ester moiety on the phenolic 

hydroxyl via an EDC coupling. After deprotection of the primary alcohol in acidic conditions, the 
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hydroxyl group is oxidized to a carboxylic acid using Jones Reagent. This complete TML piece 

can then be conjugated to FTC. A HATU coupling between the base amine of FTC and the newly 

formed carboxylic acid yields amide bond formation, producing the final acetyl TML FTC 

prodrug 3.   

 

Scheme 3.1. Synthesis of acetyl TML FTC prodrug 3 (work by Dr. David Meyers). The TML 

portion must first be synthesized prior to amide coupling with FTC. 

 

3.2.2. Kinetic analysis of prodrug cleavage in vitro 

The kinetics of prodrug activation of acetyl TML-FTC prodrug 3 were assessed using HPLC-

based methods. Initial rates, in human liver and muscle S9 fractions, and a half-life, in human 

plasma, were determined at 1 mM compound (Fig. 3.6). As expected, only starting prodrug 3 

and parent FTC were observed. Although it is possible that the lactone byproduct formed 
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during prodrug activation may be visualized by HPLC, this product was not observed by HPLC. It 

is possible that the lactone is rapidly hydrolyzed after formation, yielding a product with low 

max and therefore unobservable by HPLC. Initial rates in liver (1830  133 nmol/h/mg) and 

muscle (60.7  0.8 nmol/h/mg)  and very short plasma half-life (0.44  0.03 h) demonstrate that 

acetyl TML-FTC prodrug 3 is activated efficiently to FTC in physiologically-relevant media.  

 

Figure 3.6. Representative HPLC stackplot (left) of acetyl TML prodrug 3 in 1.0 mg/mL human 

liver. Calculated initial rates in human liver and muscle and half-life in human plasma (right) 

demonstrate that prodrug 3 is rapidly cleaved in all physiologically relevant conditions. 

 

3.2.3. Measuring antiviral activity using single-round infectivity assays 
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Similar to the carbamate prodrugs in Chapter 2, we anticipate the possibility that intact 

TML prodrugs can cross through target cell membranes after release from the SDN. As a result, 

TML-FTC prodrug 3 was also evaluated for antiviral activity against pseudotype HIV-1 in single-

round infectivity assays in CD4+ T lymphoblasts enriched from healthy donor blood. The 

determined IC50 for 3, 28.6  1.2 nM, demonstrated that this prodrug could comparatively 

inhibit HIV infection relative to unmasked parent FTC (IC50 = 14.1  5.7 nM) (Fig. 3.7).  

 

Figure 3.7. Representative dose-response curves and average IC50 values for carbamate prodrug 

3 and FTC obtained from single-round infectivity assays of antiviral activity. Comparable 

potency is observed between 3 and FTC. 

 

In order to assess whether the inhibitory mechanism of 3 matches that of FTC, the 

instantaneous inhibitory potential (IIP) was determined from median-effect parameters (fa = 

fraction of virus affected; fu = fraction of virus unaffected) derived from single-round infectivity 

assays. This value for the NRTIs is close to 1 and is expected to be the same for prodrug 3. The 
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plots in Fig. 3.8 illustrate that the IIPs of FTC and 3 are close to 1, indicating that TML-FTC 

prodrugs inhibit viral infection in a manner similar to parent drug. 

 

Figure 3.8. Representative median-effect equation plots for acetyl TML prodrug 3 and FTC. Both 

3 and FTC have instantaneous inhibitory potentials (IIPs) close to 1, indicating that their 

inhibitory mechanism is similar to that of NRTIs. 

 

As previously noted, the medium used to culture CD4+ T cells contains 50% human serum 

to account for protein binding, but may also be sufficient to activate prodrugs to parent FTC. 

Given the lability of acetyl TML prodrugs relative to carbamate prodrugs, there is a greater 

likelihood that significant prodrug activation can occur during test compound pre-incubation 

prior to viral challenge. To determine whether this was the case, TML prodrug 3 was incubated 

with the prepared medium and evaluated via HPLC (Fig. 3.9). 3 was hydrolyzed to FTC with an 

approximate half-life of 0.83 h. This half-life is relevant to prodrug pre-incubation and suggests 

that the observed antiviral activity likely stems only from parent FTC and not intact prodrug.   
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Figure 3.9. Plot of HPLC peak area vs. time (h) for acetyl TML prodrug 3 following incubation in 

well medium used to culture cells in single-round infectivity assays. Culture medium is sufficient 

for prodrug cleavage, yielding parent FTC with a half-life of 0.83 h. 

 

To preliminarily identify whether the lactone byproduct released during TML-FTC activation 

exhibits toxicity, a viability stain was employed during single-round infectivity assays. Zombie 

Red stain was used to assess T-cell viability versus increasing concentrations of acetyl TML-FTC 

prodrug 3. Based on the results of that in vivo experiment, there was no change in T-cell 

viability associated with increasing concentrations of 3, preliminarily suggesting that the 

lactone byproduct does not exhibit toxicity. 

Table 3.1 shows the calculated IC50 values for FTC, the octyl carbamate prodrug (Chapter 

2), and acetyl TML-FTC prodrug 3. Under the conditions of this assay, both prodrugs inhibit viral 

infection on the same order of magnitude as parent FTC, demonstrating their feasibility for use 

as ARV agents.  
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Table 3.1. Calculated IC50 values for FTC, octyl carbamate prodrug 16 (Chapter 2), and acetyl 

TML prodrug 3 from single-round infectivity assays. 

 

3.2.4. SDN formulation screens 

To determine whether acetyl TML-FTC prodrug 3 was suitable for hydrophobic SDN 

formation, preliminary ETFD screens were carried out by Steven Rannard’s lab at the University 

of Liverpool. Seven polymer and seven surfactant excipients were selected from the U.S. Food 

and Drug Administration Center for Drug Evaluation and Research Inactive Ingredient Database. 

The dispersed phases of the emulsions consisted of prodrug solutions in chloroform. The 

continuous phases of the emulsions were aqueous binary mixtures of polymers and surfactants. 

In total, 49 candidate SDNs were possible for prodrug 3 at 10 wt. % prodrug loading relative to 

excipients in the lyophilized solid monolith. SDNs were re-dispersed and assessed using 

dynamic light scattering. SDN “hits” were defined by the following criteria: 1) Z-average 
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hydrodynamic diameter of <1000 nm (to meet the true definition of a nanoparticle), 2) 

polydispersity index (PDI) value (measuring the uniformity of a material distribution) is <0.4, 3) 

prodrug nanoparticles are able to disperse in water at a concentration of 1 mg/mL, and 4) 

reproducible production with <5% variability. 

A representative 3D plot comparing the Z-average diameter of obtained SDNs with various 

polymer/surfactant excipient combinations is shown in Fig. 3.10. Out of a possible 49 hits, 5 

were obtained for prodrug 3. In Chapter 2, it was previously noted that for 5’-carbonate FTC 

carbamate prodrugs, there was an observed correlation between clogP and the number of hits 

obtained. Based on Fig. 2.9, prodrugs with a clogP greater than 3 typically yielded >30 SDN hits. 

However, the clogP for 3 is 3.14 (vcclabs.org), demonstrating that clogP is not the only predictor 

for success in SDN screening. Much like the carbamate-only FTC prodrugs discussed in Chapter 

2, 3 contains a polar hydroxyl group that likely interacts with the aqueous phase of the biphasic 

mixture. These interactions can increase the size distribution and raise PDI values, reducing the 

number of hits. Despite this, that hits were obtained for 3 suggests that TML-FTC prodrugs are 

amenable for hydrophobic SDN formation. 
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Figure 3.10. SDN formulation screens via ETFD for acetyl TML-FTC prodrug 3. Representative 

plots comparing obtained Z-average diameter with different polymer/surfactant excipient 

combinations. In this screen, 5 hits (shown in green) out of 49 possible conditions were 

observed for 3.  

 

3.3. p-Acetoxybenzyl Alcohol (p-ABA) FTC Prodrugs 

3.3.1. Design and synthesis 

As discussed in Section 3.2, self-immolative prodrugs can offer myriad benefits to enhance 

compatibility with LAI-ARV approaches including decreased aqueous solubility, rapid prodrug 

activation, and tunability. This section discusses the design and development of another set of 

self-immolative masking groups, para-acetoxybenzyl alcohol (p-ABA) FTC prodrugs (Fig. 3.11). 

p-ABA moieties can be connected to amines or hydroxyl groups as carbamates or carbonates, 

respectively. Much like with TML-based prodrugs, p-ABA prodrugs are initially activated by 
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esterases, revealing a self-immolative carbamate or carbonate10,11. Electrons on the released 

hydroxyl group can pour into the aromatic ring, resulting in removal from the parent 

molecule10,11. Parent FTC is released along with a molecule of CO2 and a potentially toxic 

quinone methide10,11. p-ABA prodrugs are also tunable by virtue of the ester substituent.   

 

Figure 3.11. Activation of p-ABA FTC prodrugs. Esterase-mediated hydrolysis liberates the 

phenolic hydroxyl group. The resulting electron cascade releases parent FTC as well as CO2 and 

a quinone methide byproduct. 

 

A three-step synthesis was employed to produce p-ABA-FTC prodrug 4 masking both the 

amino and hydroxyl groups of FTC (Scheme 3.2). The reaction of p-hydroxybenzyl alcohol with 

acetyl chloride results in selective addition of the acetyl ester on the secondary phenolic 

hydroxyl group. The resulting benzyl alcohol can then be converted to the corresponding 

chloroformate via reaction with phosgene. This chloroformate is then ready for reaction with 

FTC, yielding self-immolative carbamate/carbonate prodrug 4. 
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Scheme 3.2. Synthesis of self-immolative p-ABA carbamate/carbonate FTC prodrug 4. The 

chloroformate is not commercially available and must be synthesized separately for coupling to 

FTC. 

3.3.2. Kinetic analysis of prodrug cleavage in vitro 

There are two potential hydrolysis pathways for prodrug 4, as illustrated in Fig. 3.12. It is 

possible that from starting prodrug A, the p-ABA carbonate attached at the 5’-OH will be 

cleaved first, yielding species B with only the p-ABA carbamate attached at the base nitrogen. 

Following carbamate cleavage, FTC is released. Alternatively, it is possible that the p-ABA 

carbamate is unmasked first, giving rise to species C, containing only the p-ABA carbonate. 

Carbonate cleavage then yields FTC. As a result, it is expected that four species will be observed 

over the course of the reaction, highlighting the potential for both pathways to occur.  
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Figure 3.12. Potential cleavage pathways for p-ABA prodrug 4 (A) to FTC. It is possible for either 

carbonate or carbamate cleavage to occur first yielding products B and C, respectively. 

Hydrolysis of the remaining moiety gives rise to parent FTC. 

 

The kinetics of prodrug activation of p-ABA FTC 4 were assessed using HPLC-based 

methods. Initial rates, in human liver and muscle S9 fractions, and a half-life, in human plasma, 

were determined at 1 mM compound (Fig. 3.13). All four species previously described were 

observed by HPLC, illustrating the potential for FTC to emerge from two hydrolysis pathways. 

Initial rates in liver (20373  5874 nmol/h/mg) and muscle (371  24 nmol/h/mg) are the fastest 

calculated from any compound described in this thesis. These rates likely stem from rapid 

enzyme-catalyzed cleavage of the prodrug-stabilizing acetyl esters. This is also reflected in the 
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very short plasma half-life (0.17  0.00 h). Taken together, this data illustrates that p-ABA FTC 

prodrugs are suitably activated to parent drug in physiologically-relevant media. 

 

Figure 3.13. Representative HPLC stackplot (left) of p-ABA prodrug 4 (A) in 0.2 mg/mL human 

liver. Purported cleavage pathways and calculated initial rates in human liver S9 fraction and 

muscle S9 fraction and half-life in human plasma (right) demonstrate that p-ABA prodrug 4 is 

rapidly cleaved in all physiologically relevant conditions. 

Discussion 

This Chapter has described a set of additional prodrug strategies beyond carbamate-based 

FTC prodrugs that may display utility toward long-acting injectable therapeutic applications. 

The first strategy explored involved amino-masking imines. Because imine hydrolysis does not 

require enzymatic activation2,3, it was thought that imine prodrugs may represent a rapidly 

reversible strategy. However, as mentioned, synthesis of FTC imines was more difficult than 
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initially anticipated. This was true even with aldehydes, typically thought to be easier for imine 

synthesis, versus ketones5. The reason for this difficulty likely stems from the reduced 

nucleophilicity of the FTC amine, potentially due to the electron withdrawing fluorine in the 

ortho position. This hypothesis was further supported by demonstrating successful imine 

synthesis on 3TC, another clinically-used antiviral and close structural analog to FTC. 3TC differs 

from FTC only in the lack of ortho fluorine. That imine synthesis was achievable on 3TC, but not 

FTC, suggests that it is indeed the ortho fluorine that is reducing amine nucleophilicity and 

decreasing its capability to form imines.  

On 3TC, aldimines were formed under typically mild conditions. A ketimine was also 

successfully formed on 3TC, but using much harsher conditions. This difference reflects 

differences in carbonyl accessibility and electrophilicity in aldehydes versus ketones. 

Unfortunately, it is these same differences that can yield differences in toxicity between 

aldehydes and ketones in vivo. Because aldehydes are more susceptible to nucleophilic 

substitution, they are more reactive in vivo and therefore considered toxic without proper 

regulation12,13. Not as much is known about the toxicity of ketones, although caution should be 

taken for these as well12,13. However, it is known that unregulated release of certain ketones 

may lead to ketoacidosis, a potentially fatal condition14. As a result of these differences, 

although aldimines may be easier to synthesize, they pose greater risk in vivo. This risk is 

amplified when considering the long-acting nature of the application, suggesting that imines 

may not represent the best prodrug strategy for long-acting injectable formulations. 

Kinetic analysis of 3TC aldimine 1 revealed rapid hydrolysis in pH 4 buffer, characteristic of 

imine behavior. However, imine hydrolysis in more physiologically relevant pH 7.4 buffer and 
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human plasma were much slower. Interestingly, by HPLC, it appeared that imine hydrolysis was 

slower in plasma than in pH 7.4 buffer. It is not expected that imine hydrolysis would be 

enhanced by enzymatic intervention. To explain the decreased rate, it is possible that aldimine 

1 is susceptible to protein binding. For 3TC, less than 36% of the given dose is protein-bound. 

The aldimine structure may result in increases to protein binding to reduce the amount of imine 

available for hydrolysis. The rate of aldimine hydrolysis in physiologically-relevant conditions 

also has potential implications for ketimine hydrolysis. Ketimine synthesis is synthetically more 

challenging and, as a result, ketimines are much more stable than aldimines. Hydrolysis of 

ketimines is therefore expected to be slower than aldimine hydrolysis. It was expected that 

because imine hydrolysis does not require enzymatic activation, imines may represent a rapidly 

reversible prodrug strategy. However, based on the above qualitative observations, it does not 

appear that imine prodrugs provide any significant kinetic advantages over other prodrugs 

produced.     

The next prodrug strategy explored in this chapter was TML prodrugs. TML is a self-

immolative amide stabilized by a phenol-masking ester. Like other prodrugs discussed in this 

thesis, activation of TML prodrugs requires enzymatic intervention. However, this rate can be 

tuned by nature of the phenol-masking substituent. Only the acetyl ester prodrug was 

synthesized and tested as a proof-of-concept at this early stage. Although TML prodrugs seem 

to represent a suitable strategy for prodrug design, the number of synthetic steps required for 

production may increase the difficulty of scaling up the synthesis for more advanced studies, 

making it overall less attractive.  
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Kinetic analysis of prodrug 3 demonstrated rapid activation in physiologically relevant 

conditions compared to other prodrug strategies discussed in this thesis. Initial rates in liver 

and muscle are faster than those calculated for carbamate compounds in Chapter 2, with a few 

exceptions. It is possible that the bulky TML group may be affecting substrate recognition by 

esterases, or may provide steric obstacles to ester cleavage. Rapid cleavage is also reflected in 

the very short plasma half-life, which was shorter than any carbamate-based compound tested 

in Chapter 2. Taken together, this data illustrates that acetyl TML-FTC prodrugs are suitably 

activated to parent drug in physiologically-relevant media. 

Because hydrolysis of acetyl TML prodrug 3 was rapid in vitro, it was expected to show an 

IC50 value similar to FTC in single-round infectivity assays. This was further supported by 

cleavage experiments in T-cell culture medium. Data from single-round infectivity assays 

demonstrated that both the octyl carbamate and TML-FTC prodrugs inhibit viral infection 

similarly to parent FTC. Although the IC50 of 3 was comparable to FTC and on the same order of 

magnitude, the prodrug IC50 value is still modestly higher. It is possible that prodrug 3 may have 

an increased susceptibility to protein binding, albeit not significantly. Heat-inactivated human 

plasma is included in single-round infectivity assays to account for protein binding. Although 

experiments in the absence of plasma may reveal whether protein binding occurs, the lack of 

plasma also will likely remove the primary source of prodrug cleavage.  

The primary byproduct released from TML prodrug activation is a lactone species (shown in 

Fig. 3.5). Although previous reports have shown this lactone to be non-toxic7, it will be 

important to ensure that there indeed is no toxicity stemming from this moiety. Although 

experiments using the Zombie Red viability stain preliminarily suggested that the lactone 
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product does not exhibit toxicity, further toxicology studies will be needed to confirm that this 

is the case.     

SDN screening of TML prodrug 3 also demonstrated that TML prodrugs enhance FTC 

compatibility with ETFD formulation approaches. Although hits were obtained from these 

screens, only 5 hits out of a possible 49 were observed. The clogP of prodrug 3 is calculated as 

3.14, much higher than the -0.5 reported for parent FTC. The low number of hits may stem 

from the free OH group remaining on the molecule that can still interact with the aqueous 

phase, yielding wider size distributions. However, it is also possible that prodrug stability played 

a role as well. The acetyl group is very labile and may have broken down during ETFD, again 

resulting in wider size distributions and therefore decreasing the number of hits. TML prodrugs 

with masked hydroxyl groups and/or stabilized with heartier esters or carbonates beyond the 

acetyl group may overall increase the success of SDN screening. 

The third and final strategy discussed in this thesis was p-ABA prodrugs. This class of 

prodrugs represents self-immolative carbamates and/or carbonates. Similar to the TML prodrug 

class, activation requires the action of esterases, with prodrug stabilizing stemming from a 

phenol-masking substituent. Like with TML, only the acetyl ester masking group was explored 

as a proof-of-concept. In the future, if both TML and p-ABA prodrugs are explored further, it is 

likely that lead compounds will need to move away from the acetyl group because it is too 

labile. As previously discussed, the low stability of the acetyl group may result in decomposition 

during SDN manufacture, reducing the number of possible hits and ultimately decreasing 

overall prodrug utility. In addition, if SDNs of p-ABA prodrugs were to be formulated, the acetyl 

group lability may also affect the long-acting nature of the formulation. Hydrolysis at the SDN-



208 
 

medium interface can yield rapid and premature FTC release. As a result, formulations may not 

last as long as desired. Other esters and carbonates can be explored for both prodrug strategies 

in order to tune FTC release and develop a more favorable pharmacokinetic profile.  

Kinetic analysis of p-ABA prodrug 4 demonstrated that these pro-moieties are the most 

rapidly cleaved of any prodrug class discussed in this thesis thus far with the fastest initial rates 

in human liver and muscle fractions and the shortest half-life in human plasma. Like with TML, 

these rapid rates stem from enzyme-catalyzed cleavage of the acetyl ester followed by fast 

decomposition of the remainder of the prodrug. However, the rates in liver and muscle for 4 

were much higher than for 3. Prodrug 4 lacks the bulky substituents on the aromatic ring 

contained on 3. These groups may be responsible for reducing the rate due to steric hindrance, 

resulting in the observed trends. 

The major byproduct released from p-ABA prodrugs is a quinone methide species. Unlike 

the TML lactone, which is potentially non-toxic, the toxicity of quinone methides is very well 

characterized15,16. These molecules are highly electrophilic and therefore susceptible to 

nucleophilic attack from any surrounding species following their formation15,16. Although 

quinone methides may be rapidly quenched by water, it is possible that nucleophilic groups 

contained on esterases responsible for prodrug cleavage may also react, resulting in inactive 

enzymes and overall toxicity15,16. In future studies, it will be necessary to further explore this 

potential toxicity with some toxicology studies to determine whether p-ABA prodrugs may be 

suitable for long-acting therapeutic applications.  

 

Conclusion 



209 
 

This report has described the design, synthesis, and evaluation of other FTC prodrug 

strategies that may increase compatibility with hydrophobic SDN formation for use in LAI-ARV 

applications. Imine prodrugs were not achievable on FTC, but were synthesized successfully on 

3TC. Slow prodrug activation suggested that imines likely did not represent a suitable prodrug 

strategy. Self-immolative TML FTC prodrugs were synthesized in eight steps and demonstrated 

rapid prodrug cleavage in human liver, muscle, and plasma. Assessments in antiviral assays 

looking for inhibition of viral replication, comparable potency to parent FTC was observed. 

Much like with the carbamate prodrugs, our data indicates that this activity does not derive 

from intact prodrugs, but requires prodrug hydrolysis to FTC. SDN screens of TML prodrug 3 

yielded 5 hits with favorable properties, illustrating the promise of the TML approach towards 

developing LAI-ARVs. Self-immolative p-ABA prodrugs were also synthesized successfully. 

Kinetic analysis of prodrug 4 revealed the fastest cleavage of any prodrug of any compound 

tested to date. Future SDN screens and toxicology studies will determine whether p-ABA 

prodrugs represent a suitable approach towards LAI-ARVs. Future work will focus on applying 

the prodrug strategies and technologies used on FTC to other NRTIs using results obtained from 

FTC as a benchmark. 

 

Experimental 

General 

Unless otherwise noted, all reagents were obtained from commercial suppliers and used 

without further purification.  Dichloromethane was distilled after drying over CaH2. Reaction 
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yields refer to the purified products. Compound purification was carried out on a Biotage 

Isolera One flash chromatography system with indicated solvent mixtures and gradients. Elution 

was monitored by UV detection. Thin layer chromatography (TLC) was performed using 250 μm 

w/h F254 plates. 1H and 13C NMR spectra were acquired on a Bruker Avance III 500 

spectrometer operating at 500 MHz for 1H and 126 MHz for 13C. Chemical shift values are 

reported as δ (ppm) relative to CHCl3 at δ 7.27 ppm, MeOH at δ 3.31 ppm, and DMSO at δ 2.50 

ppm for 1H NMR. Mass spectrometry analysis was performed on a Thermo Q-Exactive (ESI 

ionization with orbitrap mass analyzer). The purity of synthesized compounds is ≥95% as 

analyzed by HPLC (Beckman Gold Nouveau System Gold) on a C18 column (Thermo Scientific, 3 

µm C18 analytical Rocket® column, 50 mm × 4.6 mm) using the following method: 0% to 100% B 

over 8 minutes at a flow rate of 1 mL min-1 (solvent A: Et3NHOAc (50 mM, pH 8), solvent B: 

acetonitrile). Unless otherwise noted, all HPLC analyses were performed using the following 

method: 0% to 100% B over 8 minutes at a flow rate of 1 mL min-1 (solvent A: Et3NHOAc (50 

mM, pH 8), solvent B: acetonitrile).  

Synthesis 

Synthesis of 1-((2S,5R)-2-(hydroxymethyl)-1,3-oxathiolan-5-yl)-4-(((Z)-

pentylidene)amino)pyrimidin-2(1H)-one (1): To a 0.5-2 mL Biotage Initiator Microwave 

Synthesizer vial, flame-dried and cooled under argon, 3 Å molecular sieves were added. 3TC 

(1.0 eq., 0.2 M) and methanol are then added to the flask. The reaction is initiated by the 

addition of acetic acid (5.0 eq., 1.0 M) and valeraldehyde (10.0 eq., 2.0 M). The vial was placed 

in the microwave at 120 °C for 30 min. After completion, the reaction mixture is checked by 
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TLC. Volatiles are removed from the reaction mixture under reduced pressure. The resulting 

residue is dissolved in ethyl acetate and water and transferred to a separatory funnel. After an 

extraction with 3 x 15 mL ethyl acetate, the organic layer is collected and then washed twice 

with saturated aqueous NaHCO3. The solvent is condensed under reduced pressure and the 

residue is partitioned again between methanol and hexanes, collecting the methanol layer. This 

layer is evaporated to dryness and dried under high vacuum to yield 50.4 mg of white powder 

(78%).  1H NMR (500 MHz, CD3OD) δ ppm 0.90 (t, J=7.00 Hz, 3 H) 1.34 (d, J=5.97 Hz, 4 H) 1.48 - 

1.79 (m, 2 H) 3.13 (dd, J=11.95, 3.93 Hz, 1 H) 3.50 (dd, J=12.03, 5.42 Hz, 1 H) 3.80 - 4.01 (m, 2 H) 

5.27 (t, J=3.85 Hz, 1 H) 5.42 (t, J=6.29 Hz, 1 H) 5.88 (d, J=7.55 Hz, 1 H) 6.28 (t, J=4.79 Hz, 1 H) 

8.04 (d, J=7.55 Hz, 1 H). RP-HPLC retention time (0% to 100% B over 10 minutes): 4.1 min. 

 

Synthesis of 1-((2S,5R)-2-(hydroxymethyl)-1,3-oxathiolan-5-yl)-4-(pentan-3-

ylideneamino)pyrimidin-2(1H)-one (2): To a 0.5-2 mL Biotage Initiator Microwave Synthesizer 

vial, flame-dried and cooled under argon, 3TC (1.0 eq, 0.2 M) is suspended in 3-pentanone (65.0 

eq., 13.0 M). To this mixture, titanium ethoxide (2.0 eq., 0.4 M) is added. The vial was placed in 

the microwave at 120 °C for 60 min. The reaction mixture was poured into a beaker containing 

10% w/v aqueous Rochelle’s salt while stirring. This mixture was transferred to a separatory 

funnel and extracted with 3 x 10 mL ethyl acetate. The combined organic layers were then 

washed with 2 x 15 mL saturated aqueous NaHCO3. The organic layers were collected and 

condensed under reduced pressure to remove volatiles. The remaining residue was purified via 

silica flash chromatography using a 0-10% methanol in DCM gradient yielding 6 mg of white 

solid (9.3%). 1H NMR (500 MHz, CD3OD, impure with contaminants) δ ppm 0.81 - 1.20 (m, 6 H) 



212 
 

1.47 - 1.77 (m, 4 H) 3.10 - 3.20 (m, 1 H) 3.51 (dd, J=11.87, 5.27 Hz, 1 H) 3.83 - 4.01 (m, 3 H) 4.62 

(s, 2 H) 5.28 (br. s., 1 H) 6.29 (d, J=4.09 Hz, 1 H) 7.88 - 8.25 (m, 1 H). RP-HPLC retention time (0% 

to 100% B over 10 minutes): 4.1 min. 

 

Synthesis of 2-(4-((1-((2R,5S)-2-(((tert-butyldimethylsilyl)oxy)methyl)-1,3-oxathiolan-5-yl)-5-

fluoro-2-oxo-1,2-dihydropyrimidin-4-yl)amino)-2-methyl-4-oxobutan-2-yl)-3,5-

dimethylphenyl acetate:  To a solution of 3-(2-acetoxy-4,6-dimethylphenyl)-3-methylbutanoic 

acid7 (205 mg, 0.77 mmol) in anhydrous DMF (1.55 ml) was added HATU (294 mg, 0.77 mmol) 

in one portion at rt followed by the addition of diisopropylethylamine (0.30 ml, 1.74 mmol).  

After stirring at rt for 5 min, 4-amino-1-((2R,5S)-2-(((tert-butyldimethylsilyl)oxy)methyl)-1,3-

oxathiolan-5-yl)-5-fluoropyrimidin-2(1H)-one17 (279 mg, 0.77 mmol) was added in one portion, 

and the reaction was  stirred for 3 days at rt.   The reaction was diluted with water and sat. aq. 

Na2CO3 and extracted with EtOAc (3 x 15 ml).  The organic layers were combined, washed with 

brine, dried with anhydrous MgSO4, and concentrated in vacuo.  Purification by flash 

chromatography (0 to 100% EtOAc/Hex) provided 305 mg as clear colorless glass (65% yield).  Rf 

= 0.80 (100% EtOAc).  1H NMR (500 MHz, CDCl3) δ 8.49 (br. s., 1H), 7.73 (br. s., 1H), 6.73 - 6.87 

(m, 1H), 6.49 - 6.61 (m, 1H), 6.16 - 6.33 (m, 1H), 5.25 (t, J = 2.36 Hz, 1H), 4.24 (dd, J = 2.20, 12.10 

Hz, 1H), 3.94 (dd, J = 2.36, 11.95 Hz, 1H), 3.55 (dd, J = 4.24, 12.26 Hz, 1H), 3.31 - 3.46 (m, 1H), 

3.07 - 3.31 (m, 2H), 2.55 (s, 3H), 2.30 (s, 3H), 2.21 (s, 3H), 1.62 (d, J = 6.13 Hz, 6H), 0.94 (s, 9H), 

0.14 (s, 6H).  13C NMR (126 MHz, CDCl3

132.5, 129.4, 129.2, 123.0, 89.2, 87.4, 63.0, 51.3, 39.4, 39.2, 31.7, 25.7, 25.4, 21.8, 20.1, 18.5, -

5.6. 
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Synthesis of 2-(4-((5-fluoro-1-((2R,5S)-2-(hydroxymethyl)-1,3-oxathiolan-5-yl)-2-oxo-1,2-

dihydropyrimidin-4-yl)amino)-2-methyl-4-oxobutan-2-yl)-3,5-dimethylphenyl acetate (3):  To 

a solution of 2-(4-((1-((2R,5S)-2-(((tert-butyldimethylsilyl)oxy)methyl)-1,3-oxathiolan-5-yl)-5-

fluoro-2-oxo-1,2-dihydropyrimidin-4-yl)amino)-2-methyl-4-oxobutan-2-yl)-3,5-dimethylphenyl 

acetate (218 mg, 0.36 mmol) in THF (1.8 ml) was added trimethylamine trihydrofluoride (292 μl, 

1.79 mmol) in one portion at rt.  After ca. 5 h at rt, TLC indicated that all the starting material 

was consumed and water (15 ml) and EtOAc (15 ml) was added to the reaction.  After 

extraction with EtOAc (3 x 10 ml), the organic layers were combined, washed with brine, dried 

with anhydrous MgSO4, and concentrated in vacuo.  Purification by reverse phase (C18) flash 

chromatography (0 to 100% MeCN/H2O) provided 153 mg as clear colorless glass (86% yield).  

Rf = 0.70 (10% MeOH/CHCl3).  1H NMR (500 MHz, CDCl3) δ 8.36 (d,  = 5.50 Hz, 1H), 7.26 (s, 1H), 

6.80 (s, 1H), 6.57 (s, 1H), 6.26 (dt, J = 1.41, 3.38 Hz, 1H), 5.33 (t, J = 2.67 Hz, 1H), 5.30 (s, 3H), 

4.18 (d, J = 12.10 Hz, 1H), 3.95 (dd, J = 2.83, 12.73 Hz, 1H), 3.59 (dd, J = 5.27, 12.50 Hz, 1H), 3.17 

- 3.35 (m, 3H), 2.55 (s, 3H), 2.31 (s, 3H), 2.21 (s, 3H), 1.62 (d, J = 4.09 Hz, 6H). 

 

Synthesis of 4-(hydroxymethyl)phenyl acetate: In a flame-dried 50 mL round-bottom flask, 

cooled under argon, 4-(hydroxymethyl)phenol (1.0 eq., 0.8 M) was suspended in THF. The flask 

was cooled to 0 °C in an ice-water bath. Hunig’s base (1.0 eq., 0.8 M) and acetyl chloride (1.1 

eq., 0.88 M) were then added to the flask with stirring to initiate the reaction. The reaction was 

deemed complete after 10 minutes as monitored by TLC. The reaction mixture was filtered 

through a medium frit and washed with ethyl acetate. Volatiles were removed from the 
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reaction mixture under reduced pressure. The resulting residue was purified via silica flash 

chromatography in 3:2 hexanes to ethyl acetate to yield 1015 mg of white solid (76%). 1H NMR 

(500 MHz, CDCl3) δ ppm 1.73 (br. s., 1 H) 2.31 (s, 3 H) 4.69 (s, 2 H) 7.01 - 7.16 (m, 2 H) 7.39 (d, 

J=8.65 Hz, 2 H). 

 

Synthesis of 4-(((chlorocarbonyl)oxy)methyl)phenyl acetate: A 25 mL carrot flask was flame-

dried, cooled under argon, and placed in an ice-water bath. A 15% v/v solution of phosgene in 

toluene (8.0 eq, 1.4 M) was added to the flask. The reaction was initiated by the dropwise 

addition of 4-(hydroxymethyl)phenyl acetate (1.0 eq, 0.17 M). The reaction mixture was 

allowed to warm to room temperature with stirring. The reaction was deemed complete after 

stirring overnight as monitored by TLC. Volatiles were removed from the reaction mixture 

under reduced pressure. The resulting residue was left to dry under high vacuum. Following 

NMR analysis, this residue was used without further purification. 1H NMR (500 MHz, CDCl3) δ 

ppm 2.32 (s, 3 H) 5.29 (s, 2 H) 7.11 - 7.19 (m, 2 H) 7.43 (d, J=8.65 Hz, 2 H). 

 

Synthesis of 4-((((((2R,5S)-5-(4-((((4-acetoxybenzyl)oxy)carbonyl)amino)-5-fluoro-2-

oxopyrimidin-1(2H)-yl)-1,3-oxathiolan-2-yl)methoxy)carbonyl)oxy)methyl)phenyl acetate (4): 

In a flame-dried 50 mL round-bottom flask, cooled under argon, FTC (1.0 eq., 0.2 M) was 

suspended in DCM. Hunig’s base (2.2 eq., 0.44 M) and dimethylaminopyridine (DMAP, 0.3 eq., 

0.06 M) were then added to the flask, and the resulting mixture was cooled to 0 °C in an ice-

water bath. The reaction was initiated by the dropwise addition of 4-

(((chlorocarbonyl)oxy)methyl)phenyl acetate (2.2 eq., 0.44 M). The reaction mixture was 
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allowed to warm to room temperature with stirring. The reaction was deemed complete after 

stirring overnight as monitored by TLC. Volatiles were removed from the reaction mixture 

under reduced pressure. The resulting residue was purified via silica flash chromatography (10 g 

silica column; 40% ethyl acetate in hexanes for 15 column volumes, then ramped from 40-100% 

ethyl acetate over 5 column volumes, held at 100% ethyl acetate for 3 column volumes; 

switched to 4% MeOH in DCM for 5 column volumes, ramped from 4-10% MeOH over 4 column 

volumes, then held at 10% MeOH for 8 column volumes). 88.7 mg of clear, colorless waxy solid 

(71%) was obtained. 1H NMR (500 MHz, CDCl3) δ ppm 2.25 - 2.35 (m, 6 H) 3.17 (br. s., 1 H) 3.52 

(br. s., 1 H) 4.57 (br. s., 2 H) 5.06 - 5.28 (m, 4 H) 5.37 (t, J=3.07 Hz, 1 H) 6.28 (t, J=3.85 Hz, 1 H) 

6.95 - 7.21 (m, 4 H) 7.44 (dd, J=24.00, 8.00 Hz, 4 H) 7.94 (br. s., 1 H) 12.03 (br. s., 1 H). HRMS 

(ESI) m/z: calc’d 630.1199 [M-H]-; found 630.1212. RP-HPLC retention time (0% to 100% B over 

10 minutes): 5.5 min. 

 

Kinetic Analysis 

Stability of 3TC aldimine 1 in pH 4 and pH 7.4 buffer: Reaction mixtures containing 0.1 M 

citrate buffer pH 4, or 0.1 M phosphate buffer pH 7.4 were pre-incubated at 37 °C for 5 min. 

Reactions were initiated by the addition of aldimine prodrug 1 (1 mM + 1% DMSO). After 

incubation at 37 °C, aliquots were taken at the following time points: pH 4 buffer: 0.5 min, 5 

min, 10 min, 20 min, 30 min; pH 7.4 buffer: 0.5 min, 10 min, 30 min, 90 min, 120 min, 180 min, 

70 h. These aliquots were quenched by dilution 30-fold in ice-cold Tris buffer (30 mM, pH 7.4). 

These mixtures were then analyzed by HPLC using the following method: 0% to 100% B over 10 
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minutes at a flow rate of 3 mL min-1 (solvent A: Et3NHOAc (50 mM, pH 8), solvent B: 

acetonitrile). 

Stability of 3TC aldimine 1 in human plasma: Reaction mixtures containing pooled mixed 

gender human plasma (Bioreclamation) were pre-incubated at 37 °C for 5 min. Reactions were 

initiated by the addition of aldimine prodrug 1 (1 mM, 1% DMSO, v/v). After incubation at 37 

°C, aliquots were taken at the following time points: human plasma: 0.5 min, 5 min, 10 min, 20 

min, 30 min, 60 min, 2 h, 4 h, 23 h, 48 h. These aliquots were quenched in two volumes of ice-

cold methanol. The quenched aliquots were then centrifuged at 14000 rpm for 5 minutes. The 

supernatant was diluted 10-fold into Tris buffer (30 mM, pH 7.4) and analyzed by HPLC using 

the following method: 0% to 100% B over 10 minutes at a flow rate of 3 mL min-1 (solvent A: 

Et3NHOAc (50 mM, pH 8), solvent B: acetonitrile). 

Initial rate (human muscle and liver S9) measurements of prodrug cleavage from 3: Reaction 

mixtures containing mixed gender human skeletal muscle S9 (10.47 mg/mL, Bioreclamation) or 

phosphate buffer (0.1 M, pH 7.4) and pooled, mixed gender liver S9 (1.0 mg/mL) were pre-

incubated at 37 °C for 5 min. Reactions were initiated by the addition of prodrug 3 (1 mM, 1% 

DMSO, v/v). After incubation at 37 °C, aliquots were taken at time points measuring initial rate 

(Muscle S9: 0.5 min, 4 min, 8 min, 12 min, 16 min, 20 min) (Liver S9: 0.5 min, 2 min, 4 min, 6 

min, 8 min, 10 min). These aliquots were quenched in two volumes of ice-cold methanol. The 

quenched aliquots were then centrifuged at 14000 rpm for 5 minutes. The supernatant was 

diluted 10-fold into phosphate buffer (0.1 M, pH 7.4) and analyzed by HPLC monitoring product 

depletion at 312 nm. 
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Half-life (human plasma) measurements of prodrug cleavage from 3: Reaction mixtures 

containing pooled mixed gender human plasma (Bioreclamation) were pre-incubated at 37 °C 

for 5 min. Reactions were initiated by the addition of prodrug 3 1 mM, 1% DMSO, v/v). After 

incubation at 37 °C, aliquots were taken at the following time points: 0.5 min, 2 min, 4 min, 6 

min, 8 min, 10 min. These aliquots were quenched in two volumes of ice-cold methanol. The 

quenched aliquots were then centrifuged at 14000 rpm for 5 minutes. The supernatant was 

diluted 10-fold into phosphate buffer (0.1 M, pH 7.4) and analyzed by HPLC monitoring product 

depletion at 312 nm. 

Initial rate (human muscle and liver S9) measurements of prodrug cleavage from 4: Reaction 

mixtures containing mixed gender human skeletal muscle S9 (10.47 mg/mL, Bioreclamation) or 

phosphate buffer (0.1 M, pH 7.4) and pooled, mixed gender liver S9 (0.2 mg/mL) were pre-

incubated at 37 °C for 5 min. Reactions were initiated by the addition of prodrug 4 (1 mM, 5% 

DMSO, v/v). After incubation at 37 °C, aliquots were taken at time points measuring initial rate 

(Muscle S9: 0.5 min, 1 min, 2 min, 3 min, 4 min, 5 min) (Liver S9: 0.5 min, 1 min, 1.5 min, 2 min, 

2.5 min, 3 min). These aliquots were quenched in two volumes of ice-cold methanol. The 

quenched aliquots were then centrifuged at 14000 rpm for 5 minutes. The supernatant was 

diluted 10-fold into phosphate buffer (0.1 M, pH 7.4) and analyzed by HPLC monitoring product 

depletion at 305 nm. 

Half-life (human plasma) measurements of prodrug cleavage from 4: Reaction mixtures 

containing pooled mixed gender human plasma (Bioreclamation) were pre-incubated at 37 °C 

for 5 min. Reactions were initiated by the addition of prodrug 4 (1 mM, 5% DMSO, v/v). After 
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incubation at 37 °C, aliquots were taken at the following time points: 0.5 min, 1 min, 2 min, 3 

min, 4 min, 5 min, 6 min. These aliquots were quenched in two volumes of ice-cold methanol. 

The quenched aliquots were then centrifuged at 14000 rpm for 5 minutes. The supernatant was 

diluted 10-fold into phosphate buffer (0.1 M, pH 7.4) and analyzed by HPLC monitoring product 

depletion at 305 nm. 

Antiviral Assays 

Single round infectivity assays of TML FTC prodrug 3: Peripheral blood mononuclear cells were 

isolated from healthy blood donors using Hypaque-Ficoll gradient centrifugation. CD4+ T cells 

were selected by magnetic beads (Miltenyi) and activated using anti-CD3 and anti-CD28 

antibodies. Activated cells were seeded onto a 96-well plate at a concentration of 1 x 105 

cells/well in RPMI1640 supplemented with 10% FBS, cytokine-rich supernatant, and 50% heat-

inactivated human serum. Test compound 3 was added at this step and maintained throughout 

the culture. Cells were incubated at 37 °C for 21 hours. Pseudotype (GFP-tagged) HIV was then 

added to the culture via spinoculation and incubated for 3 days. Cells were then washed and 

stained with Zombie Red viability stain. Infectivity was quantified using flow cytometry. All 

donors provided their informed consent. 

Half-life measurements of acetyl TML cleavage from 3 in infectivity assay culture medium: 

Human serum is heat-inactivated by incubation in a water bath at 56 °C for 1 h with stirring. 

Prepared super T cell media containing Roswell Park Memorial Institute 1640 medium 

combined with heat-inactivated FBS and T cell growth factors is mixed with HEPES (12 mM) and 

the heat-inactivated human serum (50% v/v). This mixture was pre-incubated at 37 °C for 5 
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min. Reactions were initiated by the addition of prodrug 3 (1 mM, 0.5% DMSO, v/v). After 

incubation at 37 °C, aliquots were taken at time points measuring initial rate (0.5 min, 30 min, 1 

h, 2 h, 3 h, 4 h). These aliquots were quenched in two volumes of ice-cold methanol. The 

quenched aliquots were then centrifuged at 14000 rpm for 5 minutes. The supernatant was 

diluted 10-fold into Tris buffer (30 mM, pH 7.4) and analyzed by HPLC monitoring product 

depletion at 312 nm using the following method: 0% to 100% B over 10 minutes at a flow rate 

of 3 mL min-1 (solvent A: Et3NHOAc (50 mM, pH 8), solvent B: acetonitrile). 

Nanoparticle Screening 

Solid drug nanoparticle screening via ETFD at 10 wt.% prodrug: Stock solutions of carrier 

materials were dissolved in water at a concentration of 22.5 mg/mL and left to roll overnight to 

ensure full dissolution. Acetyl TML FTC prodrug 3 was dissolved in chloroform at a 

concentration of 10 mg/mL. The resultant prodrug solution was not left rolling overnight, due 

to the likely hydrolysis of the TML group. Into a 4 mL glass vial was added 266.6 µL of polymer 

solution, along with 133.4 µL of surfactant solution. To this total of 400 µL aqueous phase, 100 

µL of prodrug solution in chloroform was added giving a ratio of 1:4 of organic phase to 

aqueous phase. This two phase mixture was then sonicated (Covaris S2x ultrasonicator, with a 

duty cycle of 20%, an intensity of 250 cycles per burst of 500 in frequency sweeping mode). This 

provided homogenous emulsions. Following sonication, the emulsions were immediately frozen 

in liquid nitrogen prior to being freeze dried for 48 hours using a Benchtop K freeze dryer 

(Virtis) at a setting of -100°C and a pressure of <20 µBar. At the end of the 48 hours freeze 

drying process, the samples were sealed and placed in a humidity controlled desiccator prior to 

analysis. Physical characterization of the prodrug nanoparticles (after dispersion in water) for 
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measurements of hydrodynamic diameter and polydispersity index (PDI) were analyzed using 

Dynamic Light Scattering (DLS). Dynamic light scattering measurements were carried out at 25 

°C on a Malvern Instruments Ltd. Zetasizer Nano S spectrometer with three measurements at a 

measurement angle of 172° back scatter. 
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