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Antiretroviral therapy (ART) is highly effective in treating and preventing human 

immunodeficiency virus (HIV), but its success relies on strict adherence to dosing regimens to 

suppress viral replication. Long-acting formulations (LAFs) address this challenge by reducing 

dosing frequency. However, the diverse physicochemical properties of antiretrovirals make some 

drugs incompatible with traditional diffusion- and dissolution-based delivery systems. To 

overcome the limitations associated with the physical properties of individual antiretrovirals that 

prevent sustained delivery, we propose the chemical modification of drugs to obtain prodrug 

monomers, and the subsequent reversible addition-fragmentation chain-transfer (RAFT) 

polymerization of said prodrug monomers to obtain “drugamers”. Drugamers have been 

demonstrated to have an extended duration of action when subcutaneously injected to obtain an 

in situ forming depot. Despite their promise, the broader applicability of this approach to other 

antiretrovirals with varying properties has not been fully investigated. Here, we synthesized 

raltegravir (RAL) and atazanavir (ATV) polymeric prodrugs, or drugamers, to evaluate their 

potential for sustained release. Drugamers were dissolved in dimethylsulfoxide (DMSO) and 
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subcutaneously injected as in-situ forming implants in murine models. The release profile was 

tunable by adjusting the hydrophilicity by modification of the polymer composition with distinct 

comonomers. Furthermore, co-injections of different copolymers of RAL drugamers could 

achieve summations of release profiles of individual RAL drugamers to sustain the release of 

RAL for 42 days, which is the longest duration that has been reported. RAL drugamers were 

well-tolerated and are excreted renally after drug release without the need for surgical removal. 

This study demonstrates the versatility of RAFT polymeric prodrugs for the sustained delivery of 

hydrophilic drugs, highlighting the tunability and broad applicability of the drugamer platform to 

improve adherence to antiretroviral regimen. 

 

  



5 
 

TABLE OF CONTENTS 

 
TABLE OF CONTENTS ........................................................................................................................... 5 

TABLE OF FIGURES ................................................................................................................................ 9 

LIST OF SCHEMES ................................................................................................................................ 11 

LIST OF TABLES .................................................................................................................................... 12 

ACKNOWLEDGEMENTS ..................................................................................................................... 13 

Chapter 1. SUMMARY AND SPECIFIC AIMS ................................................................................... 16 

1.1. AIM 1: To investigate the synthesis of drugamers by RAFT polymerization with high drug 

loading and for sustained delivery of ARVs ........................................................................................... 20 

Subaim 1.1: Synthesize prodrug monomers of Raltegravir and Atazanavir ....................................... 21 

Subaim 1.2: Obtain ARV homopolymer drugamers via RAFT polymerization. ................................. 21 

Subaim 1.3: Modification of polymer comonomer composition to obtain RAL and ATV copolymer 

drugamers. .......................................................................................................................................... 22 

Subaim 1.4: In vitro assessment of RAL drugamers of different physical properties due to different 

comonomer compositions. ................................................................................................................... 22 

Innovation ........................................................................................................................................... 22 

Impact ................................................................................................................................................. 23 

1.2. AIM 2: To measure the pharmacokinectics and safety of single subcutaneous injection of in-

situ forming implants of RAL and ATV drugamers ............................................................................... 24 

Subaim 2.1: Establish the pharmacokinetic profile of single subcutaneous injections of RAL and ATV 

drugamers. .......................................................................................................................................... 24 

Subaim 2.2: Assess the tolerability and safety after treatment with subcutaneous injections of 

antiretrovirals ..................................................................................................................................... 25 

Innovation ........................................................................................................................................... 25 

Impact ................................................................................................................................................. 25 

1.3. Aim 3: To investigate the extent of sustained release of RAL by co-injection of unique RAL 

drugamers ................................................................................................................................................ 26 

Subaim 3.1: Investigate the effect of subcutaneous co-injection of different RAL drugamers on the 

sustained release of RAL ..................................................................................................................... 26 

Subaim 3.2: Investigate the effect of co-injecting admixed formulations of different RAL drugamers 

on the sustained release of RAL .......................................................................................................... 27 

Innovation ........................................................................................................................................... 27 

Impact ................................................................................................................................................. 27 

Chapter 2. INTRODUCTION TO RESEARCH ................................................................................... 29 

2.1. ABSTRACT ..................................................................................................................................... 29 



6 
 

2.2 GAPS IN TREATMENT AND PREVENTION OF HIV ................................................................ 29 

2.2.1. Introduction to HIV ................................................................................................................... 29 

2.2.2. Treatment of HIV with ARVs and associated adherence hurdles ............................................. 32 

2.2.3. Attitudes towards long-acting injectables of ARVs ................................................................... 33 

2.2.4. Diffusion and dissolution-based DDS and their limitations ..................................................... 34 

2.3. PRODRUGS FOR SUSTAINED DELIVERY ............................................................................... 37 

2.3.1. Long-acting prodrugs with small molecular weight (MW<1000 Da) promoieties .................. 40 

2.3.2. Long-acting prodrugs with macromolecular (MW>1000 Da) promoieties .............................. 48 

2.4 CONCLUSION ................................................................................................................................. 55 

Chapter 3. SYNTHESIS AND INVESTIGATION OF PHYSICAL PROPERTIES OF ARV 

DRUGAMERS .......................................................................................................................................... 57 

3.1. ABSTRACT ..................................................................................................................................... 57 

3.2. INTRODUCTION ........................................................................................................................... 58 

3.3 MATERIALS AND METHODS ...................................................................................................... 59 

3.3.1. Materials and reagents ............................................................................................................. 59 

3.3.2. Isolation of Raltegravir from Isentress tablets .......................................................................... 60 

3.3.3. Molecular weight determination of synthesized prodrug monomers ........................................ 61 

3.3.4. Synthesis of RAL-SMA prodrug monomers by two-step esterification via acid chlorides ........ 61 

3.3.5. Stability testing of RAL-SMA in polar aprotic solvents to determine polymerization conditions

 ............................................................................................................................................................ 62 

3.3.6. Synthesis of 2-(methylsufinyl)ethyl methacrylate ...................................................................... 63 

3.3.7. Reversible addition-fragmentation chain-transfer (RAFT) polymerization of RAL 

homopolymer drugamers (p(RAL-SMA-co-RhMA)) ........................................................................... 63 

3.3.8. RAFT polymerization of RAL-SMA MSEMA comopolymer drugamers (p(RAL-SMA-co-

MSEMA-co-RhMA)) ............................................................................................................................ 64 

3.3.9. RAFT polymerization of RAL-SMA Butyl-MA (BMA) comopolymer drugamers (p(RAL-SMA-

co-BMA-co-RhMA)) ............................................................................................................................ 66 

3.3.10. Isolation of Atazanavir from Reyataz tablets .......................................................................... 67 

3.3.11. Synthesis of ATV-SMA prodrug monomers by esterification via 1-Ethyl-3-(3’-

dimethylaminopropyl) carbodiimide ................................................................................................... 67 

3.3.12. RAFT polymerization of ATV homopolymer drugamers (p(ATV-SMA-co-RhMA)) ................ 68 

3.3.13. RAFT polymerization of ATV-SMA MSEMA comopolymer drugamers (p(ATV-SMA-co-

MSEMA-co-RhMA)) ............................................................................................................................ 69 

3.3.14. Cloud point determination of RAL drugamers ........................................................................ 71 

3.4 RESULTS AND DISCUSSION ....................................................................................................... 71 

3.4.1. Synthesis of polymerizable prodrug monomer RAL-SMA ......................................................... 71 



7 
 

3.4.2. Stability of RAL-SMA in polar aprotic solvents ........................................................................ 75 

3.4.3. Synthesis of polymerizable prodrug ATV-SMA ......................................................................... 76 

3.4.4. Design and synthesis of RAL homopolymer drugamer ............................................................. 80 

3.4.5. Design and synthesis of RAL copolymer drugamers with MSEMA and BMA .......................... 82 

3.4.6. Design and synthesis of ATV homopolymer and copolymer drugamers ................................... 87 

3.4.7. Assessment of different physical properties of RAL drugamers with varying polymer 

comonomer compositions. ................................................................................................................... 90 

3.5 CONCLUSIONS ............................................................................................................................... 94 

Chapter 4. PHARMACOKINECTICS OF SINGLE SUBCUTANEOUS INJECTION OF ARV 

DRUGAMERS .......................................................................................................................................... 95 

4.1 ABSTRACT ...................................................................................................................................... 95 

4.2 INTRODUCTION ............................................................................................................................ 96 

4.3 MATERIALS AND METHODS ...................................................................................................... 97 

4.3.1. Materials and reagents ............................................................................................................. 97 

4.3.2. Animal procedure and ethics statement .................................................................................... 97 

4.3.3 Solution formulation for subcutaneous injection for single drugamer injections ...................... 98 

4.3.4. Subcutaneous injection of mice with drugamer solution .......................................................... 99 

4.3.5. Post-injection drugamer stability assessment ........................................................................... 99 

4.3.6. In vivo imaging of drugamer depot and excised organs by IVIS ............................................ 100 

4.3.7. Serum sample preparation for LC-MS/MS analysis ............................................................... 101 

4.3.8. Quantification of drug concentration in serum by LC-MS/MS analysis ................................. 101 

4.3.9. Histological assessment of subcutaneous injection site .......................................................... 103 

4.4. RESULTS AND DISCUSSION .................................................................................................... 104 

4.4.1. Formulation of ARV drugamer solutions for subcutaneous injections ................................... 104 

4.4.2. Post-injection stability of RAL drugamer ............................................................................... 105 

4.4.3. Characterization of single RAL homopolymer drugamer subcutaneous injectable depots .... 105 

4.4.4. Characterization of single RAL-MSEMA or RAL-BMA copolymer drugamer subcutaneous 

injectable depots ............................................................................................................................... 107 

4.4.5. Single ATV homopolymer and ATV-MSEMA copolymer drugamer subcutaneous injectable 

depot .................................................................................................................................................. 113 

4.4.6. Tolerability and Histological Assessment to Drugamer Injections ........................................ 117 

4.5 CONCLUSION ............................................................................................................................... 121 

CHAPTER 5: PHARMACOKINETICS OF CO-INJECTIONS OF SUBCUTANEOUS 

INJECTIONS OF RALTEGRAVIR DRUGAMERS.......................................................................... 124 

5.1. ABSTRACT ................................................................................................................................... 124 

5.2. INTRODUCTION ......................................................................................................................... 124 



8 
 

5.3.1. Materials and reagents ........................................................................................................... 126 

5.3.1. Animal procedures and ethics statement................................................................................. 126 

5.3.2. Formulation of RAL drugamer injections for co-injections .................................................... 127 

5.3.3. Co-injection of subcutaneous injections of RAL drugamers ................................................... 127 

5.3.4. In vivo imaging of drugamer depot and excised organs by IVIS ............................................ 128 

5.3.5 Quantification of Drug Concentration in Serum by LC-MS/MS .............................................. 129 

5.3.6. Histological assessment of subcutaneous injection sites ........................................................ 131 

5.4. RESULTS AND DISCUSSION .................................................................................................... 131 

5.4.1. Co-injection of separate and mixed solution of RAL and RAL-MSEMA drugamer subcutaneous 

injection depots ................................................................................................................................. 131 

5.4.2. Co-injection of RAL-MSEMA and RAL-BMA drugamer subcutaneous injection depots ....... 135 

5.4.3. Tolerability and histological assessment to drugamer co-injections ...................................... 139 

5.5. CONCLUSION .............................................................................................................................. 141 

APPENDIX A: SUPPORTING MATERIALS FOR CHAPTER 3-5 ................................................ 144 

S1. Stability testing of ATV-SMA in polar aprotic solvents to determine polymerization conditions ... 144 

S2. Determination of target concentration of RAL ............................................................................... 144 

S3. Allometric scaling calculations for prediction of RAL drugamer solution formulation for humans

 .............................................................................................................................................................. 145 

BIBLIOGRAPHY ................................................................................................................................... 163 

 

 

 

 

 

  



9 
 

TABLE OF FIGURES 
Fig 2. 1. The HIV “life cycle” ................................................................................................................... 31 

Fig 2. 2. Diffusion- and dissolution-based DDS for sustained release of RAL developed in the 

Woodrow Lab ............................................................................................................................................ 37 

Fig 2. 3. Cleavable bonds used in LA prodrugs ...................................................................................... 39 

Fig 2. 4. General scheme of drugamer or polymers comprised of polymerizable prodrug monomers

 .................................................................................................................................................................... 50 
Fig 2. 5. Depot formation in situ following subcutaneous injection of drugamers .............................. 54 

Fig 2. 6. Drug release mechanism from drugamer depot ...................................................................... 55 

 

Fig 3. 1. Stacked 1H-NMR spectra in DMSO-d6 of the reactants used in the esterification to obtain 

RAL-SMA and the final product ............................................................................................................. 75 

Fig 3. 2. Stacked 1H-NMR spectra in DMSO-d6 of the reactants used in the esterification to obtain 

ATV-SMA and the final product .............................................................................................................. 80 
Fig 3. 3. Representative 1H-NMR spectra of RAL homopolymer drugamer with assigned protons . 82 

Fig 3. 4. Representative 1H-NMR spectra of RAL copolymer drugamer with assigned protons ....... 86 

Fig 3. 5. Representative 1H-NMR spectra of ATV homopolymer and copolymer drugamer with 

assigned protons ........................................................................................................................................ 90 
Fig 3. 6. Nonsolvent induced precipitation of RAL homopolymer and copolymer drugamers.......... 93 

 

Fig 4. 1. Pharmacokinetic profile of single subcutaneous RAL drugamer injections in murine 

models ...................................................................................................................................................... 111 

Fig 4. 2. Dissolution kinetics of subcutaneous RAL drugamer depots ............................................... 112 

Fig 4. 3. Pharmacokinetic profile of single subcutaneous ATV drugamer injections in murine 

models ...................................................................................................................................................... 115 
Fig 4. 4. Dissolution kinetics of subcutaneous ATV drugamer depots ................................................ 116 

Fig 4. 5. Histological analysis of RAL drugamer injection site with Masson’s Trichrome stain ...... 120 

Fig 4. 6. Histological analysis of ATV drugamer injection site indicates persistent foreign body 

reaction ..................................................................................................................................................... 121 
 

Fig 5. 1. Separate arms of the co-injection of pRAL and pRAL-MSEMA drugamers ..................... 134 

Fig 5. 2. Co-injection of RAL homopolymer and RAL-MSEMA copolymer drugamer ................... 134 
Fig 5. 3. Summary of dual injection of pRAL-MSEMA and pRAL-BMA ........................................ 137 

Fig 5. 4. Pharmacokinetic profile of co-injection of pRAL-MSEMA and pRAL-BMA in murine 

models ...................................................................................................................................................... 138 

Fig 5. 5. Comparison of dissolution kinetics of co-injection versus single injections of pRAL-

MSEMA and pRAL-BMA ...................................................................................................................... 139 

Fig 5. 6. Histological assessment of injection sites in co-injection studies stained with Masson’s 

Trichrome stain ....................................................................................................................................... 141 

 

Fig S1. 1H-NMR (300.1 MHz) of purified RAL in DMSO-d6 ............................................................. 146 



10 
 

Fig S2. 13C-NMR (101 MHz) of purified RAL in DMSO-d6 ............................................................... 146 

Fig S3. 1H-NMR (500 MHz) of RAL-SMA in DMSO-d6 ..................................................................... 147 

Fig S4. 13C-NMR (126 MHz) of RAL-SMA in DMSO-d6 .................................................................... 147 
Fig S5. Stacked 19F-NMR spectrum of RAL and RAL-SMA. ............................................................. 148 

Fig S6. 1H-NMR (300 MHz) of MSEMA in DMSO-d6. ....................................................................... 149 

Fig S7. 1H-NMR spectra of RAL homopolymer spiked with Fasudil as the internal standard ....... 150 

Fig S8. 1H-NMR (300 MHz) of ATV in DMSO-d6 ............................................................................... 150 
Fig S9. 1H-NMR (300 MHz) of ATV-SMA in DMSO-d6...................................................................... 151 

Fig S10. Summary of ATV-SMA stability in DMSO and DMF............. Error! Bookmark not defined. 

Fig S11. Investigation of premature hydrolysis of pRAL prior to subcutaneous administration .... 154 

Fig S12. Study of effect of rhodamine unit on release profile of RAL drugamers ............................ 155 
Fig S 13. Representative image of depot area measurement by ImageJ ............................................ 156 

Fig S14. Longitudinal tracking of mice weight post-administration of drugamers .......................... 158 

Fig S15. IVIS images of excised organs of mice that were administered pRAL ................................ 158 

Fig S16. Pharmacokinetic profile of single subcutaneous pATV-MSEMA injections in murine 

models ...................................................................................................................................................... 159 

Fig S17. Longitudinal fluorescence tracking of depot of co-injection of pRAL and pRAL-MSEMA

 .................................................................................................................................................................. 160 

Fig S18. Comparison of co-injection pharmacokinetic curves with diffusion- and dissolution-based 

DDS .......................................................................................................................................................... 161 

Fig S19. Histological assessment of injection sites in co-injection studies stained with Masson’s 

Trichrome stain ....................................................................................................................................... 162 

 

  



11 
 

LIST OF SCHEMES 

Scheme 3. 1. Synthesis of polymerizable prodrug RAL-SMA by acid chloride .................................. 73 

Scheme 3. 2. Synthesis of polymerizable prodrug ATV-SMA by EDC/DMAP .................................... 78 
Scheme 3. 3. Polymerization of RAL-SMA to obtain RAL homopolymer drugamer ......................... 81 

Scheme 3. 4. Copolymerization of RAL-SMA copolymer drugamer with tunable release ................ 85 

  



12 
 

LIST OF TABLES 

Table 1. 1. Limitations of Current Long-acting Modalities ..………………………………………….18 

Table 3. 1. Half-lives of RAL-SMA in DMSO and DMF ....................................................................... 76 

Table 3. 2. Summary of characterization of drugamers detailing polymer composition, molecular 

weight, and RAL content. ......................................................................................................................... 87 
Table 3. 3. Summary of characterization of drugamers detailing polymer composition, molecular 

weight, and ATV content. ......................................................................................................................... 90 

 

Table 4. 1. Drugamer solution formulation and drug dosage ............................................................. 104 

 

Table S1. Cloud points of RAL drugamer solutions prepared in DMSO ........................................... 152 

Table S2. Co-ixcdnjection RAL dosage ................................................................................................. 160 

  



13 
 

ACKNOWLEDGEMENTS 

 First and foremost, I would like to thank my advisor and mentor, Dr. Kim A. Woodrow. 

Kim, thank you for giving me the opportunity to work in the Woodrow Lab on such a unique 

project while simultaneously allowing me the freedom to explore my scientific questions. I am a 

better writer and communicator today because you mentored me. Beyond the scientific 

mentoring, I sincerely appreciate you teaching me that there is life outside of science and helping 

me become the man I am today.  

 I would like to thank all the members of my committee: Dr. Patrick S. Stayton, Dr. James 

Lai, Dr. Ayokunle Olanrewaju, and Dr. Rodney JY Ho. Thank you all for all the advice and 

feedback on my project; I appreciate all the insight you all have given me. Pat, I thoroughly 

enjoyed working with you and appreciate all the chemistry and PK discussions we had. Thank 

you also for teaching me to handle criticism with grace. James, thank you for always reminding 

me to focus on the scientific method; the advice has shaped how I tackle and communicate my 

research. Furthermore, thank you for believing in that 22-year-old Taiwanese kid with the 

American Dream, as I would not be at UW had I not met you in 2017. Ayo, I truly appreciate you 

going out of your way to get to know me and always treating me with such warmth. Rodney, it is 

such an honor to have worked with you and I appreciated your invaluable insight on long-acting 

HIV formulations. 

 I would also like to thank Dr. Ian T. Suydam for all the guidance you gave me throughout 

my project. Ian, it was so much fun working with you and developing the chemistry with you. 

Your ability to parse out my ideas even in their fuzzy stages, as well as teaching in general, is 

unparalleled. 

 I would like to thank NIH/NIAID (R01AI145483 and R01AI150325) for providing the 

grants to Kim to support my work. In addition, I would like to thank the Ministry of Education of 



14 
 

my home country of Taiwan for awarding me Government Scholarship to Study Abroad (教育部

留學獎學金).  

 Thank you to all past and present members of the Woodrow Lab; my work would not be 

possible had it not been for the scientists who paved the way first. Thank you, Hannah F., 

Rachel, Jae, Hannah V., and Jamie, for being my mentors when I joined the lab. Jamie, thank you 

especially for teaching me all I know today about animal work. I will never forget you recruiting 

Meilyn to help train me on handling mice for tail pricks; it no longer takes me half an hour to 

sample 3 μL of blood. Thank you, Hannah V., My-Anh, Ioana, Duru, Joyce, Vivi, Teri, and Emily 

for being my peers and, most of all, my friends throughout this journey. Thanks for all the 

science and life discussions we’ve had in N507. Hannah, it’s amazing to see how much you’ve 

excelled since our first meeting during the UW campus visit in the winter of 2018. Ioana, your 

hardworking personality always inspires me (sweaty palm high-five). Duru, thank you for giving 

me the opportunity to mentor you and all the fun conversations we’ve had on history, philosophy, 

and sports. Joyce, thank you for being a source of encouragement, especially in these past 

months for my job search.  

 To the UW Bioengineering community, thank you for your support and friendship. Thank 

you to the Stayton Lab, especially Roy, Selvi, and Takuma, for the opportunity to work with such 

talented scientists. Thank you to the members of the Pun Lab that worked in MolES, especially 

Ben, Alex P., and Trey, who I can bounce ideas off or just have good conversations. Thank you, 

Cara, Kerry, and Kevin, for the friendship and the fun times. Thank you, Phuong, Ayumi, Alex 

N., and My-Anh (tree stump gang), for all the fun we’ve had since we started the PhD journey 

together. Ayumi, your warmth and kindness are unlike any other, and I hope to visit you and 

Kyler in San Diego soon. My-Anh, I am so fortunate to have worked with you and learned 



15 
 

analytical skills from you. More importantly, I am blessed to have experienced your selflessness 

and friendship. 

 Thank you to the friends who were my family away from home during this journey. 

Thank you, Bobo, Caroline, Johnny, Patrick, Yvonne, Morgan, Larissa, and Neil, for your 

wonderful company in Seattle. Thank you, Avery, Meaghan, and Ginger, for being my 

roommates and family and for all the weekends we spent cooking. Thank you, Jason and John, 

for the support from the East Coast and the Christmas miracles we strangely have year-round. 

Thank you, Phil and Albert, for being my close friends since sixth grade and continuing to 

encourage me to this day. 亮囯 and Mars, 很開心有你們兩個好朋友，天神見! 正皓，感謝你

當年陪我一起來西雅圖念研究所，我會懷念之前室友的時期，以及哲鋼社的笑話。 

 爸爸媽媽，感謝你們把我和我兄弟帶到大時讓我們出國，也是透過你們不斷的支

持，才會有我現在所有的經歷。Adam, thanks for being the older brother I’ve always 

admired. Sid, it’s always a joy seeing you become so independent and capable. I am fortunate to 

have the support my family gives me.  

 Now, onto the next chapter. 

  



16 
 

Chapter 1. SUMMARY AND SPECIFIC AIMS 

Combination antiretroviral therapy (cART) significantly prolongs the lifespan of those 

who are living with HIV/AIDS by reducing HIV-related morbidity and mortality[1]. However, 

the rigid drug regimen for daily oral medication can lead to poor adherence in certain 

populations as low as 16.4%[2]. Poor adherence to antiretrovirals is now the main barrier to 

successful therapy[3,4]. Pre-exposure prophylaxis (PrEP) is also highly dependent on drug 

adherence to be effective, as one study demonstrated PrEP effectiveness increased from 58.0% to 

83.5% when adherence rate increased from 75% to 97.5%[5]. Poor adherence to antiretroviral 

(ARV) therapy may result in insufficient plasma or intracellular concentrations of ARV and result 

in failure in suppressing viral replication[6]. While adherence has been correlated with decreased 

HIV infection, existing practices measuring adherence rely on subjective metrics, such as self-

reported adherence[7]. To this end, many groups have developed improved models to identify the 

critical drug levels required to inhibit HIV, as well as developing real-time assays to determine 

drug levels as opposed to [7–9]. Major reasons for nonadherence include lack of education on 

HIV, access to cART, and stigma associated with HIV[10]. Not all factors of nonadherence apply 

to all populations and reasons for nonadherence requires a more nuanced understanding of users 

of ARVs, but less frequent dosing of ARVs can potentially improve patient outcome. These 

challenges in drug adherence have led to increased interest in long-acting formulations for 

preventing or treating HIV.  

 Several drug delivery systems (DDS) have been developed for long-acting or sustained 

delivery for PrEP or treatment[11,12]. For example, dapivirine vaginal rings (DVR) is a silicone 

ring that sustains the release of dapivirine, a non-nucleoside reverse transcriptase inhibitor 

(NNRTI), locally in the vagina, and protects users for one month[13]. However, DVR is 
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restricted to usage in women only, which excludes approximately 47% of HIV patients 

worldwide in 2022[14]. In addition, studies have shown users removing the vaginal ring during 

menses, as well as not being significantly more effective than oral PrEP, which makes it less 

effective than other long-acting modalities[15,16]. Nanosuspensions of solid drug nanocrystals 

have been developed for intramuscular injectables with cabotegravir (CAB-LA) and rilpivirine 

(RPV-LA) that can be dosed every 1 or 2 months[17,18]. Compared to their daily oral 

antiretrovirals, long-acting injectables (LAI) of cabotegravir have demonstrated 66-89% 

decreased HIV infection rate in clinical studies, demonstrating improved outcome of users with 

LAI[19,20]. More recently, twice-yearly injections of LA lenacapavir developed by Gilead were 

proven to be 100% effective in a phase 3 clinical trial as HIV PrEP [21].  

Although the US FDA has approved CAB-LA, RPV-LA, and subcutaneous lenacapavir 

as LA products, there are still several shortcomings (highlighted in Table 1.1). One such 

shortcoming includes high volumes required for dosage (3 mL)[22]. The volume of dosage 

prevents administration as a subcutaneous injection (max recommended volume is 1.5 mL), 

which is the less painful route when compared to intramuscular[23].  Furthermore, the long PK 

tail of cabotegravir has also suggested potential integrase inhibitor resistance due to long-term 

exposure[24]. Despite the significantly extended duration of action, subcutaneous injections of 

lenacapavir require oral lead-in with different dosages for the initial 14 days to reach therapeutic 

concentrations[25]. Lastly, long-acting cabotegravir/rilpivirine and lenacapavir are formulations 

that depend on the low aqueous solubility of the antiretroviral, and thus are not compatible with 

more hydrophilic antiretrovirals[26,27]. In a review on LA delivery of ARVs, the recommended 

log P of suitable ARVs for LA delivery was 2-5, which precludesss approximately 15/31 of the 

current FDA approved ARVs[26]. Alternative strategies to sustain the delivery of hydrophilic 
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ARVs can expand the “toolbox” to prevent or treat HIV infection. Thus, these limitations 

associated with DVR, CAB-LA, RPV-LA, and LA-lenacapavir necessitate new DDS that address 

the various needs of patients with HIV. Moreover, alternative formulations can potentially allow 

for sustained delivery of more hydrophilic ARVs with approved safety profiles. Beyond working 

with drugs with known safety profiles, the repurposing of old drugs for long-acting release can 

save up to 300 million USD of investment in development of new drugs[28]. Therefore, it can be 

beneficial to explore alternative long-acting formulation strategies from an economic and patient 

outcome standpoint. 

Table 1. 1. Limitations of Current Long-acting Modalities 

Long-acting Modality Dosing Frequency Limitations 

Dapivirine Vaginal Ring 

4 weeks 

• Restricted to usage in 

biological females[29] 

• Nonadherence during 

menses[15,16] 

• Not more effective than 

daily oral PrEP in HIV 

prevention[15] 

Long-acting 

Intramuscular 

Cabotegravir/Rilpivirine 

1-2 months 

• High volume of injection (3 

mL) [22] 

• Formulation currently not 

compatible with more 

hydrophilic ARVs [26,27] 

• Development of drug 

resistance from PK tail [30] 

Long-acting 

Subcutaneous 

Lenacapavir 

6 months 

• Require oral lead-in to reach 

therapeutic 

concentration[25] 

• Formulation currently not 

compatible with other 

ARVs [26,27] 

 

 Effort has been made in the lab to develop DDS that sustain release of a combination of 

ARVs with mixed results, with different shortcomings for each DDS. The Woodrow Lab 
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investigated sustained delivery with a combination shown to have high synergy in inhibiting 

viral replication in DDS for sustained delivery[31]. In this combination, Raltegravir (RAL) was 

especially intriguing due to the high penetration in the female genital tract and male seminal 

compartment[32,33]. The potential of RAL to be used in PrEP alone or in combination with 

lamivudine has been investigated in a clinical trial due to the high penetration in vaginal and gut 

tissue[34]. The Woodrow Lab has attempted to formulate nanosuspensions of solid RAL 

nanocrystals, but failed to sustain release for more than 14 days. In addition, we have fabricated 

several PLGA implants wherein the release of drugs was driven by the slow diffusion of drug 

across PLGA. One such implant include the solvent-cast poly(lactic-co-glycolic acid) (PLGA) 

films loaded with RAL, which sustained release of RAL for 37 days, but required a long lead-in 

period of 28 days[35]. RAL-loaded PLGA electrospun fiber mats achieved sustained release for 

37 days, but they failed to address the issue of delayed release, despite the increased total surface 

area relative to solvent-cast films. The DDS designed by the lab relied on diffusion- or 

dissolution-based drug release mechanisms and ultimately demonstrated incompatibility with 

antiretrovirals with insufficient hydrophobicity, such as RAL, to achieve sustained release 

(shown in Fig 2.2)[36].  

 Thus, we propose the development of polymeric prodrugs synthesized by reversible 

addition-fragmentation chain transfer (RAFT) polymerization as an alternative method to 

achieve sustained release of antiretrovirals. RAFT polymerization enables the synthesis of 

polymers with well-defined architecture and low molar mass dispersity[37]. Polymeric prodrugs 

that sustain release can also be synthesized by RAFT polymerization, as Ho et al. have 

demonstrated sustained delivery of tenofovir alafenamide (TAF) for 60 days with TAF 

“drugamers”[38]. RAFT polymeric prodrugs were coined “drugamers” due to the conversion of 
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drug into polymerizable prodrug monomers, wherein the drug itself becomes the drug delivery 

material after polymerization of the monomers. Following the successful synthesis of drugamers, 

we propose to formulate drugamer solutions in biocompatible organic solutions. When drugamer 

solutions are subcutaneously injected, drugamers will undergo a phase inversion due to the 

drugamer’s inherent insolubility in water, and form a depot at the injection site in situ[39]. The 

translatability of the drugamer platform as in situ forming implants (ISFIs) has not been fully 

investigated. We envision the development of ARV polymeric prodrugs that sustain release for 

timescales of weeks to months. Release of ARVs can be tuned by adjusting the polymer 

comonomer compositions of the drugamer, which controls the degree of water penetration in 

drugamer depots when subcutaneously injected.  

The goal of this proposed thesis work is to develop RAFT polymeric prodrugs for 

subcutaneous injectable in situ forming depots to achieve sustained release of 

antiretrovirals. Research for the thesis will investigate the following: 

1.1. AIM 1: To investigate the synthesis of drugamers by RAFT polymerization with high drug 

loading and for sustained delivery of ARVs. 

 Polymeric prodrugs synthesized by RAFT polymerization will be developed for sustained 

release of ARVs. ARVs with free hydroxyl groups will be conjugated to a methacrylate 

promoiety by a cleavable ester linkage to obtain monomers for RAFT polymerization.  

Drugamers with different comonomer compositions will be synthesized for potential sustained 

delivery of ARVs. Discussion of current data for aim 1 can be found in Chapter 3. The 

investigation of the synthesis of drugamers will be conducted with the following subaims: 
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Subaim 1.1: Synthesize prodrug monomers of Raltegravir and Atazanavir 

 Synthesis of ARV prodrug monomers will be conducted by a series of coupling routes to 

obtain a cleavable ester linkage. Specifically, coupling routes utilizing uronium reagent, 

carbodiimide, and acyl chlorides will be attempted to couple the hydroxyl groups of drugs to 

methacrylate promoieties to obtain polymerizable prodrug monomers.  Characterization of the 

synthesized monomers will be performed with a series of instrumental analyses to confirm 

successful synthesis.  

 

Subaim 1.2: Obtain ARV homopolymer drugamers via RAFT polymerization.  

 RAFT polymerization will be conducted on synthesized prodrug monomers to obtain 

well-defined drugamers. RAFT polymerization will be initially carried out with just the prodrug 

monomer itself to assess the polymerizability of prodrug monomers. RAFT polymerization 

conditions will be selected based on what is available in the literature and consulting 

collaborating scientists (Stayton Lab). Drugamers may also be polymerized with a rhodamine 

monomer (methacryloxyethyl thiocarboamoyl rhodamine B, RhMA) with a target degree of 

polymerization of 1, or theoretically, one RhMA per polymer chain. Successful polymerization 

will be assessed by a series of proton nuclear magnetic resonance (1H-NMR) to determine the 

conversion, molecular weight, and drug loading. 
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Subaim 1.3: Modification of polymer comonomer composition to obtain RAL and ATV copolymer 

drugamers. 

 Comonomer composition of drugamers will be adjusted by copolymerizing the prodrug 

monomers with other comonomers. Specifically, prodrug monomers will be copolymerized with 

2-(methylthio)ethyl methacrylate and/or butyl methacrylate by random copolymerization to 

control the hydrophilicity of the drugamer. Like the homopolymers synthesized in subaim 1.2, 

1H-NMR experiments will assess the conversion, molecular weight, drug loading, and final 

comonomer ratio.  

 

Subaim 1.4: In vitro assessment of RAL drugamers of different physical properties due to 

different comonomer compositions. 

 For a given ARV, a series of drugamers with different comonomer compositions will be 

analyzed with in vitro experiments to compare differing physical properties. Precipitation of 

drugamers will be used to assess hydrophilicity and depot-forming ability of drugamers. 

Precipitation behavior will be utilized to construct ternary plots to compare the physicochemical 

properties of  

 

Innovation: Polymeric prodrugs, or drugamers, synthesized in this research are novel 

polydisperse molecules that can sustain release of ARVs. This aim explores synthesizing 

drugamers with ARVs not previously chemically modified for RAFT polymerization. This aim 

serves as a framework for synthesizing drugamers for sustained release of drugs with hydroxyl 

groups that can be utilized for conjugation. Furthermore, this aim explores the tunability of 

physical properties of drugamers by adjusting the polymer comonomer composition.  
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Impact: Drugamers provide a method to sustain the release of RAL, ATV, and potentially other 

ARVs with functional groups that can be chemically modified to obtain a prodrug monomer. 

Drugamers serve as a DDS capable of sustained release of ARVs for timescales of months, which 

can offer protection from HIV.   
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1.2. AIM 2: To measure the pharmacokinectics and safety of single subcutaneous injection of in-

situ forming implants of RAL and ATV drugamers 

 Pharmacokinetic curves of subcutaneous injections of RAL and ATV drugamers will be 

established to evaluate sustained release of such ARVs. RAL and ATV homopolymer and 

copolymer drugamers will be subcutaneously injected either as single polymer injections or as 

combinations of homopolymer and copolymer drugamers. The modification of comonomer 

composition can tune the hydrophilicity of the drugamer polymer chains. The varying 

hydrophilicity of drugamers can drives differences in water penetration in the precipitated 

drugamer depots when administered in vivo. The tunability of drug release rate achieved by 

modification of comonomer composition in the polymer backbone will be investigated. Serum 

concentrations of RAL will be analyzed with LC-MS/MS. In addition to tracking serum 

concentration and depot quality, tolerability to drugamer depots will be determined by histology.  

 

Subaim 2.1: Establish the pharmacokinetic profile of single subcutaneous injections of RAL and 

ATV drugamers. 

 RAL and ATV drugamers will be formulated as solutions in organic solvent (DMSO) and 

subcutaneously injected in the right flank of mice. Blood will be collected at certain timepoints 

by either tail-prick method or submental bleeds to establish the pharmacokinetic profile of 

homopolymer and copolymer drugamers. Serum concentration of RAL and ATV will be 

quantified by LC-MS/MS. Longitudinal tracking of the fluorescent depots in vivo using IVIS will 

allow for a qualitative assessment of the state of the depot. IVIS data will also elucidate the 

dissolution kinetics of drugamer depots. In vivo studies will be terminated when ARVs are no 
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longer detectable. Release profiles of ARVs from single injections of different drugamers will be 

compared using Pharmacokinetic Non-Compartmental Analysis (PKNCA) package on R-Studio. 

Subaim 2.2: Assess the tolerability and safety after treatment with subcutaneous injections of 

antiretrovirals 

 After subcutaneous administration of ARV drugamers, mice weight and activity will be 

tracked longitudinally for the duration of the study. To characterize the local response to the 

implant, the injection site was excised following animal sacrifice. The injection site will be 

stained with hematoxylin & eosin (H&E) and Masson’s Trichrome (MT) stain to investigate for 

lymphocyte infiltration, foreign giant cell formation, and collagen deposition.  

 

Innovation: Subcutaneous injectables of RAL drugamers can sustain the release of RAL for 

weeks to a month. ISFIs of RAFT polymeric prodrugs has not been studied outside of one 

example with TAF, and thus the strategies utilized to tune release has not been fully 

demonstrated to apply to all drugs. Furthermore, previous strategies to achieve tunable release 

focused on linker chemistry, which is not compatible with RAL due to its unique 

physicochemical properties, which is further discussed in Chapter 3 and 4. This aim focused on 

investigating the degree of tunability in drug release afforded by the copolymerization approach. 

 

Impact: Drugamers potentially provide sustained release of RAL with facile administration of 

subcutaneous injection without needing surgery to insert long-acting implants. Compared to 

CAB-LA and RPV-LA, injections with drugamers would require significantly smaller volumes, 

which would increase the acceptability of injectable treatment among people living with 
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HIV[40]. Extended duration of action enabled by drugamers can potentially address hurdles 

associated with adherence to HIV treatment and PrEP. 

 

1.3. Aim 3: To investigate the extent of sustained release of RAL by co-injection of unique RAL 

drugamers 

 Despite the potential of RAL as an ARV for pre-exposure prophylaxis, RAL release has 

not been observed to be sustained above the 4 x PA-IC90 for more than 18 days, thus limiting its 

usage in long-acting formulations [34,41,42]. This was due to the hydrophilicity of RAL that 

makes drug encapsulation and sustained release difficult [43]. Due to the hydrophilicity of RAL, 

RAFT polymeric prodrugs (drugamers) were synthesized with high loading and demonstrated 

tunable release. In the effort to extend the duration of release, RAL drugamers with different 

release profiles will be co-injected to achieve a summation of their release. Furthermore, we will 

investigate the admixing different drugamers as one single formulation and its effect on RAL 

release. The investigation on co-injection to achieve sustained release will be achieved through 

the following subaims: 

 

Subaim 3.1: Investigate the effect of subcutaneous co-injection of different RAL drugamers on 

the sustained release of RAL 

 RAL drugamers developed in Aim 1 (RAL homopolymer and the relatively hydrophilic 

and hydrophobic copolymer) will be formulated as separate solutions, then co-injected in mice at 

opposite flanks for a total of two depots. After subcutaneous injection, blood samples will be 

collected at certain timepoints by either tail-prick method or submental bleeds, and then analyzed 
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by LC-MS/MS to establish the pharmacokinetic profile. The depot dissolution kinetics will be 

analyzed by IVIS imaging. Tolerability to a greater injection of drug will be analyzed by 

longitudinal tracking of weight and histological analysis.  

Subaim 3.2: Investigate the effect of co-injecting admixed formulations of different RAL 

drugamers on the sustained release of RAL 

 RAL drugamers will be admixed as one single formulation, and then injected in mice at 

opposite flanks for a total of two depots. Similarly to subaim 3.1, blood samples will be collected 

and analyzed by LC-MS/MS to establish the pharmacokinetic profile. Depot dissolution kinetics 

will also be monitored by IVIS imaging. The release profile will be compared to the co-injection 

investigated in subaim 3.1 to determine whether admixing affects depot formation, and 

subsequently affect the sustained release of RAL.  

 

Innovation: This study represents the first instance of co-injection to modulate the release of 

ARVs from drugamer ISFIs, which is simultaneously sustains the longest duration of RAL 

release to our best knowledge. Furthermore, this study explores the complexity of depot 

formation and its effect on drug release from drugamer depots 

 

Impact: The extended duration of sustained release with polymeric prodrugs of RAL exceeded 

sustained release with previous diffusion- and dissolution-based DDS previously developed by 

the Woodrow Lab. Polymeric prodrugs can serve as an alternative DDS to achieve sustained 

release with drugs that are incompatible with diffusion- and dissolution-based DDS. 
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Furthermore, this study demonstrates the potential for prior admixing of different drugamers and 

the possibility to deliver drugamer co-injections as one single injection.  
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Chapter 2. INTRODUCTION TO RESEARCH 

2.1. ABSTRACT 

 Antiretroviral therapy is highly effective in suppressing viral replication of the human 

immunodeficiency virus, but effective therapy requires adherence to a strict drug regimen. 

Multiple barriers prevent the adequate adherence required to achieve viral suppression. Long-

acting formulations may address the hurdles associated with the strict drug regimen of 

antiretroviral therapy and would be welcomed by certain populations among people living with 

HIV and those who take antiretrovirals for pre-exposure prophylaxis. However, not all ARVs can 

be formulated as long-acting formulations, particularly with diffusion- and dissolution-based 

drug delivery systems due to inadequate loading or rapid release. Synthesis of long-acting 

prodrugs may serve as an alternative method to obtain long-acting formulations that can help 

address the barriers to adherence. Long-acting prodrugs are an umbrella term for a variety of 

molecules, wherein different promoieties are selected to achieve different purposes. A variety of 

antiretrovirals have been synthesized as long-acting prodrugs. Polymeric antiretroviral prodrugs 

synthesized by RAFT polymerization are well-defined and show great promise in achieving 

long-acting release, with examples of drugs other than antiretrovirals.  

2.2 GAPS IN TREATMENT AND PREVENTION OF HIV 

2.2.1. Introduction to HIV 

The human immunodeficiency virus (HIV) invades host immune cells, which leads to an 

immune-deficient state and ultimately demise over a period of ~2-10 years [44]. There are 39 

million people globally infected with HIV in 2022, and 1.3 million people became newly 

infected in the last year [14]. The HIV infection pandemic is generalized in sub-Saharan 
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countries, particularly Swaziland, Lesotho, Botswana, and South Africa [45]. In the past decade, 

regions historically less affected by HIV, such as Eastern Europe and Central Asia, have also 

seen an increase of HIV infection incidence [46]. However, in some regions, including 

Zimbabwe, Malawi, and Tanzania, disease burden has decreased by measure to reduce the risk of 

sexually transmitted infections [45,47]. In many regions of the world, the populations most at-

risk are men who have sex with men, intravenous drug users, people in prisons, sex workers and 

transgender people [45]. Other studies have also shown that most infections occur through 

heterosexual transmission, and women, particularly young women and adolescent girls (aged 15-

24 years) are more at risk of HIV infection [48,49]. Given the widespread incidence of the HIV 

pandemic, it is urgent to develop pre-exposure prophylaxis (PrEP) that suit patients’ needs and 

curb the spread of the disease. 

 HIV predominantly infects CD4+ T cells, thereby preventing the effective regulation of 

the immune response to pathogens [50]. This weakening of the immune system and the 

replication cycle of HIV has been thoroughly studied over the past four decades (Fig 2.1). HIV is 

a retrovirus and replicates by integrating its DNA into the host genome [51]. Transmission of 

HIV occurs through contact with infected bodily fluids with mucosal tissue, blood, or broken 

skin, which is usually during unprotected sexual activities [52,53]. Subsequently, the infection of 

host cells is initiated by the envelope glycoprotein (gp120 and gp41) of HIV binding to the target 

CD4 receptor [54]. After fusion with the host cell, single-strand RNA is released into the host 

cell cytoplasm and reverse transcribed into HIV DNA, and subsequently integrated into the host 

DNA [44,51]. The HIV DNA is then transcribed into viral RNA and mRNA, assembled into new 

virus particles that bud from the host and infect uninfected immune cells [44]. The reverse 

transcription of the virus DNA is also highly prone to error, resulting in the emergence of drug 
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resistance and immune evasion [55]. The rapid replication and recombinant nature of HIV 

replication make it challenging to develop diagnostic tests, biomedical prevention and treatment, 

and vaccines [56]. 

 

Fig 2. 1. The HIV “life cycle”  

The HIV replication cycle is initiated by the virus docking onto CD4 receptor of the host cell, 

and the CCR5 and/or CXCR4 interacting with the envelope HIV proteins. After fusion, HIV 

RNA is unpacked and reverse transcribed into DNA, and subsequently integrated into the host 

DNA. The HIV DNA is then transcribed to mRNAs, which is then translated to synthesize viral 

proteins and eventually mature virions. The peach-shaded boxes indicate the step in the 

replication cycle inhibited by a specific class of ARVs. Figure borrowed from HIV review by 

Deeks et al [51]. 
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2.2.2. Treatment of HIV with ARVs and associated adherence hurdles 

Antiretroviral (ARV) drugs have been developed and inhibit specific steps of the viral 

life-cycle and have been demonstrated to suppress viral replication completely or nearly 

completely when drug regimen was followed [51]. As mentioned above, HIV virus can develop 

drug resistance to ARVs due to rapid mutation. However, this can be addressed with the co-

administering of ARVs with several unique mechanisms of action, which can inhibit the 

replication of viruses with resistance to ARVs of one mechanism. ART also prevents 

transmission of HIV among people who have not yet contracted HIV [57]. However, ART is not 

curative, and the cessation of ART results in rapid viral rebound in a matter of weeks [58]. This 

is due to the fact that ART does not “eradicate” HIV, and the subset of replication-competent 

latent reservoirs can cause viral rebound [59,60]. ART requires high levels of adherence to the 

drug regimen, which would otherwise result not only in viral rebound but also resistance 

development, disease progression, and death [6,61].  

Barriers to adherence to ART are highly multifaceted in developing and developed 

countries, owing to complex behavioral, cognitive, and structural barriers that prevent proper 

ART adherence [62,63]. Barriers can be classified as patient-related, wherein adherence to ART 

was affected by the patient. Examples include patients not wanting to take medication in public, 

forgetting to take medication at a specified time, or lack of understanding the treatment 

instructions [61]. Barriers can also be associated with daily schedules, wherein daily schedules of 

patients prevent adherence to ART. Examples include lack of access due to distance or 

scheduling, sleeping through dosages, or simply being too busy or distracted [61]. Overall, the 

most frequent reasons for nonadherence to ART are “forgetting doses” (35-52%), “being away 

from home” (46%), and “change in daily routine” (45%) [64]. 
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 Significant efforts have been made to address the hurdles of adherence to ART. 

Supportive strategies have been developed to improve adherence, such as peer support, text 

messaging, and counseling [65]. Therapy can enable greater engagement of patients with their 

ART and thus improve adherence [51]. Although these interventions demonstrated improved 

adherence, the rate of adherence still waned after the cessation of intervention [65]. Alternative 

strategies are being explored to improve adherence to ART, such as long-acting (LA) 

formulations to decrease the pill burden associated with ART [66]. LA strategies have 

demonstrated improved adherence and therapy effectiveness in the field of contraception and 

biophosphonate therapy, suggesting the potential of improving adherence and efficacy of ART 

with LA options [67]. Current LA strategies, such as long-acting cabotegravir and rilpivirine and 

dapivirine vaginal rings, show promise in improving adherence and reduction in clinical 

interventions [11,13,68]. More recently, twice-yearly injections of LA lenacapavir developed by 

Gilead were proven to be 100% effective in a phase 3 clinical trial as HIV PrEP [21]. Several 

clinical studies have demonstrated LAI to be superior to daily oral PrEP in preventing HIV 

infection, in particular decreasing the risk of HIV acquisition by 66% [69,70]. Another clinical 

study demonstrated an 88% lower risk of HIV infection when LA cabotegravir was used in place 

of oral tenofovir disoproxil fumarate plus emtricitabine [71]. In addition to the improved patient 

outcome of LA formulations delivering ARVs, providing LA treatment options allows patients to 

select treatment options that best suit their respective lifestyles. 

2.2.3. Attitudes towards long-acting injectables of ARVs 

 Patient acceptance of LA formulations is critical for the success of the technology and 

patient perspective is useful for future directions in development. Certain groups of individuals 

are receptive towards LA injectables (LAI) as ART, in particular young people and individuals 
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struggling with adherence [40]. Some individuals even noted that once-a-week shots were 

greatly superior to daily pills in maintaining adherence [40]. In some populations, LAI also are 

preferable compared to oral ARV. For example, in a group of men who have sex with men in 

China, the number of men who would probably be or are willing to use LAI-PrEP is 40.74% 

greater than the number of men who would probably be or are willing to use oral PrEP [72]. 

Preference for LAI can also increase as patients use it for longer as it is integrated in their daily 

lives[73]. Key factors in acceptance of LAI are efficacy and side effects [40]. Therefore, as long 

as long-acting formulations are demonstrated to be just as effective as oral drugs and have 

minimal side effects, patients will be willing to try LA formulations. The expansion of LAI for 

patients to select from can promote usage to treat or prevent HIV infection and can decrease the 

incidence of infection. 

2.2.4. Diffusion and dissolution-based DDS and their limitations 

LA delivery can be achieved with diffusion- and dissolution-based DDS to release drugs, 

wherein release is usually driven by diffusion across a polymer matrix or membrane [74,75]. 

Most designs of LA formulations are dissolution-based, biodegradable or non-biodegradable 

implants, or hydrogels [75]. Examples of successful diffusion-based DDS include drug 

encapsulation into polylactide-co-glycolide (PLGA)/polylactic acid (PLA) based microspheres in 

formulations for octreotide acetate (Sandostatin® LAR, Novartis) and leuprolide acetate 

(Lupron®, Takeda) to achieve dosing frequencies of 4-12 weeks [76]. Other examples of 

commercialized diffusion-based implants are nonbiodegradable ethylene vinyl acetate (EVA) 

copolymer implants that release loaded etonogestrel for up to three years (Nexplanon, Merck) 

[77,78]. Despite the achievement of long-acting release of other drugs, ARVs have relatively 

lower potency, and thus usually require a significantly greater release rate that is not yet 
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achievable by diffusion and dissolution-based implants [79]. Nevertheless, there have been 

significant efforts to sustain the release of ARVs in the treatment and prevention of HIV 

infections with diffusion- and dissolution-based implants and injections that have extended the 

duration of action. One example of diffusion-based nonbiodegradable implants loaded with drugs 

is dapivirine encapsulated in a silicone elastomer, wherein drug is released by diffusion across 

the elastomer [80]. Examples of dissolution-based DDS include nanosuspensions of 

nanocrystals. Cabotegravir and rilpivirine have also been successfully formulated as 

nanosuspensions for LA delivery to treat and prevent HIV [18,81]. Biodegradable, subdermal 

polymeric implants loaded with islatravir also extended release of ARVs for up to 12 weeks. 

Significant progress have also been made in the preclinical development of ARV implants [82]. 

Other LA-DDS delivering ARVs in preclinical development include nonbioerodable silicone 

tube implants loaded with nevirapine, refillable nonpolymer nanochannel delivery implant 

loaded with tenofovir alafenamide and emtricitabine, biodegradable matrix implants loaded with 

islatravir [83–85]. Despite the success of some diffusion- and dissolution-based DDS in 

delivering ARVs, the physicochemical properties and potency make many ARVs incompatible 

with such DDS.   

These approaches are most successful for hydrophobic and insoluble drugs where high 

drug loading and slow dissolution from the hydrophobic matrix drives extended duration of 

action [86]. In contrast, hydrophilic drugs typically have low drug loading and rapid dissolution 

from these same DDS [43,76]. Even when ARVs are not highly hydrophilic, release from 

hydrophobic carriers may not be sustained. For example, ARVs like bictegravir (log P=1.45) 

were loaded in PLGA nanoparticles, but the release was sustained for approximately 20 days 

above the 4 x PA-IC90 (protein adjusted-90% inhibitory concentration), which is a significantly 
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shorter duration compared with state-of-the-art ARV LA formulations[87–89]. Furthermore, 

although some drugs that can be formulated as nanocrystals, finely dispersed particles can 

eventually aggregate and settle over time during storage [90]. Various classes of ARVs with 

different physicochemical properties were developed to suppress HIV, and not all are inherently 

suitable for diffusion- and dissolution-based DDS [91,92]. In particular, many nucleoside reverse 

transcriptase inhibitors and some integrase inhibitors and protease inhibitors are relatively 

hydrophilic.  

Efforts have been made by the Woodrow Lab to develop diffusion- and dissolution-based 

DDS to sustain the release of ARVs. The Woodrow Lab has attempted to formulate 

nanosuspensions of solid RAL nanocrystals with a top-down approach. These RAL nanocrystals 

achieved rapid onset at high concentrations, however, they failed to sustain release for more than 

14 days. In addition, solvent-cast poly(lactic-co-glycolic acid) (PLGA) films loaded with RAL 

sustained release of RAL for 37 days, but only after a lag period of 28 days [93]. Electrospun 

fiber implants were thought to address the issue with drug release lag due to the greater surface 

area [94]. RAL-loaded PLGA electrospun fiber mats achieved sustained release for 37 days but 

failed to address the issue of delayed release, despite the increased total surface area relative to 

solvent-cast films. The release profiles ultimately do not meet the criteria of “long-acting” 

release in the field of HIV [11]. The DDS designed by the lab relied on diffusion- or dissolution-

based drug release mechanisms and ultimately demonstrated incompatibility with antiretrovirals 

with insufficient hydrophobicity, such as RAL, to achieve sustained release for up to 1 month to 

allow for monthly administrations (Fig 2.2)[36]. The lack of sustained release of RAL from 

nanocrystals was also observed by Kovarova et al., wherein plasma concentration of RAL 

remained above four times the protein-adjusted 90% inhibitory concentration (4 x PA-IC90) for 
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only 18 days [42]. Thus, alternative approaches should be explored to achieve LA formulations 

to treat and prevent HIV. 

 

Fig 2. 2. Diffusion- and dissolution-based DDS for sustained release of RAL developed in 

the Woodrow Lab  

The three DDS developed by the Woodrow Lab either did not sustain release for sufficiently 

long, or a long lag period was observed. The green dotted line indicates the target concentration 

(4x protein associated 90% inhibitory concentration). The blue dotted line indicates the 90% 

inhibitory concentration. 

2.3. PRODRUGS FOR SUSTAINED DELIVERY 

 LA-prodrug DDS is a subcategory of LA formulation (LAF) where the prodrug design 

facilitates the DDS to achieve extended duration of action [36]. LA-prodrug DDS are different 
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from conventional prodrugs; conventional prodrugs typically described as a single molecular 

entity composed of the API, a promoiety of variable complexity, and a cleavable covalent linkage 

between the API and promoiety. Following uptake and distribution the covalent linkage is 

cleaved enzymatically or hydrolytically to release the API, with the timing and location of 

cleavage largely determined by the structure of the linkage [95]. Depending on the available 

functional groups for modification, a wide range of chemistries can be employed to obtain 

cleavable linkers such that the API can revert back to its bioactive form (Fig 2.3). Conventional 

prodrugs focus on optimizing ADME properties of APIs and are not necessarily long-acting [95]. 

For example, conversion of the reverse transcriptase inhibitor tenofovir into tenofovir 

alafenamide reversibly masks a phosphate group, resulting in significantly enhanced cell 

permeation that leads to higher intracellular drug concentrations [96]. Conventional prodrugs can 

offer prolonged duration of action since ADME properties directly impact pharmacokinetics, and 

can be considered “long-acting” in certain cases, such as opioid delivery, where the target dosing 

frequency is 72 h [97]. In contrast, for LA-prodrugs, the promoiety and linker are selected to 

enable a drug delivery strategy to promote the extended duration of action. The key distinction 

between conventional prodrugs versus LA-prodrugs is the criteria used to select promoieties and 

linkers. Various strategies of LA-prodrugs are discussed in the following sections; the first 

section (2.3.1) discusses small molecular weight (MW<1000 Da) promoieties, and the second 

section (2.3.2) discusses macromolecular/polymeric promoieties.  
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Fig 2. 3. Cleavable bonds used in LA prodrugs 

 ARVs with free functional groups potentially be modified to obtain LA prodrugs. Several of 

these cleavable bonds have been utilized for conventional prodrugs, such as the phosphate bond 

in tenofovir disoproxil fumarate. The outer light blue area highlights LA-prodrug DDS strategies. 
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2.3.1. Long-acting prodrugs with small molecular weight (MW<1000 Da) promoieties 

In this section, we review LA-prodrugs employing small molecule promoieties (typically 

MW<1000 Da), where the promoiety structure is a well-defined chemical entity that leads to LA-

prodrugs with defined chemical structure and molecular weight. Strategies of this type are further 

organized by how the LA-prodrug is used to achieve extended duration of action. The first 

subsection focuses on tuning the physiochemical properties of LA-prodrugs using different 

promoieties in order to promote encapsulation and slow dissolution from various drug delivery 

systems. The second subsection focuses on lipophilic prodrugs and how their high-order 

assembly yields slow dissolution and sustained bioavailability.   

2.3.1.1. Small MW Promoieties to Improve Encapsulation in Drug Carriers  

Drug carriers are biocompatible tools used to transport APIs for pharmaceutical 

applications, such as nanoparticles, micelles, hydrogels, dendrimers, etc. [98]. Drug carriers 

entrap APIs, then release drug by diffusion through biodegradation or erosion of the carrier, 

swelling, or osmotically induced events [75]. Various carriers can be used to improve the 

delivery of drugs to achieve extended duration of action. One of the main challenges for passive 

encapsulation via noncovalent interactions is poor drug loading [99]. Small hydrophilic drugs 

with molecular weight <1000 Da and logP or logD <3.0 are particularly difficult to encapsulate 

in hydrophobic carriers [100]. The weak interaction between drug and carrier in these systems  

leads to rapid partitioning into the aqueous phase under physiological conditions, limiting the 

duration of action [101,102]. In certain cases, drug encapsulation of hydrophilic drugs in carriers 

such as PLGA microspheres is poor due to the rapid partitioning into the external aqueous phase 

during the formulation step [103]. Likewise, insufficient drug loading is one of the major hurdles 

preventing widespread clinical usage of polymeric micelles, despite their potential to treat 
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tumors in a long-acting manner due to the improved solubility and bioavailability of 

chemotherapeutic drugs [104]. Long-acting prodrugs designed to enhance non-covalent 

interactions with the carrier can improve encapsulation efficiency and loading while sustaining 

release by minimizing partitioning to plasma or tissue.  

Several research groups have applied LA-prodrug strategies to improve the loading and 

release of hydrophilic drugs with polymeric carriers, often focusing on the effect of promoiety 

lipophilicity. Creighton et al. investigated various acyl ester prodrugs of raltegravir (RAL) that 

were designed to prevent ionization and increase lipophilicity. LA-prodrug modifications of RAL 

increased encapsulation in poly(lactic-glycolic acid) (PLGA) nanoparticles by as much as 

20-25 folds when compared to free RAL [105]. Creighton et al. attributed the greater 

encapsulation efficiency of RAL prodrugs to the enhanced non-covalent interactions with the 

polymer/solvent oil phase of the emulsion. While increased octanol:water partition coefficients 

(Pow) were necessary for high loading a direct correlation with Pow values was not observed, 

likely due to prodrug specific interactions in 1-octanol compared to the polymer/solvent oil 

phase of the emulsion. In vitro results demonstrated release was sustained with a heptanoate 

RAL-prodrug (approximately 100% cumulative release just under 80 h) and a benzoate RAL-

prodrug (approximately 100% cumulative release just under 100 h). Although the duration of 

action is shorter compared with other formulations for HIV treatment, this study demonstrates a 

strategy to minimize burst release from PLGA nanoparticles.  

Prodrugs to improve drug encapsulation in the carrier are typically conjugated to a 

lipophilic promoiety due to the increased affinity to the drug carrier. This is because polymers for 

drug carriers tend to be hydrophobic to lower the water ingress to slow drug release [106]. 

However, increasing lipophilicity of a prodrug is not a prerequisite for increasing affinity with 
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the drug carrier; phosphates (triphosphate and monophosphate) have been used as promoieties 

for nucleoside reverse transcription inhibitors (NRTI) [107]. For example, Agostoni et al. noted 

that the triphosphorylation of zidovudine (AZT) increased the loading in MIL-100 Fe metal-

organic frameworks from 1.4 wt% to 24.4 wt% [108]. The increased encapsulation was 

attributed to the formation of interactions between the phosphate groups of the NRTI with the 

coordinatively unsaturated iron(III) metal sites. Release of the AZT triphosphate prodrug was 

sustained for approximately 3 days, whereas the half-life of oral free AZT was approximately 1 

h[109]. One thing to note is that despite the conjugation to phosphates significantly improving 

encapsulation, this was not the original intention of the researchers when designing 

triphosphorylated-AZT, as phosphorylation is a key step to be in the drug’s active form, hence 

why some experts may argue this is not the definition of a prodrug [110]. Nevertheless, it can be 

considered as a strategy to improve encapsulation in addition to preemptive conversion to the 

drug’s active form.  

Conversion of drugs into LA-prodrugs with acyl esters and other lipophilic promoieties 

have also demonstrated sustained in vitro and in vivo effects. In treatment of other diseases, the 

prodrug approach also improved encapsulation in micelles [111], NPs [112], dendrimers [113], 

liposomes [114–116]. Xing et al. demonstrated the moeixitican-loaded liposomes inhibited tumor 

growth for up to 15 days with an inhibition rate of 66.86%, whereas the corresponding inhibition 

for CPT11 loaded liposomes was 46.06%. The authors attributed the increased in vivo antitumor 

activity to the sustained drug release of moeixitican-loaded liposomes, improved systemic 

circulation, and tumor accumulation via the enhanced permeability and retention.  

In summary, in this section we discussed how drugs with poor compatibility to the carrier 

can result in poor encapsulation and lead to rapid partitioning out of the carrier, limiting 
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opportunities for slow dissolution. Conversion of free drugs into more lipophilic prodrugs 

improves encapsulation for a variety of carriers, but additional promoiety properties could result 

in improved loading and release for specific drugs and carriers. As stated above, the promoieties 

selected are to increase the affinity for the drug carrier and do not necessarily require a lipophilic 

promoiety. For example, promoieties that introduce specific hydrogen bonding functional groups 

or hydrophobic interactions may be useful in improving encapsulation. Despite these prodrugs 

increasing the encapsulation efficiency (80-100%) in drug carriers, they still result in poor 

loading, thus limiting their application for long-acting drug delivery [107].  

2.3.1.2. Fatty acyl promoieties for solid drug dispersions 

Solid drug dispersions (SDD) are an important class of LAF for poorly water-soluble 

drugs that naturally self-assemble into amorphous or semicrystalline solids and are used for 

treatment in several diseases [117]. Most pharmaceutical nano/micron-sized SDDs result from 

top-down approaches for bulk drug comminution by milling or homogenization. Drug release 

from SDD is mediated by the slow dissolution of drug from the surface of these nanosized solids 

(Fig 3). By reducing the particle size of solids, the solubility and dissolution rate of poorly water-

soluble drugs are greatly increased due to the increased surface area and decreased diffusion 

layer thickness [118]. As defined by the Nernst-Brunner equation, the diffusion coefficient is 

directly proportional to the dissolution rate [119,120]. The desired release rate of a drug from an 

SDD can be obtained by tuning the dissolution rate according to the desired particle size and 

drug aqueous solubility. A lipophilic promoiety conjugated to a drug can decrease its aqueous 

solubility and dissolution rate from an SDD. SDDs are almost entirely drug with minimal 

amounts of excipients to offer a “carrier-free” LAF [121]. This is especially advantageous 

compared with oil depots of fatty acyl prodrugs where the drug partitioning limits dissolution. 
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SDD are formulated as suspensions stabilized with surfactants and injected subcutaneously or 

intramuscularly to form depots at the injection site. Drugs such as cabotegravir (CAB, logP=0.16 

[122]) and rilpivirine (RPV, logP=5.47 [123]) have poor aqueous solubility, which makes it 

amenable for formulation as an SDD that has been successfully translated to clinical 

products[18,124]. For APIs with high aqueous solubility, conjugation to a fatty acyl promoiety 

generates a LA-prodrug that may facilitate formulation as SDD with tunable dissolution rates for 

extended duration of drug action. SDD formulated from LA-prodrugs have demonstrated clinical 

efficacy and are advantageous for long-term treatment of diseases [125,126]. For example, 

paliperidone palmitate (PP) is a prodrug of paliperidone conjugated with palmitic acid that 

results allows formulation as an SDD and results in slower dissolution in a LAF (Invega Sustena, 

Invega Trinza, Janssen Pharmaceuticals) [127]. Aripiprazole lauroxil (AL) is an N-acyloxy 

methyl prodrug of aripiprazole with decreased aqueous solubility due to its conjugation with 

lauric acid, which facilitates formulation as an LAF to treat schizophrenia (Aristada, 

ALKERMES®)[128]. Oral formulations of paliperidone and aripiprazole are dosed daily, 

whereas the SDD formulations are dosed once every 1-3 months[129–132]. The success of long-

acting antipsychotic prodrug formulated as SDD has been a paradigm for other APIs, such as 

antiretroviral (ARV) drugs. In addition, fatty acyl prodrug modifications of hydrophilic drugs 

have been successfully formulated as SDD.  

Gendelman and Edagwa et al. have chemically modified ARV drugs with various 

physiochemical properties into LAFs, which they have termed LASER-ART (long-acting slow 

effective release ART). LASER-ART entails the dissolution of the LA-prodrug ARV from the 

SDD followed by hydrolysis of the prodrug from the promoiety to release the active 

pharmaceutical ingredient (API) [133]. Conversion of LA-prodrug into the active species can be 
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mediated by carboxyesterases enzymes that hydrolyze ester, carbamate, and amide 

linkages[134]. Long-acting prodrug strategies enable successful formulation of many available 

hydrophilic ARV drugs as nanocrystalline SDD to extend duration of drug action. For instance, 

abacavir (ABC), a relatively hydrophilic ARV drug (logP=1.20) [135], was successfully 

formulated as a LA-prodrug by conjugating it to myristic acid via an ester linkage. The poorly 

water-soluble LA-prodrug (MABC) could be formulated into a nanocrystal SDD that prolonged 

therapeutic levels of ABC in plasma and reduced dosing frequency [136]. Myristic acid, a 14-

carbon fatty acid, is a recurring promoiety used in LASER-ART to enable nanocrystal 

formulation and inhibiting enzymes necessary for HIV replication [136]. Tuning the fatty acid 

chain length offers a design lever to control dissolution rate by tuning aqueous solubility and 

hydrolysis rate of the LA-prodrug and release of the active drug. Deodhar et al. investigated the 

effect of fatty acyl promoiety carbon lengths (C14, C18, C22) on duration of action of 

dolutegravir (DTG). They found that C18-DTG prodrug SDDs afforded the longest duration of 

action  as measured by plasma concentration levels remaining above PA-IC90 (in vitro protein 

associated-90% inhibition concentration) for 367 days [137]. The C14-DTG prodrug SDD also 

provided a long duration above PA-IC90 for at least 112 days, whereas C22-DTG prodrug SDDs 

maintained PA-IC90 levels for only about 7 days. The authors noted that the dissolution rate is 

driven primarily by the LA-prodrug aqueous solubility rather than the carbon length of the fatty 

acyl chain. To confirm the role of solubility, Deodhar et al. synthesized a C18-DTG prodrug and 

a C18 dimer DTG prodrug comprised of two DTG conjugated together via a C18 diester. The 

C18 dimer DTG prodrug exhibited a shorter duration of action as indicated by plasma 

concentrations dropping below PA-IC90 after <140 days. This is due to the significantly greater 

octanol solubility of the C18 DTG prodrug, indicating change in drug release rate was driven by 
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solubility instead of solely the alkyl carbon length. LASER-ART have also been successfully 

applied to synthesize LA-prodrugs of lamivudine, tenofovir, emtricitabine, darunavir, and other 

ARV drugs for formulation as SDD with extended duration of action, thus demonstrating the 

wide variety of drugs suitable to this LAF strategy [138–140].  

LASER-ART has also been applied to APIs that have been formulated as conventional 

SDDs and shown to result in promising attributes such as reducing injection-site reactions, large 

injection volumes, and frequent dosing [141–143]. For example, CAB is already clinically 

approved as a long-acting injectable SDD, and was used for LASER-ART by Kulkarni et al. 

They showed that a single intramuscular injection of C18-CAB prodrug SDD in mice yielded 

concentrations above the PA-IC90 for at least 364 days [122]. These data along with favorable 

administration and manufacturing properties suggest that a C18-CAB prodrug SDD may be 

promising as a once-yearly injectable. These data also suggest that different acyl chain lengths 

may be suitable to tune the desired drug dissolution rate depending on the inherent aqueous 

solubility of the parent API. Hilaire et al. also applied LASER-ART to RPV where they 

developed a library of N-acyloxyalkyl RPV prodrugs with varying alkyl carbon lengths (6-18 

carbons) [144]. N-acyloxyalkyl RPV prodrugs undergo bioconversion into N-hydroxymethyl 

RPV in the presence of esterases in vivo and is further converted into the parent drug after 

hydrolysis. Following intramuscular injections in BALB/cJ mice (45 mg/kg RPV), a single 

intramuscular injection of C14-RPV (NM3RPV) SDD maintained RPV concentrations above 

PA-IC90 (12 ng/mL) over 4, 12, and 25 weeks depending on the injection dose of 45, 75, 

100 mg/kg, respectively. In contrast, nanoformulation of the parent drug (NRPV) displayed 

faster decay in plasma concentrations and maintained RPV plasma concentration above PA-IC90 

for only 7 weeks at the highest dose (100 mg/kg). When comparing the duration of action of the 
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two formulations, NM3RPV exhibited 13- and 26-fold increases in plasma RPV apparent half-

life and mean residence time compared to NRPV. This study demonstrates that, even for highly 

hydrophobic and insoluble APIs that are readily formulated as SDD, synthesizing LA-prodrugs 

with altered solubility can further tune dissolution rates promote longer durations of drug action 

in tissue and plasma. In addition to promoiety architecture (alkyl carbon length, linker selection, 

etc.), other parameters have been shown to influence the duration of action of LASER-ART. For 

example, particle size and choice of surfactant can influence cellular uptake of nanocrystals and 

generate intracellular drug depots [145]. Intracellular depots of nanocrystals provide a secondary 

depot within cells and have been observed to offer greater antiretroviral activity for a longer 

duration than a depot formed at the injection site [136,146]. Poloxamers used as coatings to 

stabilize solid dispersions have also been functionalized with folic acid (FA) to facilitate folate-

receptor targeted endocytosis and increase intracellular depots within macrophages [147]. In 

contrast to simple oil vehicles, LASER-ART and nanocrystal formulations offer multiple levers 

to tune to achieve the desired release rate depending on the inherent aqueous solubility of the 

API.  

Here we summarize LA-prodrug modifications formed by the addition of a lipophilic 

promoiety to various APIs that will enable formulation of nano/micron-sized solid drug 

dispersions and micelles for extended duration of action. A wide range of release behavior can be 

achieved depending on the physiochemical properties of the prodrug and the DDS formulation 

employed. For example, ABC LA-prodrug SDD resulted in extended duration of action on the 

order of days and weeks, whereas C18-DTG and C18-CAB LA-prodrug SDDs extended duration 

of drug action up to one year. The use of fatty acyl prodrugs is an effective method to enable 

formulation as LAF for many drugs, and it is amenable to different types of linkers. This strategy 
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has also demonstrated tunability by adjusting the carbon length of the conjugated hydrocarbon 

chain from C6-C22. However, the degree of tunability of release rate by modifying carbon length 

has not been fully explored despite exhibiting significantly extended durations of release. The 

generalizability of this approach to other hydrophilic ARV drugs and the ability of carbon length 

alone to achieve the longer release duration has not been fully demonstrated. 

2.3.2. Long-acting prodrugs with macromolecular (MW>1000 Da) promoieties 

In this section, we discuss long-acting prodrugs employing macromolecular promoieties 

(typically MW > 1000 Da). These strategies typically involve drugs directly conjugated to a 

reactive macromolecular entity (post-modification) and the direct polymerization of 

polymerizable prodrug monomers [148]. Macromolecular entities include natural (chitosan, 

dextran) and synthetic polymers (polyethylene glycol, poly(N-(2-hydroxypropyl) 

methacrylamide). By using different polymers and polymer architecture, polymeric promoieties 

can act as the drug carrier to achieve controlled release [149]. As discussed in the previous 

sections, conjugation of a hydrophilic drug to a macromolecular promoiety can minimize the 

rapid dissolution due to the low affinity the drug has to the carrier. In the case of polymeric 

prodrugs, the burst release of drugs is suppressed by covalently conjugating the drug to the 

polymeric carrier, where the release is governed by cleavage of linkers [150]. Furthermore, 

conjugation to a polymeric promoiety can facilitate the formation of higher-order structures for 

the long-acting delivery of antiretrovirals, such as gels, micelles, and nanoparticles [36]. By 

using polymeric promoieties, polymeric prodrugs can tune the sustained delivery of 
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antiretrovirals with unique polymeric carriers, adjusting the molecular weight of polymer chains, 

utilizing different linkers, and achieving targeted delivery with targeting ligands [151].  

2.3.2.2 Backbone Polyprodrugs 

Polymeric prodrugs, such as polyanhydrides (PA), polyanhydride esters (PAE), 

polycarbamates, and polycarbonates, with the drug incorporated as monomers in the polymer 

backbone, which is released as the backbone degrades. These polymeric prodrugs are sometimes 

referred to as backboned polyprodrugs[152]. As mentioned in the previous section, prodrug made 

from postmodification of polymeric promoieties suffer from lower drug loading content, as well 

as difficulty in controlling conjugation sites, and thus difficulty in efficient and sustained drug 

release[152,153]. Backboned polyprodrugs are synthesized by step-growth polymerization, 

wherein difunctional prodrug/drug monomers are covalently linked to obtain a high molecular 

weight polymer prodrug[154]. One example of backboned polyprodrugs for long-acting delivery 

of antiretrovirals is the backboned polymer prodrug synthesized by Shakil et al by using the 

difunctional emtricitabine (FTC) as the monomer[155]. The difunctional nature of FTC is due to 

the free amine and hydroxyl group, which was conjugated to hexamethylene bis(chloroformate) 

by cleavable carbonate and carbamate linkages to obtain poly(hexyl-FTC) with a drug loading up 

to 57%. The release of FTC was sustained over three days by the gradual cleavage of carbamate 

and carbonate linkages. Formulation as backbone polyprodrugs enables the long-acting release of 

hydrophilic NRTIs which are incompatible with non-prodrug LA formulations.  
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Fig 2. 4. General scheme of drugamer or polymers comprised of polymerizable prodrug 

monomers 

The scheme (top) describes the conversion of a drug into a prodrug monomer that is 

subsequently polymerized to obtain a “drugamer”. An example drugamer (bottom) synthesized 

by RAFT using a TAF monomer [38]. 

2.3.2.3. Polymeric Prodrugs Synthesized from RAFT Polymerization 

Polymerizable prodrug monomers can be used to obtain well-defined block copolymers 

to formulate micellar polymeric prodrug with improved encapsulation and drug stability. 

Polymerizable prodrug monomers are obtained by modifying the drug with moieties such as 

acrylamide and methacrylate that promote drug polymerization to the pendant groups of the 

polymer backbone (scheme shown in Fig 2.4)[156,157]. RAFT polymerization is especially 

useful in obtaining polymer prodrugs with low polydispersity and precise control of molecular 

mass relative to other polymerization techniques[158]. Control over molecular weight can 



51 
 

provide more uniform physicochemical properties[159]. Furthermore, prodrugs synthesized by 

RAFT polymerization can be obtained in relatively mild synthesis conditions, wherein harsh 

reagents are not required[160]. In addition, RAFT polymers are amenable to a wide range of 

functionalization and the formation of advanced architectures (such as star or bottlebrush 

polymers), self-assembled nanostructures, and stimuli-responsive systems[160]. In this 

subsection, we specifically discuss examples of polymer prodrugs obtained via RAFT 

polymerization and exclude other RAFT polymer prodrugs if the drug was conjugated to the 

polymer by post-modification techniques which has been discussed in other reviews[158]. In 

contrast to strategies discussed in subsection 3.5.1, RAFT results in polymer prodrugs 

conjugated to pendant groups instead of integrated in the polymer backbone. For example, 

Hasegawa et al. used RAFT to polymerize ibuprofen-acrylamide (IBUAAm) prodrugs for 

micelles[156]. IBUAAm was obtained by conversion of the carboxylic acid of IBU into an acyl 

chloride group, and linked to acrylamide by an ester bond. Block copolymerization of IBUAAm 

using RAFT was facilitated with a PEG macromolecular chain-transfer agent (PEG-CTA, 

MW=10k Da). Hasegawa et al. successfully polymerized IBU polymers with the number average 

molecular weight (Mn) ranging from 9706-26410 Da and PDI ranging from 1.15-1.20. IBU 

polymers improved the stability of ibuprofen within the micelle compared to physically 

encapsulated drug and resulted in release of days to months depending on the length of the 

hydrophobic drug segments of the copolymer (≤20 and 53 units). Interestingly, the use of longer 

hydrophobic segments resulted in the formation of worm-like micelles rather than spherical 

micelles, which may also affect drug release kinetics.  

Das et al. used RAFT polymerization to synthesize various polymeric prodrugs of 

ciprofloxacin (cipro) with different polymeric architecture and linkers[161]. Cipro prodrug 
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monomers were copolymerized with poly(ethylenegylcol methacrylate) (950 Da) (O950) as 

diblock copolymers and random copolymers to observe the effect on micelle self-assembly. The 

diblock copolymer self-assembled into micelles in aqueous conditions where the hydrophilic 

corona of O950 encapsulated the hydrophobic polymer segments of the prodrug. The diblock 

polymer architecture was observed to have reduced ester hydrolysis rates relative to the random 

copolymer prodrug, which was claimed to be a result of hindered water penetration into the 

hydrophobic core and demonstrated the importance of polymer architecture on sustained release. 

Das et al. also ussed a fast-hydrolyzing phenyl ester (CPM) linker and slow-hydrolyzing 

aliphatic ester (HBC) linker to further modulate cipro release. Copolymers containing CPM and 

HBC linkers show that 50% of drug was released over 120 h and 21 d, respectively. An inhalable 

version of the polymer prodrug was also developed where the cipro methacrylate monomer was 

conjugated to a protease-cleavable valine-citrulline (VC) linker with either a self-immolative 

spacer or phenyl ester (CTM) linker. Copolymerization via RAFT was carried out with the 

prodrug monomers with different linkers and a hydrophilic mannose comonomer, which acts as 

both the hydrophilic component to improve solubility and a targeting ligand for alveolar 

macrophages[162]. Mannose receptors on the drugamer induced receptor-mediated endocytosis 

by alveolar macrophages, which is followed by cleavage of the VC linker by intracellular 

cathepsins to release the active cipro compound[163]. After intratracheal aerosolization of 

drugamers in mice, both the VC and CTM-drugamer exhibited sustained concentration of cipro 

within the lung at concentrations greater than the minimum inhibitory concentration (0.065 

µg/g), whereas free cipro was quickly cleared from the lungs within 2 h. VC-drugamer also 

exhibited superior AUC over 48 h compared to CTM-drugamers and free cipro (25.6x and 74.8x, 

respectively), and sustained intracellular delivery to alveolar macrophages at >3 magnitudes 
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greater than the minimum inhibitory concentration. In a challenge study with Burkholderia 

thilandensis, 100% of the mice administered the VC-drugamer survived 14 days after bacteria 

inoculation compared with only 25% survival of mice administered free cipro[163]. The 

sustained delivery of cipro up to 7 days improved biodistribution, and resulted in a dose-sparing 

regimen that illustrates the drugamer platform as promising candidate for further clinical 

development.  

     Ho et al. also used polymer prodrug comprised of polymerizable prodrug monomers to 

formulate injectable depots to achieve long-acting delivery of ARV drugs[38]. The authors 

synthesized a library of tenofovir alefanamide (TAF) drugamers with drug wt% of 34-73%. TAF-

drugamers were subcutaneously injected to form a depot capable of sustaining release over an 

order of months. The mechanism of depot formation is shown in Fig 2.5. A single subcutaneous 

injection of the TAF drugamer sustained release of TAF, which accumulated intracellularly as the 

active metabolites (tenofovir diphosphate) for up to 50 days. Gradually, polymer chains in the 

depot are shed after sufficient drug is released, and depot dissolution eventually occurs as the 

polymer chains are excreted renally (Fig 2.6).  

     The release rate of TAF was tuned by using a faster-releasing carbamate linker (p(benzyl-

TAFMA)) or slower-releasing carbamate linker (p(alkyl-TAFMA). In addition to controlling 

release rates with different linker chemistry, local environments in the depot may result in 

differential water and enzyme activity that will affect hydrolysis of the carbamate linkers. The 

authors describe that TAF is released from the polymer backbone upon hydrolysis of the 

carbamate linkers and results in hydration of the pendant functionalized hydrophilic chains that 

are shed from the depot. Diblock designs of p(glycerolmonomethacrylate)-b-p(alkyl-TAF-

methacrylate) and p(glycerolmonomethacrylate)-b-p(benzyl-TAF-methacrylate) incorporate 
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glycerol segments to increase hydrophilicity of the copolymer, which may effect depot structure 

and stability in a way that promotes faster dissolution. The drugamers developed by Stayton et 

al. were also amenable to further encapsulation in other drug delivery carriers. Drugamers have 

also been integrated with delivery systems other than micelles and depots. For example, Dart et 

al. formulated these same TAF drugamers in PCL electrospun fibers via blend 

electrospinning[164]. Sustained release of the active metabolite from these electrospun fiber 

patches was observed over a 2-month period under in vitro conditions. 

 

Fig 2. 5. Depot formation in situ following subcutaneous injection of drugamers 

Drugamers were formulated as an organic solution (e.g. dimethylsulfoxide) and injected in the 

subcutis. Upon injection, the organic solvent effluxes into the subcutis as water diffuses into the 

polymer solution. At a critical concentration of water and organic solvent, the polymer 

precipitates, forming a depot in the subcutis. 
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Fig 2. 6. Drug release mechanism from drugamer depot 

Drugamers form depot in situ when injected subcutaneously. Drug is released when cleavage 

occurs to polymer chain. At a critical amount of drug released, polymer chains are shed from the 

depot and cleared by renal clearance[38]. 

2.4 CONCLUSION 

 HIV treatment and prevention with ART is highly effective but is dependent on strict 

adherence to the drug regimen to suppress viral replication. Poor adherence can be attributed to a 

variety of reasons, such as forgetting dosages or lack of understanding of ART. Although current 

interventions involving counseling is beneficial in increasing rate of adherence, there is a need 

for other methods to aid in increasing adherence to ART. LAFs can potentially address the hurdle 

of adherence with less frequent administration, and have demonstrated improved patient 

outcome. However, not all ARVs were compatible with diffusion- and dissolution-based DDS. 

Thus, the prodrug approach was considered due to the promising results observed in literature. 

We discuss two main categories of LA-prodrugs: small molecular promoieties and 

macromolecular polymeric prodrugs comprised of prodrug monomers. Small molecular 

promoieties can be conjugated to drugs for multiple reasons, either for improved encapsulation 
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efficiency for greater loading in DDS or to enable fabrication as crystals which can subsequently 

be formulated as LA nanosuspension. Macromolecular polymeric prodrugs can also be 

synthesized with polymerizable prodrug monomers, wherein the drug itself becomes the material 

that enables LA delivery. In some cases, ARVs can be polymerized by step-condensation, where 

drug release is sustained through degradation of the backbone. In other cases, RAFT 

polymerization can be utilized to obtain well-defined polymeric prodrugs by polymerizing the 

methacrylate promoiety. RAFT polymerization allows for a great degree of tunability in release 

by adjusting the polymer architecture or polymer composition of the polymeric prodrug. Current 

results demonstrate sustained release of ARVs with a subcutaneous injection of “drugamers” of 

TAF. Therefore, the thesis will focus on the development of polymeric prodrugs of ARVs 

synthesized by RAFT polymerization and explore the potential sustained release, and compare 

with previous DDS formulated in the Woodrow Lab.  
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Chapter 3. SYNTHESIS AND INVESTIGATION OF PHYSICAL 

PROPERTIES OF ARV DRUGAMERS 

3.1. ABSTRACT 

 Drugamers offer the potential to reduce antiretroviral (ARV) dosing frequency due to 

their high drug loading and sustained release as in situ forming implants (ISFIs). To develop 

ARV drugamers for use as long-acting formulations (LAFs), raltegravir (RAL) and atazanavir 

(ATV) were chemically modified into prodrug monomers and polymerized via RAFT 

polymerization. Unlike tenofovir alafenamide (TAF), which was modified at the amine group to 

generate a carbamate linker, RAL and ATV were modified at their hydroxyl groups to form ester 

linkers. The lower pKa of RAL (pKa = 6.67) accelerated ester cleavage, highlighting critical 

design considerations for drugamers with rapid-release drugs. Prodrug monomers of RAL and 

ATV were synthesized via the acyl chloride and carbodiimide routes, respectively, and 

polymerized with varying comonomer compositions, including 2-methylsulfinyl ethyl 

methacrylate (MSEMA) and butyl methacrylate (BMA). The resulting drugamers were 

synthesized with high drug loading, ranging from 51.88-74.60 wt%, depending on the design of 

the polymer composition. The drug loading observed in the resulting drugamers exhibited greater 

drug loading than commercial, noncovalent polymeric formulations used for in situ forming 

implants (ISFIs, 2-29 wt%). In addition, copolymerization with comonomers demonstrated the 

tunable physical properties of the drugamer platform, as shown in precipitation studies. Notably, 

RAL-MSEMA copolymers demonstrated greater hydrophilicity than RAL homopolymers and 

RAL-BMA copolymers. These findings illustrate the adaptability of the drugamer platform to 

different ARVs, paving the way for novel LAF development. 



58 
 

3.2. INTRODUCTION 

 LAF of ARVs can potentially improve adherence to ART among patients with less 

frequent dosing and less stigma [165]. LAFs have demonstrated improved patient outcome and 

decreased rates of infection by removing critical adherence barriers to oral ARVs [69–71]. 

Despite the approval of CAB-LA, studies show mutations conferring to CAB resistance can 

occur in macaques treated with LA-CAB, demonstrating the need for other LA formulations with 

different antiretrovirals [166]. This chapter investigates the sustained released of RAL and ATV 

afforded by the use of polymeric prodrugs synthesized in the previous chapter. These polymeric 

prodrugs are coined as “drugamers”, which has high loading of drug and tunable properties by 

changing the cleavable linker, targeting moiety, and enables the delivery of a range of 

hydrophilic and lipophilic antiretrovirals [38,161,162]. 

 By using a polymeric prodrug approach, sustained release could potentially be achieved 

with drugs that were previously incompatible with DDS relying on noncovalent interactions. 

More specifically, the hydrophilicity of RAL can result in incompatibility with certain DDS to 

achieve sustained release, as demonstrated in the previous experiments in the Woodrow Lab. 

RAL has been formulated as nanocrystals, in solvent-cast films, and electrospun fibers, which all 

have drawbacks preventing usage as LAFs, as discussed in subsection 2.2.2. However, the 

limitations associated with the physical properties of the ARV become minimally important after 

synthetic conjugation[38]. In this study, RAL and ATV were synthetically conjugated to a 

methacrylate group to obtain polymerizable prodrug monomers. Drugamers are synthesized by 

RAFT polymerization of the respective prodrug monomers. These drugamers have been studied 

extensively in other contexts, but only one publication has been published for subcutaneous 

depots [38,167,168]. 
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 RAL and ATV were selected due to their potency and different mechanisms of action 

compared to TAF, as well as the potential for combination delivery due to the predicted synergy 

[31]. RAL is an integrase inhibitor that inhibits the integration of viral DNA into the host 

DNA[169]. ATV is an azapeptide inhibitor of protease of HIV-1 and prevents the formation of 

mature virion [170]. RAL and ATV both contain free hydroxyl groups available for chemical 

modification downstream to obtain cleavable ester linkages, which contrasted TAF, which is 

modified with the amine group to generate a carbamate linker. In addition to the utilization of a 

different functional group, RAL and ATV both offer a range of clinical advantages. For example, 

RAL demonstrated desirable mucosal penetration in the female genital tract [32]. RAL also 

demonstrated high penetration in the seminal compartment [33]. Studies have shown ATV to be 

safe for long-term use and high efficacy in the absence of boosting with ritonavir [171]. Lastly, 

the Woodrow Lab have synthesized RAL prodrugs, as discussed in Chapter 2, indicating the 

feasibility of making RAL prodrugs with other promoieties [105].  

3.3 MATERIALS AND METHODS 

3.3.1. Materials and reagents 

Raltegravir was purified from Isentress® (400 mg RAL, Merck). Atazanavir was purified 

from commercial ataznavir sulfate capsules (300 mg ATV, Northstar Rx).  The total synthesis of 

monomers used thionyl chloride (Sigma-Aldrich), triethylamine (TEA, Sigma-Aldrich), mono-2-

(methacryloyloxy)ethyl succinate (SMA, Sigma-Aldrich), 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC HCl, Sigma, Aldrich), 4-

dimethylaminopyridine (DMAP, Acros Organics), dichloromethane (DCM, anhydrous, Sigma-

Aldrich), toluene (Sigma-Aldrich), sodium bicarbonate (NaHCO3, Fisher Scientific), glacial 

acetic acid (Acros Organics), diethyl ether (Sigma-Aldrich), hexanes (Sigma-Aldrich), ethyl 
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acetate (Sigma-Aldrich), acetone (Thermo Fisher Scientific), magnesium sulfate anhydrous 

(MgSO4, Millipore Sigma), 2-(methylthio)ethyl methacrylate (MTEMA, Sigma-Aldrich), 

hydrogen peroxide (H2O2, 30% in water, Fisher Scientific). The total synthesis of polymers by 

RAFT polymerization used butyl methacrylate (BMA, Sigma-Aldrich), methacryloxyethyl 

thiocarbamoyl rhodamine B (RhMA, Polysciences Inc.), 4-(((ethylthio)carbonothioyl)thio)-4-

cyanopentanoic acid (ECT, Sigma-Aldrich), 2,2'-azobis(4-methoxy-2,4-dimethylvaleronitrile) 

(V70, Wako Fujifilm), N,N-dimethylformamide (DMF, extra dry, with molecular sieve, Fisher 

Scientific), diethyl ether (Sigma-Aldrich), acetone (Thermo Fisher Scientific). Fasudil 

monohydrochloride (eNovation Chemicals) was used for drug weight percent quantification. 

Regenerated cellulose dialysis membranes (Spectrum Laboratories) were used for polymer 

purification. 

3.3.2. Isolation of Raltegravir from Isentress tablets 

Raltegravir was isolated as a neutral compound from ISENTRESS® tablets (400 mg per 

tablet, Merck & Co.). Crushed Raltegravir tablets were incubated in dichloromethane (DCM, 400 

mL) with glacial acetic acid (10 mL) overnight at room temperature. The resulting slurry was 

then filtered through a frit packed with celite. The filtrate was then concentrated under reduced 

pressure. The crude material was then recrystallized with the addition of isopropanol (initially 70 

°C and cooled to room temperature) overnight, and then placed in the -20 °C freezer overnight to 

continue recrystallization. The product was then dried over high vacuum overnight to provide 

pink solids (1150 mg, Yield=57.5%). The full 1H-NMR and 13C-NMR spectra are shown on Fig 

S1 and Fig S2, respectively. 1H-NMR (300 MHz, DMSO-d6) δ 12.21 (s, 1H), 9.85 (s, 1H), 9.11 

(s, 1H), 7.39 (dd, J=6, 3 Hz, 2H), 7.17 (t, J=9 Hz, 2H), 4.51 (d, J=6 Hz, 2H), 3.48 (s, 3H), 2.56 

(s, 3H), 1.74 (s, 6H). 13C NMR (101 MHz, DMSO-d6) δ 169.38, 166.67, 163.45, 161.04, 159.52, 



61 
 

159.02, 153.52, 152.73, 146.68, 135.82 (d, JF,C=3.03) 130.47 (d, JF,C=8.08), 125.36, 116.10 (d, 

JF,C=21.21), 58.49, 42.58, 33.93, 27.97, 11.66. 

3.3.3. Molecular weight determination of synthesized prodrug monomers 

Molecular weight determination was carried out by UW Mass Spectrometry Center. 

Accurate mass was determined by LC-MS/MS with tandem quadrupole Time-of-Flight (AB 

Sciex TripleTiOF 5600+). The MS was coupled with an I-Class Acquity UPLC, direct infusion 

syringe pump to isolate the analyte. MultiQuant™ Software was used to analyze the data to 

obtain the accurate mass.  

3.3.4. Synthesis of RAL-SMA prodrug monomers by two-step esterification via acid chlorides 

Commercial mono-2-(methacryloyloxy)ethyl succinate (SMA, 1036 mg, 4.50 mmol) was 

added to neat thionyl chloride (SOCl2 , 1.74 mL, 23.9 mmol) under argon and stirred at room 

temperature for 30 minutes and reacted at 50 °C for 1 h. The excess SOCl2 was removed by 

evaporation under reduced pressure and co-evaporated with additional benzene twice to remove 

residual SOCl2, yielding a clear oil. The oil was dissolved in anhydrous DCM (50 mL), then 

slowly added to a solution of RAL (1000 mg, 2.25 mmol) and triethylamine (TEA, 0.88 mL, 

6.30 mmol) in anhydrous DCM purged with argon gas. Stir the reaction mixture and react at 

room temperature for 3 h. Quench the reaction by diluting the reaction mixture with DCM (50 

mL), and wash with saturated sodium bicarbonate (NaHCO3, 2x, 100 mL) and brine (1x, 100 

mL). The organic phase was dried over magnesium sulfate and concentrated under reduced 

pressure. The crude product was purified by flash chromatography using 5:1 ethyl acetate: 

acetone, then precipitated using 1:1 hexane: diethyl ether (2x, 40 mL) to obtain the RAL-SMA. 

The product was then dried over high vacuum overnight to provide dark blue or brown 

amorphous solids. Yield = 357.8 mg (24.18%). The full 1H-NMR and 13C-NMR spectra are 
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shown on Fig S3 and Fig S4, respectively. 1H NMR (500 MHz, DMSO) δ 10.00 (s, 1H), 8.91 (s, 

1H), 7.34 (s, 2H), 7.15 (s, 2H), 6.02 (d, J = 0.7 Hz, 1H), 5.66 (s, 1H), 4.42 (d, J = 6.4 Hz, 2H), 

4.29 (s, 4H), 3.50 (s, 3H), 2.83 (s, 2H), 2.64 (s, 2H), 2.57 (s, 3H), 1.85 (t, J = 1.3 Hz, 3H), 1.76 

(s, 6H). 13C NMR (126 MHz, DMSO) δ 171.26, 169.34, 166.41, 165.76, 162.19, 161.92, 160.26, 

159.23, 158.73, 157.97, 152.70, 140.40, 135.59, 135.31, 135.29, 133.75, 129.18, 129.11, 126.05, 

115.09, 114.92, 62.37, 62.09, 57.89, 41.50, 33.16, 28.51, 28.48, 26.62, 17.87, 10.66. ESI=MS for 

C30H34N6O10F [M]: 657.2, [M+Na+]: 679.2.  

3.3.5. Stability testing of RAL-SMA in polar aprotic solvents to determine polymerization 

conditions 

 Stability of monomers was measured by using high-performance liquid chromatography 

(HPLC, Shimadzu Prominence). Simultaneous detection of RAL and RAL-SMA was performed 

by using reversed phase HPLC employing a Kinetex® 5 μm C18 column (100 Å, 250 x 4.6 mm). 

The mobile phases used were acetonitrile (ACN) as mobile phase A and 25 mM KH2PO4 

dissolved in water as mobile phase B. Samples were eluted with a isocratic flow of 45:55 A:B at 

1 mL/min for 12 min measuring the absorbance at 300 nm. 

RAL-SMA was dissolved in DMF or DMSO and incubated at a water bath (Thermo 

Scientific Precision) at designated temperatures (35, 45, 70 °C) to determine the stability of 

RAL-SMA over time. Approximately 25-50 µL of the incubated solution was drawn up at given 

timepoints, diluted 10-fold, filtered through a 0.22 µm PTFE filter, and analyzed by the HPLC. 

Samples were measured with an injection volume of 10 µL with an isocratic flow of 45% A:55% 

B at 1 mL/min for 12 min measuring the absorbance at 300 nm. RAL and RAL-SMA had an 

approximate retention time of 4.8 min and 9.0 min, respectively.  



63 
 

3.3.6. Synthesis of 2-(methylsufinyl)ethyl methacrylate 

 2-(methylthio)ethyl methacrylate (MTEMA, 1 g, 5.99 mmol) was added to a round-

bottom flask in an ice bath and, sealed with a rubber septum, and purged with argon gas. 20% 

Hydrogen peroxide (H2O2, 0.72 g, 4.23 mmol) solution was added to the round-bottom flask via 

a syringe pump at 50 µL/min. The solution was allowed to react in an ice bath. After 24 h, the 

reaction was quenched by adding deionized water. The aqueous solution was extracted with 

dichloromethane (25 mL, 3x). The organic phase was dried with magnesium sulfate and 

concentrated under reduced pressure. The concentrated sample was purified with flash 

chromatography using 5% (v/v) methanol (MeOH) in DCM as the mobile phase. The product 

was then dried over high vacuum overnight to provide white amorphous solids. Yield (41.55%). 

The full 1H-NMR spectrum is shown on Fig S6. 1H NMR (300 MHz, DMSO) δ 6.04 (d, J = 0.8 

Hz, 1H), 5.70 (s, 1H), 4.26 (s, 2H), 2.75 (s, 2H), 2.11 (s, 3H), 1.96 – 1.82 (m, 3H). ESI=MS for 

C7H13O3S [M]: 177.6, [M+Na+]: 199.0.  

3.3.7. Reversible addition-fragmentation chain-transfer (RAFT) polymerization of RAL 

homopolymer drugamers (p(RAL-SMA-co-RhMA)) 

 RAFT polymerization of RAL-SMA and one Rhodamine monomer (methacryloxyethyl 

thiocarboamoyl rhodamine B, RhMA) per polymer chain was conducted in anhydrous 

dimethylformamide (DMF) under inert argon atmosphere. 4-cyano-4-

[(ethylstuflanylthiocarbonyl)sulfanyl]pentanoic acid (ECT) and 2,2’-azobis(4-methoxy-2,4-

dimethylvaleronitrile) (V70) were used as the chain-transfer agent (CTA) and radical initiator, 

respectively. The initial monomer/CTA/initiator ([M]0:[CTA]0:[I]0) ratio was 40:1:0.25, 

respectively. RAL-SMA (425 mg, 0.647 mmol), RhMA (13.3 mg, 0.020 mmol), ECT (4.39 mg, 

0.017 mmol), and V70 (1.29 mg, 0.004 mmol) were added to a 10 mL round-bottom flask and 
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dissolved in anhydrous DMF (1.02 mL). Once a homogeneous solution was obtained, the flask 

was sealed with a rubber septum and purged with argon gas for 35 minutes. Subsequently, the 

flask was transferred to a preheated oil bath at 45 °C and allowed to react for 8 hours. The 

reaction was quenched by exposure to atmospheric air and crude product was precipitated in 

diethyl ether. The precipitant was redissolved in DMF and dialyzed against dimethylsulfoxide 

(DMSO) for 48 h to remove unreacted reactants using dialysis tubing (MWCO=3500 Da), 

switching the dialysis solvent once at 24 h. After dialysis against DMSO, the polymer solution 

was dialyzed against water at 4 °C for 24 h, switching the dialysis solvent three times. The 

resulting drugamer was frozen and lyophilized for 72 h. 1H-NMR was used to characterize the 

purified drugamer in DMSO-d6. RAL drug wt% was calculated by spiking the sample with a 

known concentration of Fasudil HCl as the internal standard. The ratio of integration of polymer 

RAL proton peaks at 7.06 and 7.29 ppm to the Fasudil HCl proton peak at 9.5 ppm was used to 

obtain the drug wt% (74.60 wt%). A full 1H-NMR spectrum of a spiked sample is shown on Fig 

S7. The approximate molecular weight was calculated using monomer conversion by comparison 

of the vinyl peak integration before and after the polymerization (24000 Da). The polymer 

synthesized with the protocol described in this subsection was referred to as pRAL. 

3.3.8. RAFT polymerization of RAL-SMA MSEMA comopolymer drugamers (p(RAL-SMA-co-

MSEMA-co-RhMA)) 

 RAFT polymerization of RAL-SMA and MSEMA and one RhMA per polymer chain 

was conducted in anhydrous DMF under inert argon atmosphere. ECT and V70 were used as the 

CTA and radical initiator, respectively. The initial monomer/CTA/initiator ([M]0:[CTA]0:[I]0) 

ratio was 25:1:0.2, respectively. The initial feed ratio of RAL-SMA/MSEMA was roughly 1:1. 

RAL-SMA (400 mg, 0.609 mmol), MSEMA (98.8 mg, 0.560 mmol), RhMA (32.5 mg, 0.049 
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mmol), ECT (12.8 mg, 0.049 mmol), and V70 (3.01 mg, 0.010 mmol) were added to a 10 mL 

round-bottom flask and dissolved in anhydrous DMF (1.21 mL). Once a homogeneous solution 

was obtained, the flask was sealed with a rubber septum and purged with argon gas for 35 

minutes. Subsequently, the flask is transferred to a preheated oil bath at 42 °C and allowed to 

react for 24 hours. The reaction was quenched by exposure to atmospheric air and the crude 

product was precipitated in diethyl ether. The precipitant was redissolved in DMF and dialyzed 

against DMSO for 48 h to remove unreacted reactants using dialysis tubing (MWCO=3500 Da), 

switching the dialysis solvent once at 24 h. After dialysis against DMSO, the polymer solution 

was dialyzed against water at 4 °C for 24 h, switching the dialysis solvent three times. The 

resulting drugamer was frozen and lyophilized for 72 h. 1H-NMR was used to characterize the 

purified drugamer in DMSO-d6. RAL drug wt% was calculated by spiking the sample with a 

known concentration of Fasudil HCl as the internal standard. The ratio of integration of polymer 

RAL proton peaks at 8.89 and 9.99 ppm to the Fasudil HCl proton peak at 9.5 ppm was used to 

obtain the drug wt% (51.88 wt%). Final comonomer ratio in purified drugamer of RAL:MSEMA 

was calculated by comparing the ratio of integration of the RAL proton peaks at 7.12 and 7.32 

ppm with MSEMA proton peaks at 4.23 and 4.42 ppm after subtracting the contribution to the 

integration from the overlapping RAL peaks (53:47, RAL:MSEMA, respectively). The 

approximate molecular weight was calculated using monomer conversion by comparison of the 

vinyl peak integration before and after the polymerization (8300 Da). The polymer synthesized 

with the protocol described in this subsection was referred to as pRAL-MSEMA.  
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3.3.9. RAFT polymerization of RAL-SMA Butyl-MA (BMA) comopolymer drugamers (p(RAL-

SMA-co-BMA-co-RhMA)) 

RAFT polymerization of RAL-SMA and BMA and one RhMA per polymer chain was 

conducted in anhydrous DMF under inert argon atmosphere. ECT and V70 were used as the 

CTA and radical initiator, respectively. The initial monomer/CTA/initiator ([M]0:[CTA]0:[I]0) 

ratio was 40:1:0.25, respectively. The initial feed ratio of RAL-SMA/BMA was roughly 

0.85:0.15 RAL-SMA (400 mg, 0.609 mmol), BMA (12.7 mg, 0.090 mmol), RhMA (11.9 mg, 

0.018 mmol), ECT (4.72 mg, 0.018 mmol), and V70 (1.38 mg, 0.004 mmol) were added to a 10 

mL round-bottom flask and dissolved in anhydrous DMF (0.867 mL). Once a homogeneous 

solution was obtained, the flask was sealed with a rubber septum and purged with argon gas for 

35 minutes. Subsequently, the flask is transferred to a preheated oil bath at 42 °C and allowed to 

react for 24 hours. The reaction was quenched by exposure to atmospheric air and the crude 

product was precipitated in diethyl ether. The precipitant was redissolved in DMF and dialyzed 

against DMSO for 48 h to remove unreacted reactants using dialysis tubing (MWCO=3500 Da), 

switching the dialysis solvent once at 24 h. After dialysis against DMSO, the crude product was 

dialyzed against water at 4 °C for 24 h, switching the dialysis solvent three times. The resulting 

drugamer was frozen and lyophilized for 72 h. 1H-NMR was used to characterized the purified 

drugamer. 1H-NMR was used to characterize the purified drugamer in DMSO-d6. RAL drug 

wt% was calculated by spiking the sample with a known concentration of Fasudil HCl as the 

internal standard. The ratio of integration of polymer RAL proton peaks at 7.07 and 7.29 ppm to 

the Fasudil HCl proton peak at 9.5 ppm was used to obtain the drug wt% (66.23 wt%). Final 

comonomer ratio in purified drugamer of RAL: BMA was calculated by comparing the ratio of 

integration of the RAL proton peaks at 7.12 and 7.32 ppm with MSEMA proton peaks at 4.15 
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and 4.39 ppm after subtracting the contribution to the integration from the overlapping RAL 

peaks (84:16, RAL:BMA, respectively). The approximate molecular weight was calculated using 

monomer conversion by comparison of the vinyl peak integration before and after the 

polymerization (18000 Da). The polymer synthesized with the protocol described in this 

subsection was referred to as pRAL-BMA. 

3.3.10. Isolation of Atazanavir from Reyataz tablets 

Atazanavir (ATV) was isolated as a neutral compound from Reyataz tablets (300 mg per 

tablet). Crushed Atazanavir tablets were incubated in DCM (120 mL) with TEA (3 mL) 

overnight at room temperature. The incubated suspension was extracted with deionized water 

(100 mL, 3x), and then with brine (100 mL, 2x). The organic layer was subsequently collected 

and dried with magnesium sulfate, and then filtered by vacuum filtration. The filtrate was then 

concentrated under reduced pressure, yielding white amorphous solids. The product was then 

dried over high vacuum overnight to provide white amorphous solids (yield=71.17%). The full 

1H-NMR spectrum is shown on Fig S8. 1H NMR (300 MHz, DMSO) δ 9.10, 8.65, 8.64, 7.96, 

7.44, 7.18, 5.01, 3.96, 3.95, 3.51, 2.80, 2.79, 2.78, 2.76, 0.76, 0.62. 13C NMR (126 MHz, DMSO) 

δ 170.49, 156.47, 149.95, 139.44, 139.07, 137.98, 137.59, 129.51, 129.25, 128.43, 126.59, 

126.27, 122.83, 120.42, 68.63, 52.15, 51.87, 40.57, 40.40, 40.24, 40.07, 39.90, 39.73, 39.57, 

38.24, 34.04, 33.86, 27.14, 26.73. 

3.3.11. Synthesis of ATV-SMA prodrug monomers by esterification via 1-Ethyl-3-(3’-

dimethylaminopropyl) carbodiimide 

 ATV (1000 mg, 1.42 mmol) was added to a to a 100 mL round flask and dissolved in 

anhydrous DCM (25 mL). In a separate 100 mL round flask, SMA (980 mg, 4.26 mmol), 1-

ethyl-3-(3’-dimethylaminopropyl)carbodiimide (EDC, 1360 mg, 7.09 mmol), and 4-
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dimethylaminopyradine (DMAP, 867 mg, 7.09 mmol) were dissolved in anhydrous DCM (25 

mL). ATV solution was transferred to the other round flask via syringe and needle. The solution 

was allowed to react for 24 hours under argon gas at room temperature. The reaction was 

quenched by diluting in DCM (200 mL) and extracted with brine (2x, 100 mL), NaHCO3 (1x, 

100 mL), followed by brine (2x, 100 mL). The crude product was then purified by flash 

chromatography with a 3:1 mixture of DCM:acetone as the mobile phase. The desired fractions 

were then collected and concentrated under reduced pressure, yielding a yellow wax-like 

substance. The wax-like substance was redissolved in DCM and then precipitated with hexanes 

(40 mL). Precipitated solids were then dried overnight under high vacuum to yield white solids 

(yield=70.13%). The full 1H-NMR spectrum is shown on Fig S9. 1H NMR (300 MHz, DMSO) δ 

8.96 (s, 1H), 8.64 (s, 1H), 7.93 (s, 5H), 7.34 (m, 3H), 7.18 (m, 5H), 6.67 (t, 2H), 6.03 (d, J = 0.7 

Hz, 1H), 5.67 (t, 1H), 5.04 (s, 1H), 4.48 (d, J = 12.3 Hz, 1H), 4.30 (s, 4H), 3.95 (d, J = 9.0 Hz, 

3H), 3.66 (d, J = 9.5 Hz, 1H), 3.54 (s, 3H), 3.43 (s, 3H), 3.04 (m, 1H), 2.89 (m, 1H), 2.68 (m, 

6H), 1.86 (d, J = 0.6 Hz, 3H), 0.77 (d, J = 15.1 Hz, 18H). 13C NMR (126 MHz, DMSO) δ 

171.97, 171.14, 169.99, 168.90, 166.33, 155.98, 149.40, 138.39, 137.27, 137.02, 135.54, 129.14, 

129.03, 127.78, 125.98, 125.88, 125.81, 122.25, 119.85, 72.40, 62.36, 61.96, 59.23, 57.75, 51.34, 

51.21, 40.02, 39.85, 39.78, 39.69, 39.52, 39.35, 39.19, 37.59, 33.60, 33.54, 30.58, 28.85, 28.54, 

26.46, 26.36, 17.84. ESI=MS for C7H13O3S [M]: 917.46.  

3.3.12. RAFT polymerization of ATV homopolymer drugamers (p(ATV-SMA-co-RhMA)) 

RAFT polymerization of ATV-SMA and one RhMA per polymer chain was conducted in 

anhydrous DMF under inert argon atmosphere. ECT and V70 were used as the CTA and radical 

initiator, respectively. The initial monomer/CTA/initiator ([M]0:[CTA]0:[I]0) ratio was 15:1:0.22, 

respectively. ATV-SMA (256 mg, 0.279 mmol), RhMA (13.9 mg, 0.021 mmol), ECT (5.27 mg, 
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0.020 mmol), and V70 (1.35 mg, 0.004 mmol) were added to a 10 mL round-bottom flask and 

dissolved in DMSO-d6 (0.798 mL). Once a homogeneous solution was obtained, the flask was 

sealed with a rubber septum and purged with argon gas for 35 minutes. Subsequently, the flask 

was transferred to a preheated oil bath at 42 °C and allowed to react for 8 hours. The reaction 

was quenched by exposure to atmospheric air and was isolated by precipitation in diethyl ether. 

The precipitant was redissolved in DMSO and dialyzed against DMSO for 48 h to remove 

unreacted reactants using dialysis tubing (MWCO=3500 Da), switching the dialysis solvent once 

at 24 h. After dialysis against DMSO, the crude product was dialyzed against water at 4 °C for 

24 h, switching the dialysis solvent three times. The resulting drugamer was frozen and 

lyophilized for 72 h. 1H-NMR was used to characterize the purified drugamer in DMSO-d6. 

ATV drug wt% was calculated by spiking the sample with a known concentration of Fasudil HCl 

as the internal standard. The ratio of integration of polymer ATV proton peaks at 7.06 and 7.29 

ppm to the Fasudil HCl proton peak at 9.5 ppm was used to obtain the drug wt% (70 wt%). The 

molecular weight was calculated using monomer conversion by comparison of the vinyl peak 

integration before and after the polymerization (12000 Da). The polymer synthesized with the 

protocol described in this subsection was referred to as ATV. 

3.3.13. RAFT polymerization of ATV-SMA MSEMA comopolymer drugamers (p(ATV-SMA-co-

MSEMA-co-RhMA)) 

 RAFT polymerization of RAL-SMA and MSEMA and one RhMA per polymer chain 

was conducted in DMSO-d6 under inert argon atmosphere. ECT and V70 were used as the CTA 

and radical initiator, respectively. The initial monomer/CTA/initiator ([M]0:[CTA]0:[I]0) ratio 

was 25:1:0.2, respectively. The initial feed ratio of ATV-SMA/MSEMA was roughly 25:75. 

ATV-SMA (150 mg, 0.164 mmol), MSEMA (81.9 mg, 0.465 mmol), RhMA (17.4 mg, 0.026 
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mmol), ECT (11.5 mg, 0.044 mmol), and V70 (2.96 mg, 0.010 mmol) were added to a 10 mL 

round-bottom flask and dissolved in DMSO-d6 (0.847 mL). Once a homogeneous solution was 

obtained, the flask was sealed with a rubber septum and purged with argon gas for 35 minutes. 

Subsequently, the flask was transferred to a preheated oil bath at 42 °C and allowed to react for 

24 hours. The reaction was quenched by exposure to atmospheric air and the crude product was 

precipitated in diethyl ether. The precipitant was redissolved in DMF and dialyzed against 

DMSO for 48 h to remove unreacted reactants using dialysis tubing (MWCO=3500 Da), 

switching the dialysis solvent once at 24 h. After dialysis against DMSO, the crude product was 

dialyzed against water at 4 °C for 24 h, switching the dialysis solvent three times. The resulting 

drugamer was frozen and lyophilized for 72 h. 1H-NMR was used to characterize the purified 

drugamer in DMSO-d6. ATV drug wt% was calculated by spiking the sample with a known 

concentration of Fasudil HCl as the internal standard. ATV drug wt% was calculated by spiking 

the sample with a known concentration of Fasudil HCl as the internal standard. The ratio of 

integration of polymer ATV proton peaks at 7.06 and 7.29 ppm to the Fasudil HCl proton peak at 

9.5 ppm was used to obtain the drug wt% (53.80 wt%). Final comonomer ratio in purified 

drugamer of ATV: MSEMA was calculated by comparing the ratio of integration of the ATV 

proton peaks at 8.95 ppm with MSEMA proton peaks at 4.23 and 4.42 ppm after subtracting the 

contribution to the integration from the overlapping RAL peaks (26:74, ATV: MSEMA, 

respectively). The approximate molecular weight was calculated using monomer conversion by 

comparison of the vinyl peak integration before and after the polymerization (5800 Da). The 

polymer synthesized with the protocol described in this subsection was referred to as pATV-

MSEMA. 
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3.3.14. Cloud point determination of RAL drugamers 

 Solutions of drugamers in DMSO were prepared by dissolving drugamer in DMSO as a 

stock solution. The stock solution was diluted serially to obtain solutions with different 

concentrations of drugamer (300, 75, 37.5, 9.38, 4.69, 0.23 mg/mL). Initial solutions (10 µL) 

were titrated with 0.5-1 µL of water as the nonsolvent to induce precipitation. After every 

addition of water, 2 µL of the sample was analyzed using the Nanodrop. Cloud point was 

determined to be when the transmittance decreased by more than 2% (700, 750, and 800 nm, 

where minimal absorption occurs) for three wavelengths relative to the transmittance of a 

drugamer solution where no precipitation occurred. Transmittance decrease by greater than 2% 

was selected as the threshold due to the accuracy of the instrument reported to be typically within 

2%; thus when the transmittance decreases by more than 2%, it can no longer be attributed to 

random error of the instrument. Once precipitation is achieved, the final water content in the 

solution is calculated to determine the water wt% required to induce drugamer precipitation. A 

complete summary of all cloud points determined is shown in Table S1. 

3.4 RESULTS AND DISCUSSION 

3.4.1. Synthesis of polymerizable prodrug monomer RAL-SMA 

RAL-SMA was synthesized using a bottom-up approach wherein the drug was 

chemically modified to obtain prodrug monomers, which can then be polymerized as a 

homopolymer or copolymer drugamer. The hydroxyl group on the pyrimidine ring of RAL was 

considered to be a functional group amenable to functionalization without the need for protective 

groups. The RAL-SMA prodrug monomer with a hydrolyzable ethyloxysuccinyl (alkyl ester) 

linker was synthesized by a two-step esterification via an acyl chloride group, as shown in 
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Scheme 1. The ethyloxysuccinyl linker was intentionally selected due to the lesser steric bulk 

with greater spacing between the polymerizable moiety and drug, which can result in improved 

polymerization downstream [172]. Furthermore, despite phenyl ester linkers exhibiting greater 

hydrolizability than alkyl ester linkers, the ethyloxysuccinyl ester linker was expected to be 

cleavable due to the relatively low pKa of RAL (pKa=6.63), which is discussed in section 3.4.2 

[105,161].  

In the synthesis of RAL-SMA, a series of instrumental analysis was used to confirm 

successful esterification and preservation of the necessary moiety for polymerization and the 

pharmacophore. The hydroxyl proton of RAL (Fig 3.1) was no longer detected in the 1H-NMR 

spectrum of RAL-SMA (Fig 3.1), indicating the esterification from the reaction of an alcohol 

with an acyl chloride. The RAL peaks as shown in Fig 3.1A were preserved in the 1H-NMR of 

RAL-SMA in Fig 3.1C, indicating the preservation of the pharmacophore. The formation of an 

alkyl ester linkage is confirmed by the comparison of 13C-NMR spectrum. The disappearance of 

the hydroxyl carbon (δ =124.88 ppm) of RAL and appearance of downstream signals (δ =160-

175 ppm) in the 13C-NMR spectra of RAL-SMA demonstrated the successful esterification of 

RAL and SMA. The formation of RAL-SMA was further confirmed by LCMS, where the 

observed signal has a m/z ratio of 657.2, which matches the calculated exact mass (656.2 Da). 

The purity of RAL-SMA was assessed with 19F-NMR. 19F-NMR is a sensitive nucleus that 

shows a wide range of chemical shifts. The fluorine on the fluorophenyl group of RAL and 

RAL-SMA exhibit peaks with unique and resolved chemical shifts in their respective spectra. 

The 19F-NMR spectrum of RAL-SMA shown in Fig S5 shows just one singlet peak with a 

unique chemical shift compared to the 19F-NMR of RAL. Due to the wide range of chemical 
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shift associated with 19F-NMR, the singlet arose solely from the fluorine of RAL-SMA, as the 

fluorine signal of RAL was resolved from RAL-SMA, thus indicating a pure product.  

Despite the low yield obtained via coupling with acid chloride, it was the most optimal 

coupling route in all the esterification routes that were explored. For example, coupling with 

hexafluorophosphate benzatriazole tetramethyl uronium (HBTU) was also explored, which have 

been used in esterification of phenolic and primary aliphatic esters[173]. However, the yield 

(8.99%) was far lower compared to the yield of the acid chloride route (24.18%). Furthermore, 

esterification via the HBTU route yielded unwanted side products that could be detected with 

19F-NMR despite rigorous purification, which was likely a hexafluorophosphate salt. Other 

studies have demonstrated the limited applicability of HBTU coupling due to formation of side-

products[174]. Esterification via the acid chloride route had a greater yield due to the greater, 

which offered good yield when reacting with extremely hindered groups[175].  

 

Scheme 3. 1. Synthesis of polymerizable prodrug RAL-SMA by acid chloride 

 RAL: raltegravir; SMA: mono-2-(methacryloyloxy)ethyl succinate; SOCl2: thionyl chloride; 

TEA: triethylamine; DCM: dichloromethane. Black corresponds to the methacrylate group that is 
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reacted to obtain the polymer backbone. Blue corresponds to the linker/spacer. Red corresponds 

to the drug. 
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Fig 3. 1. Stacked 1H-NMR spectra in DMSO-d6 of the reactants used in the esterification to 

obtain RAL-SMA and the final product 

(A) RAL. (B) SMA. (C) RAL-SMA. Protons were assigned based on the splitting patterns and 

integration. Protons from the same moiety were annotated in the same way in the reactant and 

product. The disappearance of the hydroxyl peak (annotated as “e”) and downfield shift of 

methylene peaks of SMA (annotated as “o, p”) indicated the successful esterification, which was 

further confirmed with LCMS and 13C-NMR analysis (Fig S4). 

3.4.2. Stability of RAL-SMA in polar aprotic solvents 

 To confirm the stability of the cleavable alkyl ester bond throughout the duration of 

polymerization, RAL-SMA was incubated at elevated temperatures and the degree of hydrolysis 

was tracked longitudinally. The use of thermal initiators have been explored thoroughly in RAFT 

polymerization, and thus was selected as the source of radicals for polymerization downstream 

[176,177]. Polar aprotic solvents have been used in free radical polymerization to a greater 

success compared with other organic solvents [178]. RAL-SMA was dissolved in DMSO or 

DMF, and the percentage of hydrolysis was measured by analyzing the ratio of RAL to RAL-

SMA at designated time points. Fitting timepoints determined the half-life of RAL-SMA to a 

nonlinear (weighted) least-squares model fit and determined the time at which 50% of the 

hydrolysis occurred based on the model. The alkyl ester linking RAL to SMA was easily 

cleavable, which has been attributed to the low pKa of RAL (pKa=6.63±0.02), making RAL an 

excellent leaving group and the alkyl ester easily hydrolysable [105,179].  

The half-lives of RAL-SMA in selected conditions are summarized in Table 3.1. RAL-

SMA demonstrated shorter half-lives in higher temperatures, as shown by comparing the half-

lives (18.5 and 8.4 h) in 45 and 70 °C in DMSO, respectively. A similar trend could be observed 
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in the half-lives (110.8 and 57.5 h) of RAL-SMA when comparing 35 and 45 °C in DMF, 

respectively. RAL-SMA also exhibited greater stability in DMF as opposed to DMSO. The 

driving mechanism to prodrug instability in the different solvents and at different temperatures 

was outside the scope of this dissertation, but nevertheless provided optimal conditions to 

conduct polymerization of the prodrug monomer, while allowing drug to still be conjugated to 

the polymer backbone throughout the duration of polymerization. Polymerization was ultimately 

chosen to be conducted in DMF at 45 °C due to the greater monomer stability. Furthermore, 45 

°C was greater than the thermal decomposition (30 °C) of V70 to initiate polymerization [180]. 

Polymerization in DMF at 35 °C was attempted but will not be discussed in this dissertation due 

to the low monomer conversion. 

Table 3. 2. Half-lives of RAL-SMA in DMSO and DMF 

Solvent Temperature (°C) t1/2, RAL-SMA (h) 

DMSO 70 8.4 

DMSO 45 18.5 

DMF 45 57.5 

DMF 35 110.8 

 

3.4.3. Synthesis of polymerizable prodrug ATV-SMA 

 In the effort to design polymerizable prodrugs of antiretrovirals with different 

mechanisms of action, we synthesized a prodrug monomer of a protease inhibitor, ATV. Protease 

inhibitors are potent drugs and have the potential for monotherapy in long-term therapy [181]. 

ATV was selected because it contained a secondary hydroxyl group that can be used for 

esterification. Like RAL-SMA, SMA was selected due to an ethylene glycol spacer for better 
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polymerization. Greater yield was obtained with ATV-SMA than RAL-SMA, which might be 

attributed to the higher pKa of the hydroxyl group of ATV (pKa=11.92) compared to RAL 

(pKa=6.63), making ATV a poorer leaving group and likely with fewer synthesized prodrugs 

converting back to the unconjugated drug during prodrug synthesis [105,182]. ATV was 

successfully conjugated to SMA such that the methacrylate moiety could be utilized for 

polymerization downstream.  

ATV was conjugated to SMA via one-step EDC/DMAP route by coupling the secondary 

hydroxyl group with the carboxylic acid of SMA to obtain a reversible alkyl ester linkage 

(Scheme 3.2). Confirmation of successful synthesis was confirmed through a series of 

instrumental analysis. The disappearance of the peak (δ=~3.95 ppm, annotated as “u” in Fig 

3.2A) of ATV indicated successful esterification. The downfield shift of the proton adjacent to 

the secondary hydroxyl group (δ=4.49 ppm, multiplet annotated as “i” in Fig 3.2C) further 

confirmed the formation of ATV-SMA. Characteristic peaks of ATV and SMA were observed in 

the 1H-NMR spectrum of ATV-SMA. Vinyl peaks (δ=5.67 and 6.03 ppm) observed in ATV-

SMA suggested polymerizable promoiety, or the methacrylate group, was preserved in the 

coupling reaction. Lastly, the formation of ATV-SMA was confirmed by LCMS, where the 

observed signal has a m/z ratio of 917.4, which matches the calculated exact mass (916.4 Da). 

 Esterification with EDC/DMAP was selected when synthesizing ATV-SMA due to the 

greatest yield obtained. Esterifications via HBTU and acyl chloride were explored but resulted in 

poor yields (0% and 12.59% for HBTU and acyl chloride coupling, respectively). Poor yield 

with HBTU might be attributed to the poor sterics hindering the reaction of the activated ester of 

SMA with ATV [183]. Coupling with acyl chlorides may have resulted in poor yields due to the 

numerous side reactions occurring simultaneously [183]. The O-acylisourea intermediate may be 
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less sterically hindered from reacting with the hydroxyl group compared to the activated ester 

obtained with HBTU coupling.  

 

Scheme 3. 2. Synthesis of polymerizable prodrug ATV-SMA by EDC/DMAP 

ATV: atazanavir; SMA: mono-2-(methacryloyloxy)ethyl succinate; EDC HCl: 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride; DMAP: 4-dimethylaminopyridine; DCM: 

dichloromethane. Black corresponds to the methacrylate group that is reacted to obtain the 

polymer backbone. Blue corresponds to the linker/spacer. Red corresponds to the drug. 
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Fig 3. 2. Stacked 1H-NMR spectra in DMSO-d6 of the reactants used in the esterification to 

obtain ATV-SMA and the final product 

(A) ATV. (B) SMA. (C) ATV-SMA. Protons were assigned based on the splitting patterns and 

integration. Protons from the same moiety were annotated in the same way in the reactant and 

product. The disappearance of the hydroxyl peak (annotated as “u”) and the downfield shift of 

the proton adjacent to the hydroxyl group (annotated as “i”) indicate the successful esterification. 

3.4.4. Design and synthesis of RAL homopolymer drugamer 

 RAL homopolymers (pRAL) were synthesized by RAFT polymerization to obtain a 

polymeric prodrug using RAL as the building blocks of the polymer. RAL homopolymers were 

designed to maximize the mass fraction or loading of RAL within the polymer. RhMA was 

copolymerized with both copolymers with a degree of polymerization of 1 for imaging and 

tracking purposes for studies downstream. Polymerization of RAL-SMA was carried out with 

ECT as the CTA and V70 as the thermal initiator in DMF at 45 °C over 8 h, with a resulting 

monomer conversion of 87.44% (Scheme 3.3). RAL content was calculated to be 74.60 wt%. 

RAL homopolymer drugamer was purified with a series of dialysis to remove unreacted prodrug 

monomers and organic solvents. Characterization of pRAL was summarized in Table 3.2. 

 A series of 1H-NMR analysis confirmed successful polymerization (Fig 3.3). Monomer 

conversion was confirmed by comparing the integration of the vinyl peaks at δ=5.67 and 6.03 

ppm at the beginning and end of the reaction. Drug content could be measured by spiking 

polymer with known amounts of Fasudil HCl as the internal standard. By comparing the 

integration of the singlet peak of the internal standard at δ=9.95 ppm with integration of peaks of 

the drug, the molar amount of drug could be calculated, which could be further calculated to 

obtain the drug content in mass.  
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 In summary, homopolymers of RAL prodrug monomers were synthesized with high drug 

loading. A key challenge in long-acting technologies treating HIV is the need for medicines with 

maximum drug loading to keep administration volume at a minimum [11]. RAL drugamers offer 

the advantage of very high drug loading, as the building blocks of the polymer are the drugs 

itself.  

 

Scheme 3. 3. Polymerization of RAL-SMA to obtain RAL homopolymer drugamer 

Black corresponds to the methacrylate group that is reacted to obtain the polymer backbone. 

Blue corresponds to the linker/spacer. Red corresponds to the drug. Pink corresponds to the 

rhodamine monomer unit with a theoretical DP of 1 in each polymer chain. ECT: 4-cyano-4-

[(ethylsuflanylthiocarbonyl)sulfanyl]pentanoic acid. V70: 2,2’-azobis(4-methoxy-2,4-

dimethylvaleronitrile). DMF: dimethylformamide. 
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Fig 3. 3. Representative 1H-NMR spectra of RAL homopolymer drugamer with assigned 

protons 

3.4.5. Design and synthesis of RAL copolymer drugamers with MSEMA and BMA 

In order to modulate the sustained release of RAL, a family of RAL random copolymer 

drugamers were synthesized with tunable hydrophilicity. We selected the random polymerization 

of RAL-SMA with hydrophilic or hydrophobic comonomers to tune the hydrophilicity of the 

drugamer, and thereby varying the degree of water penetration to tune release rate in vivo. In the 

effort to synthesize a more hydrophilic RAL drugamer, RAL-SMA was copolymerized with 2-

(methylsulfinyl)ethyl methacrylate (MSEMA), a biocompatible DMSO-analogue methacrylate 

monomer[184]. MSEMA was synthesized in-house by a typical oxidation procedure with 2-

(methylthio)-ethyl methacrylate (MTEMA). RAL-SMA was copolymerized with MSEMA at a 

molar feed ratio of 50:50, respectively, with a target degree of polymerization of 25 (Scheme 
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3.4A). We also hypothesized that the release of RAL can be slowed by copolymerizing with a 

lipophilic monomer to decrease water penetration. Thus, to obtain a more hydrophobic RAL 

drugamer, butyl methacrylate (BMA) was selected as monomer due to the commercial 

availability, as well as other studies demonstrating the biocompatibility and usage as drug 

delivery coating and primers of poly(n-butyl methacrylate (PBMA)[185–187]. RAL-SMA was 

copolymerized with BMA at a molar feed ratio of 85:15, with a target degree of polymerization 

of 40 (Scheme 3.4B). Like the RAL homopolymer, RhMA was copolymerized with both 

copolymers with a degree of polymerization of 1 for imaging and tracking purposes for studies 

downstream. 

RAL-MSEMA copolymer drugamers (pRAL-MSEMA) were synthesized by RAFT 

polymerization and resulted in a monomer conversion of 80.52% with RAL content of 51.88 

wt%. RAL-BMA copolymers (pRAL-BMA) were synthesized by RAFT polymerization and 

resulted in a monomer conversion of 77.73% and RAL content of 66.23 wt%. Characterization 

of RAL copolymer drugamers was summarized in Table 3.2. Successful polymerization was also 

analyzed with 1H-NMR (Fig 3.4), with similar characterization as described in subsection 3.4.3. 

Ratio of comonomers could be calculated by comparing characteristic peaks of RAL with that of 

the comonomer at δ=4.15 and 4.23 ppm for BMA and MSEMA, respectively. Experimental 

molar ratios of monomers were comparable with feed molar ratios of monomers. The 

characterization results of pRAL-MSEMA and pRAL-BMA were summarized in Table 3.2.  

 We aimed to change the polymer comonomer composition in order to tune the release of 

RAL from the polymer backbone. Different linkers could be employed to modulate the release 

rate of RAL, such as phenolic ester linkers and enzyme cleavable linkers[161,168]. Aliphatic 

alkyl ester linkers are relatively more stable towards hydrolysis, as shown by the work of Das et 
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al. comparing alkyl and phenyl ester linkers. However, as subsection 3.4.2 has demonstrated, the 

alkyl ester linker is particularly susceptible to hydrolysis due to the low pKa of RAL 

(pKa=6.63±0.02), indicating tuning the release with different linkers could only accelerate 

release instead of tuning for both slower and faster release. Thus, a copolymerization approach 

was taken to modulate the degree of water penetration. We hypothesize that the release of RAL 

can be tuned by copolymerization of RAL prodrug monomers (RAL-SMA) with a water soluble 

comonomer to increase water penetration within the polymer. Block copolymerization has been 

studied extensively regarding self-assembling capabilities for drug delivery [188–190]. However, 

self-assembled structures were not necessary to the design of the polymeric prodrug, thus 

random copolymerization was employed for the more facile synthesis.  
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Scheme 3. 4. Copolymerization of RAL-SMA copolymer drugamer with tunable release 

Black corresponds to the methacrylate group that is reacted to obtain the polymer backbone. 

Blue corresponds to the linker/spacer. Red corresponds to the drug. Pink corresponds to the 

rhodamine monomer unit with a theoretical DP of 1 in each polymer chain. (A) Polymerization 

of RAL-MSEMA copolymer (p(RAL-SMA-co-MSEMA)). (B) Polymerization of RAL-BMA 

copolymers (p(RAL-SMA-co-BMA)).  
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Fig 3. 4. Representative 1H-NMR spectra of RAL copolymer drugamer with assigned 

protons 
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(A) RAL-MSEMA copolymer. (B) RAL-BMA copolymer. 

Table 3. 3. Summary of characterization of drugamers detailing polymer composition, molecular 

weight, and RAL content. 

Polymer RAL-

SMA  

(feed) 

mol% 

RAL-

SMA  

(exp) 

mol% 

Co 

monome

r 

(feed) 

mol% 

Co 

monome

r 

(exp) % 

Mn 
a 

(kDa) 

RAL 

wt%b 

pRAL 100 100 N/A N/A 24 74.60 

pRAL-MSEMA 50 53.32 50c 46.67c 8.3 51.88 

pRAL-BMA 85 84.21 15d 15.79 d 18 66.23 

aAs determined by 1H-NMR using the conversion and initial feed ratio of monomer and CTA. 
bAs determined by 1H-NMR with DMSO-d6 as the solvent using Fasudil HCl as the internal 

standard and known mass of polymer. 
cMSEMA was the comonomer. 
dBMA was the comonomer. 

 

3.4.6. Design and synthesis of ATV homopolymer and copolymer drugamers 

 In the effort to make LA formulations of protease inhibitors, a family of ATV drugamers 

for tunable release of ATV was synthesized by RAFT polymerization. A homopolymer 

drugamer of ATV (pATV) with alkyl ester linkers was synthesized in order to maximize the total 

drug content. RAFT polymerization of the ATV homopolymer drugamer was carried out at 42 

°C in DMSO-d6 over 23 h. The polymerization conditions were selected due to the stability of 

ATV-SMA in these conditions (section S1 and Fig S10). The target degree of polymerization 

was 12 ATV monomers and 1 monomer of RhMA for imaging purposes downstream. A 

monomer conversion of 86% was achieved, which was obtained by comparing change in peak 

integration of vinyl peaks in the 1H-NMR spectra of the sample before and after the 

polymerization (Fig 3.5A). Drug loading was calculated by spiking samples with a known 
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amount of Fasudil HCl, which was determined to be 70.42 wt%. A copolymer with MSEMA was 

also carried out by RAFT polymerization to obtain a more hydrophilic drugamer. The target 

degree of polymerization was also 12 with 1 monomer of RhMA for imaging purposes. The feed 

molar ratio of ATV and MSEMA was 25:75, respectively. Monomer conversion and drug 

loading was calculated in the same way as the ATV homopolymer with 1H-NMR (Fig 3.5B). 

Copolymerization of ATV-SMA and MSEMA achieved a monomer conversion of 99.36%. Drug 

loading was calculated to be 53.80 wt%. The characterization results were summarized in Table 

3.3. 

 In the effort to increase the release rate of ATV, the polymer comonomer composition 

was changed to increase the hydrophilicity of ATV drugamers to increase water penetration as a 

drug depot in vivo. With increased water penetration, hydrolysis of ATV from the polymer 

backbone would likely accelerate. Like the copolymers of RAL drugamers, MSEMA was chosen 

to increase the hydrophilicity of the drugamer, such that greater water penetration could be 

achieved after the formation of a depot in vivo. However, unlike the pRAL-MSEMA, the ATV-

MSEMA copolymer drugamer (pATV-MSEMA) contained a much higher proportion of 

MSEMA to drug (50:50 versus 25:75 of drug:MSEMA for RAL and ATV drugamers, 

respectively). As discussed in subsection 3.4.3., the hydroxyl group of ATV has a high pKa 

(pKa=11.92), thus making it a poor leaving group, and thus ATV prodrugs are expected to have a 

slower release than RAL due to the inherent characteristic of the drug itself [191]. The greater 

MSEMA content in the polymer backbone can provide a greater degree of water penetration to 

achieve the desired drug release rate. This hypothesis will be further tested with in vivo studies in 

murine models.  
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Fig 3. 5. Representative 1H-NMR spectra of ATV homopolymer and copolymer drugamer 

with assigned protons 

(A) pATV. (B) pATV-MSEMA. 

 

Table 3. 4. Summary of characterization of drugamers detailing polymer composition, molecular 

weight, and ATV content. 

Polymer ATV-

SMA  

(feed) 

mol% 

ATV-

SMA  

(exp) 

mol% 

Co 

monome

r 

(feed) 

mol% 

Co 

monome

r 

(exp) % 

Mn 
a 

(kDa) 

ATV 

wt%b 

pATV 100 100 N/A N/A 12 70.42 

pATV-MSEMA 25 75 26.11c 73.89c 5.8 53.80 

aAs determined by 1H-NMR using the conversion and initial feed ratio of monomer and CTA. 
bAs determined by 1H-NMR with DMSO-d6 as the solvent using Fasudil HCl as the internal 

standard and known mass of polymer. 
cMSEMA was the comonomer. 

 

3.4.7. Assessment of different physical properties of RAL drugamers with varying polymer 

comonomer compositions.  

 It was hypothesized that the hydrophilicity of the RAL drugamers could be tuned by 

changing the comonomer composition, and thus controlling the degree of water penetration that 

drives drug release [38]. Based on the composition in the polymer backbone, our RAL 

drugamers were expected to have the following relative release rate from fastest to slowest: 

pRAL-MSEMA > pRAL > pRAL-BMA. The hydrophilicity of RAL drugamers was compared 

by observing the critical nonsolvent (water) content necessary to induce polymer precipitation 

from an organic solution. Drugamers undergo a phase inversion due to the drugamer’s inherent 
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hydrophilicity/hydrophobicity and form a depot at the injection site in situ, therefore, it is critical 

to investigate the precipitation behavior of RAL drugamers. To test for varying hydrophilicity, 

RAL drugamer solutions formulated in DMSO at different concentrations (4.69-300 mg/mL) 

were prepared by serial dilution and titrated with water until precipitation was observed. 

Following the addition of water droplets into polymer solutions, an exchange between DMSO 

and water occurs, which drives the polymer into a thermodynamically unstable state, wherein the 

chemical potential of the solid phase is lower (i.e., at a more stable state), resulting in the 

solidification of the polymer once a critical amount of DMSO effluxes to the aqueous phase 

[39,192]. Precipitation was observed by measuring the transmittance change, indicating the 

formation of a suspension, which was defined as the cloud point. We observed RAL drugamers 

with polymer backbones that include hydrophobic monomers exhibited cloud points with lower 

water mass fractions. 

 Over the range of concentrations, a lower water mass fraction was required to induce 

precipitation in pRAL-BMA, while a greater water mass fraction was required for pRAL-

MSEMA. The ternary component system (drugamer, DMSO, and water) was represented in the 

ternary plot shown in Fig 3.6. The binodal curve divides the possible compositions yielding a 

monophasic or multiphasic mixture, which can be determined experimentally with the cloud 

point measurements mentioned above [193,194]. The shift of the binodal curve in the ternary 

phase diagram (RAL drugamer/DMSO/water, Fig 3.6) towards the polymer-nonsolvent axes 

further represented the greater affinity to water (nonsolvent) in the following order: pRAL-

MSEMA > pRAL > pRAL-BMA. When comparing the different RAL drugamers, the shift of 

binodal curve could be observed in the general translation along the bottom axis towards lower 

water mass fraction. The shift of the binodal curve was due to the affinity towards water, which 
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was reflected in the range of compositions of polymer/solvent/nonsolvent remains in a 

thermodynamically stable state in a singular phase. The greater affinity to water reflected the 

range of hydrophilicity in RAL drugamers, which was in agreement with the comonomers 

incorporated in the polymer backbone. Thus, the hydrophilicity of the pRAL-MSEMA required a 

greater amount of water to induce precipitation. In contrast, the pRAL-BMA is more 

hydrophobic, and reaches thermodynamic instability with less water, resulting in polymer 

precipitation with a lower water fraction in the ternary system. As mentioned earlier, this result 

would suggest to have the following relative release rate from fastest to slowest: pRAL-MSEMA 

> pRAL > pRAL-BMA. This is due to the water penetration being dependent upon the contact 

angle, as illustrated previously by Choi and Liang [195]. One may argue that a contact angle 

experiment would be a more appropriate measurement to predict the relative release rate, but it 

was critical to determine the precipitation behavior of the drugamers to evaluate the ability to 

form depots in situ when injected into animal models. In addition, given that only two ATV 

drugamers were synthesized, the precipitation behavior of ATV drugamers was not studied, as 

well as the significantly greater MSEMA content in pATV-MSEMA compared to pRAL-

MSEMA. Thus, the precipitation behavior between ATV drugamers were expected to follow a 

similar trend as RAL drugamers. In summary, RAL drugamers were confirmed to have varying 

degrees of hydrophilicity and should exhibit different release profiles when administered as a 

subcutaneous injection. 
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Fig 3. 6. Nonsolvent induced precipitation of RAL homopolymer and copolymer drugamers 

A ternary phase diagram of different RAL drugamers. Cloud points were determined by titration 

of polymer solutions prepared in DMSO with water as the nonsolvent. The plotted points on the 

ternary phase diagram correspond to the points on the binodal curve of a specific RAL drugamer, 

wherein red triangles correspond to pRAL-BMA, blue circles to pRAL, and green squares to 

pRAL-MSEMA.  
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3.5 CONCLUSIONS 

 In this chapter, ARV drugamers were synthesized by polymerizing polymerizable 

antiretroviral prodrugs. Building on previous work in the lab focused on developing RAL 

prodrugs for improved nanoparticle encapsulation, this study advanced the conjugation 

chemistry of RAL’s hydroxyl group [105]. RAL prodrug monomers were synthesized through a 

two-step process, linking RAL to a methacrylate group via an alkyl ester linker (RAL-SMA). 

These monomers were then polymerized using RAFT polymerization to produce a family of 

well-defined polymeric prodrugs, termed drugamers. The drugamer platform was extended to 

ATV, a protease inhibitor, demonstrating its potential for combination antiretroviral delivery. 

The successful synthesis of ATV drugamers highlights the platform's translatability to other 

drugs with free hydroxyl groups. However, the synthetic process may require adjustments for 

drugs with distinct chemical properties, as exemplified by the low pKa of RAL's hydroxyl group 

versus ATV’s hydroxyl group, thus different esterification routes were utilized when 

synthesizing prodrug monomers of the two ARVs. The resulting drugamers achieved high drug 

loading (51.88–74.60 wt%), significantly exceeding the drug loading of commercial, 

noncovalent polymeric formulations for in situ forming implants (ISFIs, 2–29 wt%) [196]. 

Additionally, RAL drugamers with tunable physical properties were obtained by varying the 

comonomer composition via random copolymerization. This tunability was validated by the 

distinct precipitation behaviors observed among different RAL drugamers. In the following 

chapter, in vivo experiments with the synthesized drugamers will be discussed, focusing on their 

potential to sustain drug release over extended durations. 
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Chapter 4. PHARMACOKINECTICS OF SINGLE 

SUBCUTANEOUS INJECTION OF ARV DRUGAMERS 

4.1 ABSTRACT 

 A series of RAL and ATV drugamers were subcutaneously injected into into mice to 

establish the pharmacokinetic curves of drugamers and determine the extension of duration of 

action afforded by the drugamer platform. Following administration, drugamers precipitated in 

situ and formed “tight” depot in the subcutis. By tuning the degree of water penetration into the 

depot, hydrolysis of the drug from polymer backbones of RAL homopolymer and copolymers 

drugamers (pRAL-MSEMA, pRAL, and pRAL-BMA) exhibited a range of release profile from 

14 to 28 days above 4 x PA-IC90. Conversely, minimal drug release was observed from ATV 

drugamer depots, and hydrophilic ATV copolymers was insufficient in increasing the release of 

drugs. Given both drugs utilizing alkyl ester linkages and copolymerization with hydrophilic 

comonomers (MSEMA), the lack of release of ATV was attributed to the high pKa (pKa=11.92), 

causing ATV to be a poor leaving group. The findings of this section demonstrate the importance 

of optimization of linker chemistry for drugs with higher pKa prior to modification of polymer 

composition. In addition to providing sustained release of RAL, drugamer depots were 

demonstrated to be well-tolerated by mice, as no significant weight loss was observed. 

Furthermore, histological analyses confirmed mild and reversible foreign body response to 

drugamers following depot dissolution, indicating the safety of the drugamer platform. 
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4.2 INTRODUCTION 

 LAF injectables have demonstrated improved patient outcomes and decreased HIV 

infections when compared with oral drug regimens [69–71]. One class of LAF injectables is in 

situ forming implants (ISFI), wherein a liquid formulation generates a solid or semisolid depot in 

situ following injection [197]. This can be achieved with water-insoluble polymers that are 

formulated in organic solutions that precipitate upon administration without requiring surgical 

implantation. ISFIs enabling long-acting release of drugs have been studied for the treatment of 

periodontitis, opioid use disorder, cancer, schizophrenia, and HIV[198–203]. However, a key 

limitation of these ISFI formulations was the low drug loading, as the polymer often constitutes a 

large portion of the implant mass, with current commercially available ISFIs having drug loading 

from 2-29 wt% [196]. Preclinical ISFIs designed to deliver anti-HIV ARVs have similar drug 

loading (10-30 wt%) [203].  

As described in chapter 2, polymeric prodrugs of TAF synthesized by RAFT 

polymerization achieved long-acting release with a drug loading - up to 73 wt% [38]. Following 

injection, the water-insoluble drugamer undergoes a phase-inversion: DMSO effluxes outwards 

into the subcutaneous space, and water influxes to the depot [39]. At a critical water content, the 

drugamer precipitates and forms a solid depot in situ. Drug release results in ionized carboxylate 

groups on the polymer backbone, increasing hydrophilicity and ultimately leading to depot 

degradation [38]. Concurrently, the molecular weight of the polymer decreases below the 

glomerular filtration cutoff, facilitating its clearance [204]. Tuning drugamer hydrophilicity and 

the degree of water penetration into the depot enables control of linker cleavage, and 

consequently, the release rate of RAL or ATV. To this effort, we have synthesized a series of 
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ARV drugamers and their copolymers with varying degrees of water penetration for tunable 

release rate of ARVs. 

To evaluate the tunability of ARV drugamer release profiles, a series of RAL and ATV 

drugamers were synthesized and formulated into solutions in organic solvent for subcutaneous 

injection. We hypothesize that differences in polymer composition and hydrophilicity will result 

in varying degrees of water penetration, ultimately leading to distinct release profiles for RAL 

and ATV. 

4.3 MATERIALS AND METHODS 

4.3.1. Materials and reagents 

Formulations of drugamer injections were prepared in 0.65 μL microcentrifuge tubes 

(Corning Costar). Formulation of drugamer injections were prepared with DMSO-d6 (Acros 

Organic). RAL and RAL-d6 standards (Alsachim, Inc.) and ATV and ATV-d15 standards (Axon 

Medchem) were used for LC-MS/MS analysis. Millipore water, acetonitrile (ACN, Fisher 

Scientific), formic acid (Fisher Scientific), and methanol (MeOH, Fisher Scientific) were used to 

prepare mobile phases for LC-MS/MS analysis. Solvents used for LC-MS/MS were all Optima 

LC/MS grade. ACN (Fisher Scientific) was used for the extraction of serum to prepare samples 

for LC-MS/MS analysis. Polyvinyledene fluoride (PVDF) membrane syringe filters (Fisher 

Scientific) were used to prepare samples for LC-MS/MS analysis. 

4.3.2. Animal procedure and ethics statement 

 All animal procedures and handling were performed with the approval of the Institutional 

Animal Care and Use Committee and kept in accordance with federal and state policies on 

animal research at the University of Washington. Female BALB/cJ mice, aged 6-8 weeks, were 

obtained from Jackson Laboratory. Mice were housed in specific pathogen-free conditions 
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(mouse hepatitis virus, mouse parvovirus, minute virus of mice, reovirus-3, pneumonia virus of 

mice, rotavirus, Theiler mouse encephalomyelitis virus, lymphocytic choriomeningitis virus, 

ectromelia virus, Sendai virus, Mycoplasma pulmonis, pinworms, and fur mites). Mice were 

provided ad libitum access to food and water. Light-dark cycles of 12 h were maintained.  

 At designated timepoints, blood was collected from mice via tail prick or subcutaneous 

bleed. Tail prick was employed such that volume of blood collected stayed below the blood 

collection limits of 10% of mouse weight within any 2-week period as mandated by the animal 

protocol. Tail prick samples were obtained by pricking the tail with a 233
4⁄  G needle. Volume 

of blood collected via tail prick were quantified by using a pipette. Blood was then diluted in 15 

µL of PBS such that there was sufficient volume of sample for downstream processing. 

Submental bleeds were performed using 5 mm lancets weekly after the initial 2-week period 

where tail prick was employed. At the study endpoint, terminal blood collection was performed 

using cardiac puncture. To isolate serum, all blood samples (diluted and non-diluted) were 

allowed to clot at 4 °C overnight. Samples were centrifuged at 2.3 kG for 10 min and the 

supernatant was collected. The supernatant was centrifuged once more at 2.3 kG and the 

supernatant was collected again to yield the final serum samples for downstream processing and 

analysis.  

4.3.3 Solution formulation for subcutaneous injection for single drugamer injections 

 Drugamer solutions were prepared by adding the desired amount of drugamer to a 0.65 

mL microcentrifuge tube and then adding the appropriate amount of DMSO-d6 to achieve the 

desired concentration. The mixture was mixed by a vortex mixer for 5-20 minutes until a viscous 

homogeneous solution was obtained. The solutions were centrifuged until no pellet formation 

could be observed by the naked eye. Drugamer solutions were prepared such that each mouse 
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received 5 mg of the drug in a 30 µL injection. The solutions were prepared at a concentration of 

223.41, 321.25, 251.65, and 271.98 mg/mL for pRAL, pRAL-MSEMA, pRAL-BMA 85:15, 

pRAL-BMA 75:25, respectively.  

4.3.4. Subcutaneous injection of mice with drugamer solution 

 Female 6-8 weeks old BALB/cJ mice were anesthetized using isoflurane delivered via a 

precision gas vaporizer. The injection site, the right flank, was shaved and sterilized by swabbing 

with an alcohol prep pad. Drugamer solutions (30 µL) were subcutaneously injected using 

insulin syringes with 291
2⁄ G needles. To determine the accurate dosage of drugamers in each 

mouse, microcentrifuge tubes containing drugamer solutions were weighed prior to the addition 

of the drugamer solution, before, and after the subcutaneous injections. The change in weight 

equated to percentage of the solution injected, which could be used to calculate the total mass of 

drugamer injected in mice. The drug dosage per animal could be calculated given the drug wt% 

of the drugamer. 

4.3.5. Post-injection drugamer stability assessment 

 Due to RAL drugamers demonstrating a relatively faster rate of hydrolysis, the amount of 

hydrolysis that occurred during the preparation of the drugamer solution was measured using 

19F-NMR (470 MHz, DMSO). Immediately after subcutaneous injection, the remaining 

drugamer solution was stored on ice. Subsequently, the frozen drugamer solution was thawed 

and diluted with 600 µL of DMSO-d6. Hydrolysis% was calculated by comparing the integration 

of free RAL peak (δ=-115.72 ppm) with integration of RAL drugamer (δ=-115.93 ppm) and 

using the equation (Eq (4.1)) shown below.  

𝐻𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠% =
(𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑧𝑒𝑑 𝑅𝐴𝐿)

(𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛)
× 100     (4.1) 
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4.3.6. In vivo imaging of drugamer depot and excised organs by IVIS 

 After mice were subcutaneously injected with drugamer solutions, mice were 

anesthetized with isoflurane gas and placed in the IVIS in vivo imaging system (Caliper 

Xenogen, PerkinElmer). Mice were laid in the lateral position. Depots were monitored using 

fluorescent mode (Ex/Em: 500/620 nm). The fluorescence intensity emitted from the depot in 

each mouse was quantified using Xenogen Living Image software. Mice were imaged prior to 

treatment to determine the lower and upper bounds of the scale of fluorescence to be used 

throughout the experiment. The lower bound of the scale of fluorescence (radiant efficiency, 

(
𝑝/𝑠𝑒𝑐/𝑐𝑚2/𝑠𝑟

𝜇𝑊

𝑐𝑚2

)) was determined to be the maximum fluorescence emitted by the mouse fur, while 

the upper bound of the scale was determined arbitrarily to be 1-2 orders of magnitude greater 

than the lower bound value. The region of interest of a specific mouse was identified at t=0 d by 

using an ellipse that encapsulated the drugamer depot, which was a primarily continuous region 

wherein the fluorescence exceeded the lower bound of the scale of fluorescence. The total 

radiant efficiency (TRE) was tracked longitudinally to quantifiably estimate the elimination rate 

of the drugamer depot. Normalized radiance efficiency was calculated by normalizing the total 

radiant efficiency to the minimum total radiant efficiency to account for the background signal. 

The equation (Eq. (4.2)) used to calculate was described by Ho et al. and is shown below[38]. 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑅𝑎𝑑𝑖𝑎𝑛𝑡 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
𝑇𝑅𝐸𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 − 𝑇𝑅𝐸𝑚𝑖𝑛

𝑇𝑅𝐸𝑚𝑎𝑥 − 𝑇𝑅𝐸𝑚𝑖𝑛
× 100     (4.2) 

 Depot area is measured by analyzing fluorescence images with ImageJ. To automatically 

select the area, a threshold analysis was performed. First, the image was scaled given the size of 

the image (23.1 x 23.1 cm). Then, a copy of the blue channel was created, and a representative 

area of the depot was manually selected to correspond to a fluorescent region, such that the 
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threshold was identified. Then the thresholded areas were identified by ImageJ by analyzing 

areas of all sizes (0-Infinity) and circularities (0.00-1.00). Areas were calculated by counting the 

number of pixels in the region, given each pixel was a known area based on the established scale. 

A representative image of the calculation of depot area is shown in the Appendix (Fig S13). 

Select organs were also excised to investigate the elimination route of the drugamer 

depot. Lymph nodes (inguinal), the female reproductive tract (FRT), spleen, lungs, kidneys, and 

liver were collected. The FRT, spleen, lungs, kidney, and liver were imaged on black paper 

(Strathmore) with Caliper Xenogen IVIS (Ex/Em: 500/620). 

4.3.7. Serum sample preparation for LC-MS/MS analysis 

 Serum samples were thawed and centrifuged at 10000 G for 10 min. Serum samples were 

then added to cold ACN spiked with internal standard (RAL-d6) to induce precipitation. Samples 

in ACN were vortexed thoroughly, centrifuged at 10000 G for 10 min, and the supernatant was 

filtered using a 0.22 μm PVDF filter, then added to a 200 μL HPLC vial.  

4.3.8. Quantification of drug concentration in serum by LC-MS/MS analysis 

The liquid chromatography system comprised of an I-Class Acquity UPLC, Direct 

Infusion Syringe Pump as the inlet system. Samples were separated using ACQUITY UPLC 

BEH C18 columns (130 Å, 1.7 µm, 2.1 mm X 50 mm). The LC system was coupled to a Waters 

Xevo TQ-S tandem quadrupole mass spectrometer with a Micromass Zspray™ Atmospheric 

Pressure Ionisation (API) Source. Data analysis was conducted using MassLynx® software 

(v4.1).  

Stock solutions of RAL and RAL-d6 were prepared at 1 mg/mL in DMSO. RAL-d6 was 

selected as the internal standard. Working solutions of RAL and RAL-d6 were prepared at 

10000, 1000, 10, 1 ng/mL and 10000, 1000, 15 ng/mL, respectively. Calibration standards were 
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prepared by diluting working solutions in appropriate volumes of neat ACN to obtain a 

calibration range of 0.1-100 ng/mL of RAL and a fixed concentration of 10 ng/mL of RAL-d6. 

Quality control standards (QCs) were prepared at 3.33 (low), 33.33 (medium), and 333.33 (high) 

ng/mL of RAL in neat ACN. Spiked serum QCs were prepared with the addition of blank serum 

to neat ACN resulting in the final concentration of 33.33 ng/mL of RAL. Samples were prepared 

within 72 hours prior to analysis and stored at -20 °C until analysis.  

Stock solutions of ATV and ATV-d15 were prepared at 1 mg/mL in DMSO. ATV-d15 

was selected as the internal standard. Working solutions of ATV and ATV-d15 were prepared at 

20000, 2000, 20, 2 ng/mL and 20000, 2000, 30 ng/mL, respectively. Calibration standards were 

prepared by diluting working solutions in appropriate volumes of neat ACN to obtain a 

calibration range of 0.2-200 ng/mL of ATV and a fixed concentration of 20 ng/mL of ATV-d15. 

The calibration standards were then diluted with Millipore water (1:1 (v/v) ACN:water) to obtain 

final concentrations of 0.1-100 ng/mL of ATV and 10 ng/mL of ATV-d15. Quality control 

standards (QCs) were prepared by the same method to obtain concentrations at 3.33 (low), 33.33 

(medium), and 333.33 (high) ng/mL of ATV in 1:1 (v:v) ACN:water. Spiked serum QCs were 

prepared with the addition of blank serum to neat ACN resulting with a concentration of 66.66 

ng/mL of ATV, and then diluted with water to obtain a final concentration of 33.33 ng/mL. 

Samples were prepared within 72 hours prior to analysis and stored at -20 °C until analysis. 

 Mobile phase A was composed of 10 mM of formic acid in ultrapure water and mobile 

phase B was composed of 10 mM formic acid in 50:50 ACN: MeOH. Solvents were prepared 

before each set of analyses. The flow rate of the mobile phase was fixed at 0.5 mL/min. Injection 

volumes were fixed at 2 μL. The mobile phase gradient was initially fixed at 98% A:2% B for 1 

minute. Over the next 5 minutes, the ratio of mobile phase B was increased such that the ratio 
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was 0% A:100% B; this ratio was held for the following 2 minutes. The following mobile phase 

method was to minimize carryover in between analysis of different samples. Over the following 

0.10 minute, the ratio of B was decreased such that the ratio of mobile phase was 98% A:2% B. 

The ratio of B was increased once more such that the ratio of mobile phase was 0% A:100% B 

over 1 minute, and then held for 1 minute. This cycle was repeated twice more. Lastly, ratio of 

mobile phase was returned to 98% A:2% B over 0.10 minute and then held for 1.70 minutes.  

 The mass spectrometer was operated in positive ion mode. The ionization parameters 

were as follows: capillary voltage of 3 kV, cone voltage of 40 V, source temperature of 350 ° 

C, desolvation gas flow of 800 L/h, cone gas flow of 150 L/h, and collision gas flow of 0.15 

L/min. The mass spectrometer was engaged in between 2.5-12.1 minutes for each run. The m/z 

transitions and retention times for RAL and RAL-d6 were as follows: 445.35→109.10, 4.10 min 

and 451.35→115.10, 4.11 min, respectively. The Cmax, Tmax, and AUCall were determined by 

using the PKNCA R package by Denney et al [205]. 

4.3.9. Histological assessment of subcutaneous injection site 

 At the termination of the animal study, mice were sacrificed, and the injection site was 

excised for histological assessment. For single injection studies, the skin distal to the injection 

site was excised and acted as the control. Following tissue excision, the skin was cut into strips 

of the subcutaneous space and placed in histology cassettes. The skin was washed twice with 

PBS and then fixed in formalin overnight. Fixed tissue was embedded in paraffin, sectioned in 4 

µm cross-sections of the subcutaneous space, and then stained with Masson’s trichrome and 

hematoxylin and eosin (H&E) stains. Sectioning, embedding, and staining were conducted by the 

Histology and Imaging Core at the University of Washington. 
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4.4. RESULTS AND DISCUSSION 

4.4.1. Formulation of ARV drugamer solutions for subcutaneous injections 

 Drugamer solutions for subcutaneous injections were formulated in DMSO-d6 to obtain a 

homogeneous solution, which forms a depot in situ as water (nonsolvent) influxes and DMSO 

(solvent) effluxes. RAL drugamers were determined to have an experimental solubility of at least 

642 and 322 mg/mL for pRAL and pRAL-MSEMA, respectively. As discussed in Chapter 3, 

pRAL and pRAL-MSEMA were RAL homopolymer drugamers and relatively hydrophilic RAL-

MSEMA copolymer drugamer, respectively. Similarly, pATV was determined to have an 

experimental solubility of at least 620 mg/mL as well. The above concentrations were not 

defined as the maximum solubilities of polymers in DMSO, but was utilized to empirically 

determine concentrations of drugamer solutions where drugamers are completely soluble, while 

ensuring the volume of DMSO injected into mice was tolerable. Drugamer solutions prepared for 

subcutaneous injections were formulated at concentrations such that approximately 5 mg of RAL 

or ATV was delivered in a 30 µL injection. The formulation of drugamer solutions and dosage of 

animals in each in vivo experiment are summarized in Table 4.1.  

Table 4. 1. Drugamer solution formulation and drug dosage 

Entry Study 

Drugamer Solution 

Concentration 

(mg/mL) Drug Dosage (mg) 

1 

 

pRAL 223.41 4.78±0.16 

2 pRAL-MSEMA 321.25 4.82±0.16 

3 pRAL-BMA 251.68 4.64±0.51 

4 pATV 204.09 4.15±0.19 

5 pATV-MSEMA 309.80 4.44±0.64 
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4.4.2. Post-injection stability of RAL drugamer 

 RAL drugamer subcutaneous injectables were designed to sustain the release of RAL by 

slow hydrolysis of drug from the backbone, and premature hydrolysis and burst release of RAL 

would be undesirable. The alkyl ester of RAL-SMA has demonstrated cleavability when 

incubated in DMSO-d6 at room temperature over a span of days, thus the amount of hydrolysis 

that occurred during the preparation of drugamer solution needed to be measured to ensure that 

drug is not prematurely cleaved during formulation, which could lead to “burst release” upon 

injection. The hydrolysis of RAL during the formulation step was measured with 19F-NMR. Free 

hydrolyzed RAL and RAL conjugated to drugamer exhibited resolved peaks (δ=-115.72 and δ=-

115.93 ppm, respectively), and amount of hydrolysis was quantified using Eq. (4.1). 19F-NMR 

spectrum with the peaks of interest used to calculate hydrolysis can be seen in Appendix A (Fig 

S11). RAL homopolymer drugamers showed negligible hydrolysis (0.15±0.16 % hydrolysis), 

demonstrating the increased stability of the alkyl ester linker when RAL-SMA was polymerized. 

It could be concluded that RAL drugamer solutions do not contain free RAL when solutions are 

prepared at most one day before administration, and would not cause burst release due to the 

presence of free RAL.  

4.4.3. Characterization of single RAL homopolymer drugamer subcutaneous injectable depots 

 The sustained release profile of RAL provided by in-situ forming homopolymer 

drugamer was investigated with in vivo experiments in murine models. Following subcutaneous 

injection, the organic solvent (DMSO-d6) diffuses outwards of the system and into the 

subcutaneous space, while the nonsolvent (water) ingresses via diffusion, thereby causing the 

water-insoluble drugamer to precipitate and thus forming the semi-solid depot that controls drug 
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delivery[192,206]. The pharmacokinetic profile of RAL homopolymer drugamer was assessed 

by analyzing serum concentration of RAL over 60 days, as shown in Fig 4.2A.  

 Following a single injection, RAL was immediately detectable and reached a local 

maximum of 180.74 ng/mL in serum, before dropping below the 4 x PA-IC90 at t=1-3 d. On t=7 

d, serum concentration of RAL increased significantly and persisted above the target 

concentration up to t=28 d. Following t=28 d, serum concentration decreased below the 4 x PA-

IC90, and was no longer detectable at t= 56 d. In summary, pRAL exhibited an AUCall=4091 d 

ng mL-1, Tmax=7 d, and a Cmax=193.76 ng/mL with sustained release above the 4 x PA-IC90 for 

21 days.  

 The depot could be observed by using IVIS due to the rhodamine monomer conjugated to 

each polymer chain, allowing the visualization of a “tight” and localized depot in each mouse. 

Depot area (not the surface area) obtained by analysis with ImageJ was measured to be 

0.580±0.330 cm2. The fluorescence intensity was tracked longitudinally (shown in Fig 4.2B) to 

estimate the dissolution and clearance rates of the depot from the injection site. The fluorescence 

intensity maintains an approximately constant value from the day of administration up to t=35 d, 

followed by a sharp decrease in fluorescence intensity, which was due to polymer chains being 

cleared from depot, which was then excreted renally (shown in Fig S15). The trend of the IVIS 

data was in agreement with the serum concentration of RAL. However, the decline observed in 

IVIS was approximately one week later than the decline in the serum concentration. This decline 

in systemic RAL delivery prior to bulk drugamer depot dissolution suggests that a critical 

amount of hydrolysis of the polymer backbone was necessary to achieve critical hydrophilicity to 

increase the water penetration, which in turn resulted in bulk drugamer depot dissolution. 

Following drugamer dissolution, limited amounts of RAL would be delivered systemically. 
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Furthermore, the addition of a rhodamine unit to the polymer backbone was shown to not 

influence the release profile significantly. This was confirmed by a separate study where mice 

were subcutaneously injected with pRAL without a rhodamine unit, and the release profile was 

similar (Fig S12). 

A single subcutaneous injectable of pRAL offered sustained release of 21 days above the 

target concentration. However, a “lag” phase could still be observed from t=1-7 d wherein the 

serum concentration of RAL was below the target concentration. In a clinical setting, this “lag” 

phase would warrant oral supplementation until the serum concentration reaches the target 

concentration[6,207]. Furthermore, despite the sustained release afforded by pRAL being longer 

than previously observed in literature, a single injection of pRAL does not offer significantly 

extended duration of action and cannot be administered as a monthly injection. Therefore, the 

release of RAL must be tuned to release at a slower rate to achieve a longer duration of action.  

4.4.4. Characterization of single RAL-MSEMA or RAL-BMA copolymer drugamer subcutaneous 

injectable depots 

Polymer composition and hydrophilicity can be rationally designed to control water 

penetration and drug release profiles. We pursued a copolymer strategy to modulate the release 

profile observed for pRAL. First, to minimize the “lag” in serum concentration on t=1-7 d after 

subcutaneous injections of pRAL, we designed a polymer incorporating monomers to increase 

hydrophilicity, thereby increasing water penetration and drug release. By modifying the 

comonomer composition of the polymer chain to include more hydrophilic monomers (MSEMA) 

to increase water penetration, a faster release of RAL in serum was achieved such that serum 

concentration of RAL was above the target from the day of administration. The greater amount 

of water required to induce precipitation in pRAL-MSEMA suggested greater hydrophilicity and 
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water penetration. Conversely, in order to achieve a longer duration of action , we incorporated 

more hydrophobic monomers (BMA) in the polymer backbone slowed the release of RAL by 

slowing water penetration. The tunability of RAL release by modifying the comonomer in the 

backbone was investigated in vivo. 

As hypothesized, RAL drugamers demonstrated tunable release by using a 

copolymerization approach. Inclusion of MSEMA to obtain the more hydrophilic pRAL-

MSEMA exhibited faster release, effectively eliminating the previously observed “lag”.  

Following a single subcutaneous injection of pRAL-MSEMA, serum concentration of RAL was 

above the target concentration immediately after administration and remained above the 4 x PA-

IC90 until t=14 d. After t=14 d, the serum concentration of RAL drops below the PA-IC90 and 

persists until the termination of the study. In summary, pRAL-MSEMA exhibited a Tmax=14 d, 

Cmax=269.97 ng/mL, and AUCall=3415 ng d mL-1 and sustained release above the 4 x PA-IC90 

for 14 days.  

Conversely, pRAL-BMA exhibited slower release of RAL. Due to the hydrophobicity 

decreasing water penetration and slowing release, subcutaneous depots of pRAL-BMA exhibited 

a more delayed and sustained release. As observed with pRAL, the serum concentration of RAL 

was not immediately above the target concentration and dropped below the 4 x PA-IC90 for t=1-

7 d. After t=14 d, serum concentration of RAL persisted above the 4 x PA-IC90 until t=42 d. To 

summarize, pRAL-BMA exhibited a Tmax=14 d, Cmax=202.43 ng/mL, and AUCall=5057 d ng mL-

1, and sustained release above the 4 x PA-IC90 for 28 days. 

Depot dissolution was also estimated by longitudinally tracking depot fluorescence after 

administration via IVIS imaging. Depots formed by pRAL-MSEMA showed a slightly larger 

spread in area (0.699±0.193 cm2), compared to pRAL depots (0.580±0.330 cm2). However, this 
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may be an artefact as the depot area of pRAL-BMA (0.990±0.277 cm2) was larger than both 

RAL drugamer depots. The observation differed from what Ho et al saw in TAF drugamer 

depots, wherein the homopolymer depot appeared to be more “tight”[38]. One may expect 

pRAL-BMA depots to be tighter given that the polymer is more hydrophobic. However, it may 

be possible that the increased hydrophobicity drives a more rapid demixing during depot 

formation in situ, hence a more porous and less dense depot, and resulting in a greater depot 

area[208]. After t=10 d, the fluorescence rapidly decreased indicating depot dissolution, and 

reaching baseline values at t=40 d. Compared to the pRAL injection, pRAL-MSEMA depots 

exhibited dissolution more rapidly without a 7-day dissolution period. This may suggest that, 

following drug release, depots of the pRAL-MSEMA allow for water penetration to a greater 

degree due to the charged carboxylate group following hydrolysis, and thus, rapid dissolution of 

the depot occurred almost immediately. The more hydrophobic pRAL-BMA depot exhibited 

slower dissolution, where the fluorescence decreases gradually throughout the study but does not 

return to baseline values. This was consistent with the slower drug release, and the pendant 

hydrophobic drugs together with BMA prevented rapid dissoluion. However, future studies are 

required to definitively assess the state of the depot given the dynamic nature of the physical 

properties of the polymer.  

Altogether, the release of RAL from pRAL-MSEMA, pRAL, and pRAL-BMA 

subcutaneous drugamer depots elucidated the extent of tunability afforded by rational design in 

copolymerization to control water penetration and achieve different extents of drug exposure. In 

the case of RAL, the modification with comonomers allowed for tunability of approximately 40 

days. As discussed previously in Chapter 3, the alkyl ester linker was described as the “slower” 

hydrolytically cleavable linker and selected in the design of the polymer prodrug due to the low 
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pKa of RAL (pKa=6.63±0.02) [161,179]. For drugs containing hydroxyl groups with low pKa, the 

copolymerization approach can offer a greater degree of tunability than linker selection. 

Furthermore, the area under the curve (AUC) differed significantly between different RAL 

drugamers, which suggested the variable extents of exposure to RAL despite similar dosages 

(±5.10%). Conversely, the AUC of pRAL-MSEMA and pRAL-BMA had a percentage 

difference of 38.76%. The difference in RAL exposure could be attributed to the greater 

hydrophilicity of pRAL-MSEMA due to the MSEMA units within the polymer backbone, which 

allowed polymer chains to become soluble “prematurely” and were excreted renally. The rapid 

release of RAL from pRAL-MSEMA may also be influenced by its lower molecular weight 

(8300 Da) compared to pRAL and pRAL-BMA (24000 and 18000 Da, respectively). Polymers 

with greater molecular weight have demonstrated decreased solubility [209]. In the case of 

polymers as depots, the lower molecular weight polymers are more easily shed from the depot. 

Furthermore, lower molecular weight polymers may have lower degrees of entanglement, thus 

facilitating greater water penetration and hydrolysis to release RAL [210,211]. However, further 

studies need to be done to investigate the contribution of molecular weight and entanglement to 

the release and depot dissolution rate.  The “premature” excretion of these drugamers indicated 

that polymer chains were excreted with some amount of drug still attached to the polymer. On 

the other hand, pRAL-BMA polymer chains were able to release a greater amount of RAL before 

becoming sufficiently water-soluble, and thus fewer drug was lost due to “premature” excretion. 

In summary, the release of RAL from subcutaneous drugarmer depots was tunable by designing 

different copolymers, which also modulated the extent of exposure of drug. 
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H 

Fig 4. 1. Pharmacokinetic profile of single subcutaneous RAL drugamer injections in 

murine models 

Following subcutaneous injection of RAL drugamer formulated in DMSO in the right flank at a 

dose of equivalent 5 mg of RAL/mouse, serum concentration of RAL was measured via LC-

MS/MS to establish PK profile. From top to bottom, the PK curves are pRAL-MSEMA, pRAL, 

and pRAL-BMA. The dark blue and green dotted lines denote the PA-IC90 and 4 x PA-IC90, 
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respectively [42]

 

Fig 4. 2. Dissolution kinetics of subcutaneous RAL drugamer depots 

 (A) Normalized radiant efficiency of various subcutaneous RAL drugamer depots normalized to 

the max radiant efficiency. (B) Visualization of subcutaneous drugamer depot of mice treated 

with pRAL (blue solid line shown in Fig 4.2A) at selected days (t=-1, 1, 25, and 50 days). 
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4.4.5. Single ATV homopolymer and ATV-MSEMA copolymer drugamer subcutaneous injectable 

depot 

 With the effect of copolymerization strategies on drugamer release profiles established, 

we next assessed ATV drugamers for a similar trend with different pendant drugs. To evaluate 

ATV drugamers were designed as ISFIs to sustain release of ATV, and mice were 

subcutaneously injected with pATV and pATV-MSEMA. ATV release was hypothesized to be 

slower than RAL due to the pKa of the hydroxyl group of ATV (pKa=11.92), making ATV a poor 

leaving group. Similar to the RAL drugamers, a copolymerization approach was employed to 

modulate the release rate by tuning the hydrophilicity of the polymer. As expected, ATV release 

from pATV was significantly slower than RAL, likely due to the ATV being a poor leaving 

group. Following administration, ATV was detectable and reached a maximum concentration of 

2.62 ng/mL. Throughout the study, ATV remained detectable but at low concentration, and was 

finally undetectable at t=42 d. Notably, the serum concentration of ATV never increased above 

the PA-IC90 (14 ng/mL), suggesting that an alternative design of the ATV drugamer was 

necessary to achieve a clinically relevant release profile[212]. To determine whether 

copolymerization was sufficient in accelerating the release rate, pATV-MSEMA was also 

administered in a separate cohort of mice. Like pATV, release of ATV from pATV-MSEMA 

was detectable but significantly below the PA-IC90 (Fig S16). Unexpectedly, the inclusion of 

hydrophilic comonomers in the polymer backbone failed to increase the rate of ATV release.  

Although pATV and pATV-MSEMA showed similar release profiles, the depot 

dissolution kinetics differed significantly. The depot dissolution was longitudinally tracked with 

IVIS throughout the study and depots of pATV-MSEMA exhibited significantly faster 

dissolution, while depots of pATV remained intact (shown in Fig 4.4A). The dissolution of the 
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pATV-MSEMA depot was confirmed by analyzing the excised kidneys, wherein fluorescence 

originating from the drugamer could be detected (shown in Fig 4.4B). In contrast, kidneys from 

pATV-treated mice showed no detectable fluorescence, confirming the persistence of the depot 

without the shedding of polymer chains. This suggest that pATV-MSEMA dissolution was 

driven by polymer chain shedding due to the inherent hydrophilicity of the polymer, rather than 

the increased hydrophilicity following drug release. What likely occurred was pATV-MSEMA 

polymer chains being shed prior to cleavage of the alkyl ester linkage, which could be cleared 

renally given the relatively low molecular weight (5800 Da) being less than the glomerular 

filtration molecular weight cutoff (30000-50000 Da)[204]. This parallels findings with RAL 

drugamers, where pRAL-MSEMA depots exhibited faster dissolution, but unlike pATV-

MSEMA, released the drug prior to chain dissolution. 

 The lack of ATV release was attributed to the stability of the alkyl ester linkage 

conjugating the drug to the polymer backbone. This finding was surprising when compared with 

TAF drugamers, the other case of RAFT polymeric prodrug subcutaneous depots found in 

literature. Despite the slower release, Ho et al. still observed sustained release of drug from 

homopolymer TAF drugamers even up to 60 days, whereas minimal drug was released from 

pATV-MSEMA[38]. This difference likely reflects the relative hydrolysis rates of carbamates 

and carboxylic esters, with carbamate carbonyl carbon being more susceptible to the initial 

hydroxyl ion or water molecule nucleophilic attack[213,214]. This trend may not be the sole 

reason for observing TAF release, and may be due to the aromaticity of the amine utilized to 

form the carbamate linkage that causes greater cleavability. These findings suggest that for 

antiretrovirals with hydroxyls with high pKa, the copolymerization approach alone is insufficient 

to increase the release rate. The IVIS results further supported this conclusion, showing that 
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while copolymerization enhances water penetration into the depot, it can cause depot dissolution 

without drug release. Ultimately, the results highlight the need to optimize linker chemistry 

before applying copolymerization to modulate drug release.   

 

Fig 4. 3. Pharmacokinetic profile of single subcutaneous ATV drugamer injections in 

murine models 

Following subcutaneous injection of pATV formulated in DMSO in the right flank at a dose of 

equivalent 5 mg of RAL/mouse, serum concentration of ATV was detectable but significantly 

below the PA-IC90. The dark blue and green dotted lines denote the PA-IC90 and 4 x PA-IC90, 

respectively [212]. 
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Fig 4. 4. Dissolution kinetics of subcutaneous ATV drugamer depots 

 (A) Normalized radiant efficiency of subcutaneous drugamer depots of pATV and pATV-

MSEMA normalized to the max radiant efficiency. Depots of pATV-MSEMA exhibited faster 

dissolution. (B) Excised kidneys of mice receiving pATV and pATV-MSEMA injections. 
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Fluorescence could be detected in the kidney of mice administered with pATV-MSEMA, 

indicating polymer chains were breaking off from the depot and being cleared renally. 

4.4.6. Tolerability and Histological Assessment to Drugamer Injections 

 Tolerability towards subcutaneous injections of a series of RAL drugamers was assessed 

by longitudinally tracking the weight changes in mice that received drugamer injections. No 

weight loss was observed in any of the cohorts. The final weights of each cohort on the day of 

study termination increased by 20.00%, 14.29%, 15.00%, 10.68% and 19.95% compared with 

the initial weight for pRAL, pRAL-MSEMA, pRAL-BMA, pATV, and pATV-MSEMA, 

respectively. The longitudinal tracking of weight is shown on Fig S14. These findings suggest 

that the mice experienced minimal distress following administration of drugamers[215]. 

Although no direct comparisons between drugamer formulations and weight increase can be 

made due to mice being sacrificed at different times, the overall increase in weight demonstrated 

good tolerability.  

In addition to the ease of administration without the need for surgical implantation, ARV 

drugamer polymer chains were designed to be cleared from the injection site after drug has been 

released. As discussed in section 4.2, the molecular weight of the drugamer decreases 

significantly after drug release, thus allowing the polymer backbone to be renally cleared. Upon 

the termination of the study, the injection site was excised and analyzed to observe whether the 

depot stayed localized in the injection site. By inspection with the naked eye, RAL drugamer 

depots (all homopolymer and copolymers) were no longer observable, demonstrating the 

successful clearing of polymers after RAL release. This was supported by the decrease in 

fluorescence of the injection site observed by IVIS discussed in section 4.4.4, as well as the 
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fluorescence detected in the excised kidneys emitted by the covalently conjugated rhodamine 

tags on polymer chains (Fig S15).  

Histological analysis further assessed the biocompatibility and foreign body response 

following drugamer injection. The excised injection site was fixed in formalin and stained with 

hematoxylin and eosin (H&E) and Masson’s Trichrome (MT) staining. The subcutis of mice 

treated with pRAL demonstrated a slight increase in lymphocyte infiltration compared with the 

sham control (Fig 4.5A-B). Similarly, the pRAL-MSEMA-treated and pRAL-BMA subcutis 

demonstrated comparable levels of lymphocyte infiltration to pRAL (Fig 4.5C-D). MT staining 

revealed the collagen deposition was slightly increased in the subcutis of mice treated with RAL 

drugamers, as shown by the blue staining. Collagen deposition indicates the final part of the 

foreign body reaction, suggesting the gradual resolution of inflammation and response to the 

implant[216,217]. The eventual resolution of foreign body reaction was confirmed in a separate 

study where mice were subcutaneously injection with pRAL and then sacrificed at t=168 d, 

where the cumulative release reached the maximum and the drugamer depot dissolution occurred 

significantly earlier than the study termination date (Fig 4.5E). The subcutis from that cohort 

exhibited significantly less collagen accumulation and histology of the skin obtained by necropsy 

demonstrated comparable lymphocyte infiltration and collagen deposition to the control, 

indicating the foreign body reaction to be completely reversible after depot dissolution without 

persistent local inflammation. For reference, pRAL, pRAL-MSEMA, and pRAL-BMA were 

sacrificed at t=60 d, t=42 d, and t=63 d, respectively.  

Conversely, the histological analysis of ATV drugamer-treated injection sites exhibited a 

relatively sustained foreign body reaction. By inspection with the naked eye, a tight depot 

remained in the subcutis of mice treated with pATV. This observation was consistent with the 
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depot tracking performed with IVIS, confirming minimal depot dissolution. The subcutis of mice 

treated with pATV-MSEMA had less of the depot localized in one area, which was also 

consistent with the IVIS data. Histological analysis of pATV-treated subcutis demonstrated 

significant collagen deposition in the depot (Fig 4.6B, depot is indicated by the blue arrow). 

Furthermore, H&E stains show the formation of foreign body giant cells (Fig 4.6C, indicated by 

black stars), which adhere to and enhance the degradation of the foreign material[216]. The p-

ATV-MSEMA-treated subcutis displayed lesser lymphocyte infiltration and collagen deposition, 

and no foreign body giant cells could be observed, despite some of the depot still remaining. This 

may be attributed to the greater degree of depot dissolution, which allowed the foreign body 

reaction to resolve faster. This observation would be consistent with what was observed in RAL 

drugamers, where dissolution occurred faster and thus foreign body reaction resolved earlier.  

In summary, drugamer depots were safe to mice when subcutaneously injected. The 

absence of sudden weight loss demonstrated good tolerability in mice. Good biocompatibility 

was further confirmed with histology images with H&E and Masson’s Trichrome stains, 

showing minimal lymphocyte infiltration and collagen deposition. Histology images also 

confirmed the complete dissolution and clearance of the drugamer depot after the release of 

RAL. Despite the weight tracking and histology indicating good tolerability, some mice have 

exhibited ulceration at the site of injection, which may be due to the compression of arteries by 

the drugamer injection resulting in ischemia and then necrosis[218]. It may be possible to 

circumvent injection site ulceration by tuning the formulation of the drugamer solution, such as 

reducing the viscosity to minimize the chance of ischemia. Further studies would be required to 

optimize the formulation to prevent ulceration at the site of injection. Nevertheless, the 

ulceration did not alter the behavior of the mice and resolved in a timescale of one or two weeks. 
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Altogether, drugamer depots were tolerable in mice and did not require further removal after 

drug was released. 

 

Fig 4. 5. Histological analysis of RAL drugamer injection site with Masson’s Trichrome 

stain 

 (A) Tissue section for sham control. (B) RAL homopolymer drugamer. (C) RAL-MSEMA 

copolymer drugamer. (D) RAL-BMA copolymer. (E) RAL homopolymer sacrificed 168 days 

after drugamer administration. Collagen deposition was stained blue, cell cytoplasm was stained 

red/pink. All drugamer depots were not found in histology images, indicating successful 

dissolution and clearance after release of RAL. Histology indicated a slight increase in 

lymphocyte infiltration and collagen deposition in the subcutis in response to the drugamer 

depots. 
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Fig 4. 6. Histological analysis of ATV drugamer injection site indicates persistent foreign 

body reaction 

(A) Tissue section for sham control stained with Masson’s Trichrome (MT). (B) ATV 

homopolymer drugamer stained with MT. (C) ATV-MSEMA copolymer drugamer stained with 

MT. (D) Tissue section for sham control stained with H&E. (E) ATV homopolymer drugamer 

stained with H&E. (F) ATV-MSEMA copolymer drugamer stained with H&E. Blue arrows 

denote the drugamer depot. Black stars denote foreign body giant cells. Histology results indicate 

significant collagen deposition, lymphocyte infiltration, and giant cell formation following 

administration of pATV. A lesser foreign body response was observed following pATV-

MSEMA administration. 

4.5 CONCLUSION 

A series of ARV drugamers were evaluated for their ability to achieve sustained release 

of antiretrovirals using a copolymerization approach. Single subcutaneous injections of RAL 
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drugamers were administered to mice to establish pharmacokinetic profiles and assess the impact 

of prodrug monomer and comonomer composition on drug release rates. By tuning the degree of 

water penetration into the drugamer depot through copolymerization, the release of RAL was 

successfully modulated over a period of up to 40 days.Compared to TAF drugamers previously 

studied by Ho et al., RAL drugamers demonstrated relatively faster release, likely due to the 

superior leaving group ability of RAL. In contrast, ATV, a poor leaving group, exhibited 

significantly slower release rates. The copolymerization approach used to accelerate ATV release 

was insufficient, indicating that optimization of linker chemistry is required to achieve clinically 

relevant release profiles for antiretrovirals with high-pKa hydroxyl groups. 

Tolerability studies showed that RAL drugamers were well-tolerated in mice, with no 

significant weight loss observed. Histological analyses confirmed good biocompatibility, with 

mild and reversible foreign body responses following depot dissolution and clearance. Although 

some mice exhibited localized ulceration at the injection site, this resolved within 1–2 weeks 

without behavioral changes, suggesting the need for further optimization of formulation 

parameters to prevent ischemia-induced necrosis. 

Overall, this work demonstrates the tunability and biocompatibility of drugamer depots 

for sustained ARV delivery. Future efforts would focus on improving the release of ATV with 

different linker selections, such as phenyl ester or carbonate linkages. In addition, the release of 

RAL could be further extended by other chemical modifications to the drugamers, such as the 

usage of other linkers or larger molecular weight. For one, acetal carbonate or acetal ester linkers 

could decrease the release rate by minimizing the effect of the phenolic hydroxyl group 

(pKa=6.67) on hydrolysis[219]. In addition, the lesser AUC of the more hydrophilic drugamers 

suggested that drugamers were being shed from the depot with RAL. A drugamer with greater 
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molecular weight could potentially minimize premature drug loss, given that the solubility of 

polymers generally decreases as their molecular weight increases[220]. 
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CHAPTER 5: PHARMACOKINETICS OF CO-INJECTIONS OF 

SUBCUTANEOUS INJECTIONS OF RALTEGRAVIR 

DRUGAMERS 

5.1. ABSTRACT 

 In the effort to extend the sustained release of RAL from drugamer in situ forming 

depots, RAL drugamers with distinct polymer compositions were co-injected to obtain the 

summation of their release profiles. Co-injection of distinct drugamers is an alternative strategy 

of obtaining sustained release without the trial-and-error of tuning release profile by modulating 

the polymer composition. Co-injection of pRAL-MSEMA and pRAL-BMA extended release of 

RAL to 42 days above the 4 x PA-IC90 threshold, which was the longer duration than previous 

dissolution- and diffusion-based DDS. In addition, distinct drugamers could be formulated as a 

single solution for co-injection. Despite the increased RAL dosage, drugamer depots remained to 

be well-tolerated by mice, as demonstrated by the comparable collagen deposition and 

lymphocyte infiltration with single RAL drugamer injection studies. The drugamer formulation 

combined with co-injection expands the toolbox for sustained delivery of drugs beyond 

noncovalent LA-DDS and can potentially be applied for PrEP and treatment in other diseases, 

particularly for drugs with similar release profiles as RAL or with hydroxyl groups with similar 

pKa values. 

5.2. INTRODUCTION 

 The potential of RAFT polymer prodrugs to extend the release of other hydrophilic drugs 

requires functional groups that are amenable to the formation of cleavable linkers. RAFT 
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polymer prodrugs, or drugamers, have demonstrated sustained release of antiretrovirals for at 

least 60 days in murine models via subcutaneous in situ forming injectables [38]. Sustained 

delivery achieved by drugamers is desired in the delivery of anti-HIV antiretrovirals by 

minimizing the dosage frequency to improve drug regimen adherence and patient outcome 

[62,63,165,221]. Currently, hydrophilic drugs (log P<1.0) make up about a third of small-

molecule ARVs FDA-approved for HIV suppression, which could potentially be repurposed for 

long-acting delivery and expand the number of drug entities used in LA injectables [222]. 

However, the hydrophilic nature of these ARVs makes high drug encapsulation and sustained 

delivery with conventional, noncovalent drug carriers difficult [43]. One example of an ARV is 

RAL, wherein the delivery by noncovalent DDS above the target concentration was sustained for 

only 18 days[223]. Thus, we aim to use a drugamer approach to sustain the delivery of RAL.  

Here, we investigate the RAL was selected given the low octanol-water partition 

coefficient (logP = 0.58) and a hydroxyl group readily amenable to conjugation[224]. As 

discussed in section 3.2, RAL offers several clinical advantages. RAL is also an ideal candidate 

for PrEP regimens because it demonstrates high genital tissue penetration, good tolerability, and 

minimal drug-drug interactions [34,41,225,226]. The potential of RAL to be used in PrEP alone or 

in combination with lamivudine has been investigated in a clinical trial due to the high 

penetration in vaginal and gut tissue [34].  

As discussed in Chapter 4, delivery of RAL by subcutaneous injectables offers sustained 

release up to 28 days. The sustained delivery of RAL could potentially be extended by further 

modifications to the polymer architecture and composition, but the low pKa of RAL (pKa=6.67), 

accelerates release and makes sustained delivery using drugamers challenging, therefore it is 

unclear how much the release could be extended [105]. Furthermore, the design of polymers 
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requires significant amount of trial-and-error to obtain the desired properties [227]. In pursuit of 

alternate strategies to extend the release of RAL, the different RAL drugamers (pRAL, pRAL-

MSEMA, and pRAL-BMA) could be co-injected to achieve a summation of their respective 

release profiles. This strategy capitalizes on the advantages of drugamer approach (high drug 

loading and sustained release with hydrophilic drugs), while balancing the resources on 

designing polymers for sustained release. In this section, we investigate the release profile 

achieved using the co-injection strategy. Furthermore, we explore the effect of formulation on the 

release profile, as well as the tolerability of co-injections. 

5.3. MATERIALS AND METHODS 

5.3.1. Materials and reagents 

Formulations of drugamer injections were prepared in 0.65 μL microcentrifuge tubes 

(Corning Costar). Formulation of drugamer injections were prepared with DMSO-d6 (Acros 

Organic). RAL and RAL-d6 standards (Alsachim, Inc.) were used for LC-MS/MS analysis. 

Millipore water, acetonitrile (ACN, Fisher Scientific), formic acid (Fisher Scientific), and 

methanol (MeOH, Fisher Scientific) were used to prepare mobile phases for LC-MS/MS 

analysis. Solvents used for LC-MS/MS were all Optima LC/MS grade. ACN (Fisher Scientific) 

was used for the extraction of serum to prepare samples for LC-MS/MS analysis. Polyvinyledene 

fluoride (PVDF) membrane syringe filters (Fisher Scientific) were used to prepare samples for 

LC-MS/MS analysis.  

5.3.1. Animal procedures and ethics statement 

 Ethics statements was described earlier in section 4.3.1. At designated timepoints, blood 

was collected from mice via tail prick or subcutaneous bleed. Tail prick was employed such that 
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volume of blood collected stayed below the blood collection limits of 10% of mouse weight 

within any 2-week period as mandated by the animal protocol. Tail prick samples were obtained 

by pricking the tail with a 233
4⁄  G needle. Volume of blood collected via tail prick were 

quantified by using a pipette. Blood was then diluted in 15 µL of PBS such that there was 

sufficient volume of sample for downstream processing. Submental bleeds were performed using 

5 mm lancets weekly after the initial 2-week period where tail prick was employed. At the study 

endpoint, terminal blood collection was performed using cardiac puncture. To isolate serum, all 

blood samples (diluted and non-diluted) were allowed to clot at 4 °C overnight. Samples were 

centrifuged at 2.3 kG for 10 min and the supernatant was collected. The supernatant was 

centrifuged once more at 2.3 kG and the supernatant was collected again to yield the final serum 

samples for downstream processing and analysis.  

5.3.2. Formulation of RAL drugamer injections for co-injections 

 For co-injections studies where two different RAL drugamers were administered without 

admixing, drugamer solutions were prepared in the same concentration as described in section 

4.3.2. Separate drugamer solutions were subsequently injected at opposite flanks of the mice. For 

co-formulated injections of the pRAL and pRAL-MSEMA (CoF), drugamer solutions of the 

pRAL homopolymer and pRAL-MSEMA copolymer were prepared as described above. 

Subsequently, a coformulation of the two drugamer solutions was obtained by mixing a 1:1 

volumetric ratio of the RAL homopolymer and RAL-MSEMA copolymer together. 

5.3.3. Co-injection of subcutaneous injections of RAL drugamers 

 Female 6-8 week old BALB/cJ mice were anesthetized using isoflurane delivered via a 

precision gas vaporizer. The injection site, the right flank, was shaved and sterilized by swabbing 
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with an alcohol prep pad. For co-injection studies of where two different RAL drugamers were 

administered without admixing, 30 µL of one drugamer solution was administered 

subcutaneously into the left flank, and another 30 µL of a different drugamer solution was 

administered into the right flank.  

 To determine the accurate dosage of drugamers in each mouse, microcentrifuge tubes 

containing drugamer solutions were weighed prior to the addition of the drugamer solution, 

before, and after the subcutaneous injections. The change in weight equated to percentage of the 

solution injected, which could be used to calculate the total mass of drugamer injected in mice. 

The drug dosage per animal could be calculated given the drug wt% of the drugamer, and a 

summary of RAL dosage is shown in Table S2. 

5.3.4. In vivo imaging of drugamer depot and excised organs by IVIS 

 After mice were subcutaneously injected with drugamer solutions, mice were 

anesthetized with isoflurane gas and placed in the IVIS in vivo imaging system (Caliper 

Xenogen, PerkinElmer). Mice were laid in the prone position such that both the left and right 

flank could be imaged. Depots were monitored using fluorescent mode (Ex/Em: 500/620 nm). 

The fluorescence intensity emitted from the depot in each mouse was quantified using Xenogen 

Living Image software. Mice were imaged prior to treatment to determine the lower and upper 

bounds of the scale of fluorescence to be used throughout the experiment. The lower bound of 

the scale of fluorescence (radiant efficiency, (
𝑝/𝑠𝑒𝑐/𝑐𝑚2/𝑠𝑟

𝜇𝑊

𝑐𝑚2

)) was determined to be the maximum 

fluorescence emitted by the mouse fur, while the upper bound of the scale was determined 

arbitrarily to be 1-2 orders of magnitude greater than the lower bound value. The region of 

interest of a specific mouse was identified at t=0 d by using an ellipse that encapsulated the 

drugamer depot, which was a primarily continuous region wherein the fluorescence exceeded the 
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lower bound of the scale of fluorescence. The total radiant efficiency (TRE) was tracked 

longitudinally to quantifiably estimate the elimination rate of the drugamer depot. Normalized 

radiance efficiency was calculated by normalizing the total radiant efficiency to the minimum 

total radiant efficiency to account for the background signal. The equation (Eq. (5.1)) used to 

calculate was described by Ho et al. and is shown below[38]. 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑅𝑎𝑑𝑖𝑎𝑛𝑡 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
𝑇𝑅𝐸𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 − 𝑇𝑅𝐸𝑚𝑖𝑛

𝑇𝑅𝐸𝑚𝑎𝑥 − 𝑇𝑅𝐸𝑚𝑖𝑛
× 100     (5.1) 

 Depot area is measured by analyzing fluorescence images with ImageJ. To automatically 

select the area, a threshold analysis was performed. First, the image was scaled given the size of 

the image (23.1 x 23.1 cm). Then, a copy of the blue channel was created, and a representative 

area of the depot was manually selected to correspond to a fluorescent region, such that the 

threshold was identified. Then the thresholded areas were identified by ImageJ by analyzing 

areas of all sizes (0-Infinity) and circularities (0.00-1.00). Areas were calculated by counting the 

number of pixels in the region, given each pixel was a known area based on the established scale. 

5.3.5 Quantification of Drug Concentration in Serum by LC-MS/MS 

The liquid chromatography system comprised of an I-Class Acquity UPLC, Direct 

Infusion Syringe Pump as the inlet system. Samples were separated using ACQUITY UPLC 

BEH C18 columns (130 Å, 1.7 µm, 2.1 mm X 50 mm). The LC system was coupled to a Waters 

Xevo TQ-S tandem quadrupole mass spectrometer with a Micromass Zspray™ Atmospheric 

Pressure Ionisation (API) Source. Data analysis was conducted using MassLynx® software 

(v4.1).  

Stock solutions of RAL and RAL-d6 were prepared at 1 mg/mL in DMSO. RAL-d6 was 

selected as the internal standard. Working solutions of RAL and RAL-d6 were prepared at 
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10000, 1000, 10, 1 ng/mL and 10000, 1000, 15 ng/mL, respectively. Calibration standards were 

prepared by diluting working solutions in appropriate volumes of neat ACN to obtain a 

calibration range of 0.1-100 ng/mL of RAL and a fixed concentration of 10 ng/mL of RAL-d6. 

Quality control standards (QCs) were prepared at 3.33 (low), 33.33 (medium), and 333.33 (high) 

ng/mL of RAL in neat ACN. Spiked serum QCs were prepared with the addition of blank serum 

to neat ACN resulting in the final concentration of 33.33 ng/mL of RAL. Samples were prepared 

within 72 hours prior to analysis and stored at -20 °C until analysis.  

 Mobile phase A was composed of 10 mM of formic acid in ultrapure water and mobile 

phase B was composed of 10 mM formic acid in 50:50 ACN: MeOH. Solvents were prepared 

before each set of analyses. The flow rate of the mobile phase was fixed at 0.5 mL/min. Injection 

volumes were fixed at 2 μL. The mobile phase gradient was initially fixed at 98% A:2% B for 1 

minute. Over the next 5 minutes, the ratio of mobile phase B was increased such that the ratio 

was 0% A:100% B; this ratio was held for the following 2 minutes. The following mobile phase 

method was to minimize carryover in between analysis of different samples. Over the following 

0.10 minute, the ratio of B was decreased such that the ratio of mobile phase was 98% A:2% B. 

The ratio of B was increased once more such that the ratio of mobile phase was 0% A:100% B 

over 1 minute, and then held for 1 minute. This cycle was repeated twice more. Lastly, ratio of 

mobile phase was returned to 98% A:2% B over 0.10 minute and then held for 1.70 minutes.  

 The mass spectrometer was operated in positive ion mode. The ionization parameters 

were as follows: capillary voltage of 3 kV, cone voltage of 40 V, source temperature of 350 ° 

C, desolvation gas flow of 800 L/h, cone gas flow of 150 L/h, and collision gas flow of 0.15 

L/min. The mass spectrometer was engaged in between 2.5-12.1 minutes for each run. The m/z 

transitions and retention times for RAL and RAL-d6 were as follows: 445.35→109.10, 4.10 min 
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and 451.35→115.10, 4.11 min, respectively. The Cmax, Tmax, and AUCall were determined by 

using the PKNCA R package by Denney et al [205]. 

5.3.6. Histological assessment of subcutaneous injection sites 

 At the termination of the animal study, mice were sacrificed, and the injection site was 

excised for histological assessment. For single injection studies, the skin distal to the injection 

site was excised and acted as the control. Following tissue excision, the skin was cut into strips 

of the subcutaneous space and placed in histology cassettes. The skin was washed twice with 

PBS and then fixed in formalin overnight. Fixed tissue was embedded in paraffin, sectioned in 4 

µm cross-sections of the subcutaneous space, and then stained with Masson’s trichrome and 

hematoxylin and eosin (H&E) stains. Sectioning, embedding, and staining were conducted by the 

Histology and Imaging Core at the University of Washington. 

5.4. RESULTS AND DISCUSSION 

5.4.1. Co-injection of separate and mixed solution of RAL and RAL-MSEMA drugamer 

subcutaneous injection depots 

 To combine the advantages of the pRAL and pRAL-MSEMA drugamer, mice were 

subcutaneously injected with both polymers to investigate whether their pharmacokinetic profiles 

could be superimposed to achieve a summation for extended release. Two study arms were 

conducted to investigate the feasibility of formulating the homopolymer and copolymer as one 

single solution. In one arm (CoS) of the study, mice were injected with pRAL in the right flank 

(5 mg of RAL) and pRAL-MSEMA in the left flank (5 mg of RAL). In the other arm (CoF), 

pRAL and pRAL-MSEMA were formulated as one single solution (dosage of 5 mg of RAL from 
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the homopolymer and 5 mg of copolymer) and injected into both side flanks of the mice. The 

design of the study was summarized in Fig 5.1. 

 Both arms of the animal study exhibited similar pharmacokinetic curves, with 

comparable Tmax, Cmax, and AUCall, and none of the differences being significantly different. 

Pharmacokinetic curves of the two arms of study is shown in Fig. 5.2. Both arms exhibited a 

Tmax=14 d, a Cmax of 585.59 and 446. 44 ng/mL (CoS and CoF, respectively), and AUCall of 8628 

and 7902 d ng mL-1 (CoS and CoF, respectively). In both arms of the animal study, serum RAL 

concentrations were above the target concentration immediately upon administration and 

persisted above the target concentration for 28 days, dropping below the target thereafter.  

 The hypothesis that the hydrophilicity of pRAL-MSEMA in the CoF drugamer solution 

would drive greater water influx and result in a greater Cmax was not supported by the data. 

Instead, the Cmax in the CoF was slightly lower than in the CoS arm, although the difference was 

not significant. In the CoS arm, mice are subcutaneously injected with the pRAL and pRAL-

MSEMA at separate injection sites, one would expect to see a true summation of the two 

pharmacokinetic curves of the individual drugamers. The difference in Cmax might be more aptly 

attributed to the frequency of blood samples taken, as the “true” Tmax might occur sometime in 

between t=7-14 d. However, what is more likely is the faster depot clearance in the CoF arm 

contributing to the lower Cmax. The depots in the CoF study arm might have greater water 

penetration, and resulting in a faster clearing of the depot, and thus why the experimental Cmax of 

CoF is less than Cmax of CoS. Similarly to the what was observed in section 4.4.4, polymer 

chains that still contain conjugated RAL might have also been shed from the depot earlier, as the 

hydrodynamic radius may be sufficiently small to be cleared by renal clearance [204]. This 

hypothesis was in agreement with the IVIS data, wherein the fluorescence intensities of the 
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depots of CoF began to decrease at t=15-20 d (Fig S17), while the fluorescence intensity of the 

pRAL depot of CoS began to decline at t=35 d. This hypothesis may also explain the slight 

decrease in the AUC of the CoF arm. This suggests that the depot formation and elimination 

were different when drugamers were injected as separate or a coformulation, but the resulting 

pharmacokinetic profile and parameters would not be significantly different.  

 Co-injection of RAL homopolymer drugamer with RAL-MSEMA copolymer drugamer 

combined the advantages of delivery of the two polymers, and sustained release of RAL above 

the target concentration without a window of “lag” in release for 28 days. In addition, in vivo 

studies investigating the differences in drug delivery of RAL with injections of separate solutions 

versus co-formulation of two different drugamers demonstrated that pharmacokinetic curves 

obtained are not significantly different. It may be possible to administer subcutaneous injections 

of different copolymers as one single injection to obtain the same pharmacokinetic curve. This 

approach addresses user concerns highlighted in a survey study performed by Simoni et al., 

where individuals living with HIV (PLWH) have indicated receiving more than a single injection 

per clinic visit to be “deal breakers” in selecting long-acting injectables as treatment [40]. In 

summary, the co-injection strategy effectively combined the unique advantages of pRAL and 

pRAL-MSEMA and explored the potential of a single-injection approach for sustained RAL 

delivery. 
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Fig 5. 1. Separate arms of the co-injection of pRAL and pRAL-MSEMA drugamers 

(A) In one arm (CoS), mice were subcutaneously injected with two different RAL drugamers in 

each side flank. (B) In another arm (CoF), two different RAL drugamers were formulated as one 

single solution and mice were subcutaneously injected in each side flank. 

 

Fig 5. 2. Co-injection of RAL homopolymer and RAL-MSEMA copolymer drugamer 
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Both arms of the study demonstrated sustained release above the target concentration for 28 days 

after administration. The red curve represents CoS, in which mice were received separate 

injections of different RAL drugamers. The cyan curve represents CoF, in which mice received 

injections of a co-formulated mixture of RAL homopolymer and copolymer drugamers. 

5.4.2. Co-injection of RAL-MSEMA and RAL-BMA drugamer subcutaneous injection depots 

In the effort to achieve the longest duration of RAL release, mice were subcutaneously 

administered with pRAL-MSEMA and pRAL-BMA at opposite flanks of mice. It was 

hypothesized that separate depots of pRAL-MSEMA and pRAL-BMA could achieve a 

summation of their respective release profiles and extend the overall duration of RAL release due 

to the staggered release profile. To inject depots of similar surface area and release profiles as the 

depots of single drugamer injection studies, mice were administered 5 mg each of pRAL-

MSEMA and pRAL-BMA at the left and right flank, respectively (referred to as MBRAL). A 

summary of the treatment and expected outcome is shown below (Fig 5.3).  

Co-injection of pRAL-MSEMA and pRAL-BMA combined the advantages of delivery of the 

two polymers with different degrees of hydrophilicity and sustained release of RAL above the 

target concentration without a window of “lag” in release for 42 days (Fig 5.4).  The serum 

concentration of RAL reached a maximum value at t=14 d with a Cmax=282.61 ng/mL. With the 

effective RAL dosage being doubled, the extent of exposure of RAL through co-injection was 

also approximately doubled (AUCall=7239 ng d mL-1, versus 3415 and 5057 ng d mL-1 for 

pRAL-MSEMA and pRAL-BMA, respectively). The formation of separate drugamer depots was 

confirmed by IVIS, wherein the fluorescence emitted by separate depots was localized in two 

distinct areas. In addition, the longitudinal tracking of the separate depots supported the 

mechanism behind sustained release (as shown in Fig 5.5). The similar dissolution kinetics were 
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attributed to keeping the dosage of RAL per injection site at 5 mg, which was the same as single 

injections, and resulted in similar depot formation. The fluorescence of the pRAL-MSEMA 

depot sharply decreased at t=15 d, whereas the fluorescence of the pRAL-BMA depot did not 

sharply decrease until t=45 d, which indicated the separate depots dissolving at different rates. 

This demonstrated that the release of RAL was primarily from pRAL-MSEMA for the first 14 

days of release, while the remaining 28 days of release were attributed to pRAL-BMA. 

To our knowledge, the duration of RAL release achieved in this work is the longest that has 

been observed due to the novel ways of modulating release implemented in this paper. Previous 

efforts in sustaining release above the 4 x PA-IC90 observed release for 18 days with long-acting 

nanosuspension formulation administered subcutaneously. Moreover, the duration of release 

achieved in MBRAL exceeded previous dissolution- and diffusion-based DDS developed 

previously in-house while simultaneously eliminating the initial lag of RAL release (as shown in 

Fig S18) [93]. By utilizing a polymeric prodrug approach, the duration of release above the 4 x 

PA-IC90 was extended to more than twice as long. As discussed in the previous subsection, 

copolymerization with different comonomers can extend the release of RAL, but only within a 

range of 14 days. Thus, the co-injection strategy was employed to further extend the duration of 

release by achieving a summation of the release profiles of different RAL copolymer drugamers. 

The choice to administer pRAL-MSEMA and pRAL-BMA was due to the least amount of 

overlap in the windows of RAL release, which was validated to achieve the longest duration of 

release. The design of future drugamers with drugs with low pKa can consider the usage of both 

copolymerization and co-injection to extend the longest duration of release.  
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Fig 5. 3. Summary of dual injection of pRAL-MSEMA and pRAL-BMA 

 (A) Mice were subcutaneously administered pRAL-MSEMA at their left flank, and pRAL-BMA 

at their right flank. (B) Visualization of a mouse that received subcutaneous co-injection of RAL 

drugamers at opposite flanks. Depots were shown as the red and yellow areas. (C) Summation of 

release profiles of pRAL-MSEMA and pRAL-BMA is shown as the black dashed line. The 

summation of release profiles predict release profile for the co-injection study. Individual release 

profiles are shown in red and blue for pRAL-MSEMA and pRAL-BMA, respectively. Image 

created with BioRender.com. 
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Fig 5. 4. Pharmacokinetic profile of co-injection of pRAL-MSEMA and pRAL-BMA in 

murine models 

 (A) Separate subcutaneous injections of pRAL-MSEMA and pRAL-BMA formulated in DMSO 

were administered with dosages of equivalent 5 mg of RAL in each flank, totaling 10 mg/mouse. 

Serum concentration of RAL was measured via LC-MS/MS to establish release profile 
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Fig 5. 5. Comparison of dissolution kinetics of co-injection versus single injections of 

pRAL-MSEMA and pRAL-BMA 

(A) Depot of pRAL-MSEMA in MBRAL cohort. (B) Depot of pRAL-BMA in MBRAL cohort. 

(C) Depot of pRAL-MSEMA in single injection study (discussed in section 4.4.4). (D) Depot of 

pRAL-BMA in single injection study (discussed in section 4.4.4). 

5.4.3. Tolerability and histological assessment to drugamer co-injections 

 Tolerability towards the co-injections of RAL drugamers was assessed by tracking weight 

changes and histological analyses after animal sacrifice. Similar to single injections of RAL 

drugamers, mice receiving co-injections of RAL drugamers did not experience weight loss 
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throughout the study, and the final weight increase at study termination was 18.87%, 18.97%, 

and 18.64% in the CoS, CoF, and MBRAL cohorts, respectively. The longitudinal tracking of 

weight is shown in Fig S14. As discussed in section 4.4.6, the weight increase suggest that mice 

experienced minimal distress to the increased dosage of RAL [215]. 

 Histological analyses of excised injection sites demonstrated comparable foreign body 

response to co-injections as single injections of RAL drugamers. Upon visual inspection of the 

injection site, the depot was no longer observable, which was similar to what was observed in 

single injections. This observation was supported by the comparison of depot dissolution kinetics 

by IVIS (Fig 5.5), which indicated that dissolution kinetics were similar to single injections. 

Moreover, collagen deposition due to drugamer co-injection was comparable to single injections, 

as exhibited by Masson’s trichrome stains of excised injection sites demonstrated an increase in 

collagen deposition in all injection sites (Fig S19). H&E stains of injection sites also did not 

indicate a slight elevation in lymphocyte infiltration, but not any greater than that of single 

injections (Fig 5.6). In the MBRAL injection site administered with pRAL-BMA (Fig 5.6G), 

lymphocyte infiltration was greater than the other histological images. This was expected due to 

the slower dissolution of the pRAL-BMA depot, and thus less time was allowed for the subcutis 

to return to basal state (Fig 5.6A). Despite this, these findings indicate that co-injections did not 

elicit a greater foreign body response than single injections, while significantly extending the 

sustained release of RAL. 
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Fig 5. 6. Histological assessment of injection sites in co-injection studies stained with 

Masson’s Trichrome stain 

Injection sites were excised and stained with Masson’s Trichrome. (A) Sham control. (B) 

Injection site from single injection of pRAL. (C-D) The left and right injection site of the CoF 

cohort, respectively. (E) CoS injection site of pRAL-MSEMA. (F) CoS injection site of pRAL. 

(G) MBRAL injection site of pRAL-BMA. (H) MBRAL injection site of pRAL-MSEMA. Co-

injections exhibited slight increase in lymphocyte infiltration, particularly the MBRAL injection 

site administered with pRAL-BMA. 

5.5. CONCLUSION 

 In this work, we developed RAL drugamers capable of sustained and tunable release of 

RAL via ISFIs, achieving the longest reported in the literature to date. Our findings demonstrated 

that the release rate of drugs can be tuned not only by controlling the water penetration into the 

depot but also by co-injection of distinct RAL drugamers. Co-injection of pRAL-MSEMA and 

pRAL-BMA extended release of RAL to 42 days above the 4 x PA-IC90 threshold, which was 



142 
 

the longer duration than previous dissolution- and diffusion-based DDS. Moreover, our results 

suggest that different drugamers could potentially be formulated together as a single solution and 

administered as a single subcutaneous injection.  

Future work on the delivery of ARV drugamers should focus on further extending release 

of drugs and translating co-injection strategies to other drugs. To further extend the release of 

RAL, strategies such as alternative linkers and modification of polymer molecular weight can be 

employed [219,220]. When combined with the co-injection strategy, new RAL copolymer 

drugamers may potentially extend release beyond 42 days. Additionally, formulation strategies 

should be investigated to determine if co-injections can be administered as one single injection to 

satisfy the critical needs of potential users. For individuals living with HIV (PLWH), receiving 

more than a single injection per clinic visit to be “deal breakers” in selecting long-acting 

injectables as treatment [40]. However, syringeability and depot formation studies would need to 

be conducted, as these factors impact drug release [39,228]. 

Subcutaneously administered RAL drugamers can potentially be used as HIV PrEP or co-

delivered with other ARVs for treatment. Injection volumes of RAL drugamers in humans could 

potentially less than that of LA-CAB and LA-RPV (3 mL), as shown in the allometric dosage 

calculation in Appendix A, Section S3 [229]. In addition, our results demonstrate that the 

drugamer formulation strategy could be applied to other hydrophilic drugs to achieve a longer 

duration of release provided the presence of functional groups amenable for conjugation to 

cleavable linkers, such as some nucleoside reverse transcriptase inhibitors or tetracycline 

antibiotics. The drugamer formulation expands the toolbox for sustained delivery of drugs 

beyond noncovalent LA-DDS and can potentially be applied for PrEP and treatment in other 

diseases. However, careful consideration must be undertaken in the design of the drugamer to 
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achieve the target release rate, as our findings indicated the release rate being dependent upon the 

chemically modifiable functional group. In addition to the promise of the drugamer strategy, our 

results highlight that a similar release profile could be expected of drugs with hydroxyl groups 

with similar pKa values. 
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APPENDIX A: SUPPORTING MATERIALS FOR CHAPTER 3-5 

S1. Stability testing of ATV-SMA in polar aprotic solvents to determine polymerization conditions 

The stability of ATV-SMA was measured using the same equipment as described in 

subsection 3.3.4. ATV-SMA was dissolved in DMF or DMSO and incubated at a water bath at 

45 °C to determine the stability of ATV-SMA over time. At t=0, 1, 2, 12, 18, 24, 135 h, 10 µL of 

the incubated solution was drawn up and prepared for HPLC analysis by diluting with 90 µL of 

acetonitrile. Samples were eluted with a gradient flow of 38:62 acetonitrile:25 mM KH2PO4 to 

73:27 acetonitrile:25 mM KH2PO4 over 8 min at 1 mL/min, then held at 38:62 acetonitrile:25 

mM KH2PO4 for the remaining time for a total elution time of 20 min while measuring the 

absorbance at 300 nm. 

S2. Determination of target concentration of RAL 

The primary objective of the antiretroviral drugamer is to provide sustained pre-exposure 

prophylactic effect. In order to determine whether the RAL-drugamer is capable of achieving this 

effect, we identified the target serum concentration of RAL in which the subject can be protected 

from HIV infection. In other words, we must identify the serum concentration of RAL in mice 

that would provide pre-exposure prophylactic effect while considering the allometric scaling of 

the basal metabolic rate between mice and human. Akkina et al. employed humanized mouse 

(BALB/c-Rag2-/-γc-/-(RAG-hu)) to demonstrate pre-exposure prophylaxis against HIV-1 vaginal 

transmission [230]. Akkina et al. administered RAL daily by oral gavage (3.28 mg per 20 g 

mouse, calculated by using interspecies allometric scaling factor of 12.3) for one week and 

induced vaginal viral challenge on the 4th day. Humanized mice dosed with RAL (n=6) were 

fully protected from HIV-1 viral challenge. The trough plasma concentration of RAL was 
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determined to be 3.6 ng/mL [231]. However, Kovarova et al. also developed long-acting 

formulations of RAL and noted viral rebound in HIV-challenged humanized mice despite plasma 

concentration above 3.6 ng/mL [223]. Viral rebound was also observed in some mice in which 

plasma concentration of RAL was above the PA-IC90 value (10.22 ng/mL). Hence, the target 

concentration of RAL drugamers was determined to be 4x PA-IC90 (40.88 ng/mL) for a greater 

confidence in delivering a protective concentration. 4x PA-IC90 has also been used as the 

“target” for long-acting cabotegravir [232]. 

S3. Allometric scaling calculations for prediction of RAL drugamer solution formulation for 

humans 

 In order to predict the potential volume of subcutaneous injections of drugamers in 

humans, allometric scaling is performed to extrapolate the dosage of RAL drugamers. Allometric 

scaling calculations were performed according to the protocol developed by Nair et al [233]. The 

human equivalent dosage (HED) was calculated with Eq (S1). The reference body weights of 

mice and humans are 0.02 and 60, respectively. The exponent in Eq (S1) was applied to account 

for body surface area and metabolic rate differences. The animal dose was determined to be 250 

mg/kg given the reference weight of mice. 

𝐻𝐸𝐷 (
𝑚𝑔

𝑘𝑔
) = 𝐴𝑛𝑖𝑚𝑎𝑙 𝑑𝑜𝑠𝑒 (

𝑚𝑔

𝑘𝑔
) × (

𝑊𝑒𝑖𝑔ℎ𝑡𝑎𝑛𝑖𝑚𝑎𝑙[𝑘𝑔]

𝑊𝑒𝑖𝑔ℎ𝑡ℎ𝑢𝑚𝑎𝑛[𝑘𝑔]
)(1−0.67)     (𝑆1) 

 HED was calculated to be 17.38 mg/kg. Using the reference weight of humans provided 

by Nair et al., human dosages were calculated to be 1068.17 mg of RAL. For a RAL drugamer 

subcutaneous injection to be less than 3 mL, RAL drugamers must be formulated at 

concentrations of 477.29, 686.31, and 580.94 mg/mL for pRAL, pRAL-MSEMA, and pRAL-

BMA, respectively.  
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Fig S1. 1H-NMR (300.1 MHz) of purified RAL in DMSO-d6 

 

Fig S2. 13C-NMR (101 MHz) of purified RAL in DMSO-d6 

* 

*DMSO 

σwater 

† 

†Isopropanol 

‡ 

‡Acetic acid 
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Fig S3. 1H-NMR (500 MHz) of RAL-SMA in DMSO-d6 

 

Fig S4. 13C-NMR (126 MHz) of RAL-SMA in DMSO-d6 

*DMSO 

σ water 

* 

σ 
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Fig S5. Stacked 19F-NMR spectrum of RAL and RAL-SMA. 

= RAL 

= RAL-SMA 
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Fig S6. 1H-NMR (300 MHz) of MSEMA in DMSO-d6. 
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Fig S7. 1H-NMR spectra of RAL homopolymer spiked with Fasudil as the internal 

standard 

The ratio of proton signals of the RAL homopolymer peaks (δ=7.06, 7.28 ppm, 4H, denoted by 

the brackets) to the fasudil peak (δ=9.57 ppm, 1H) was used to determine drug loading. The 

same method was used to determine the drug loading of other drugamers. 

 

Fig S8. 1H-NMR (300 MHz) of ATV in DMSO-d6 
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Fig S9. 1H-NMR (300 MHz) of ATV-SMA in DMSO-d6 
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Table S1. Cloud points of RAL drugamer solutions prepared in DMSO 

 

Polymer Solution 

Concentration (mg/mL) Water (wt%) 

DMSO 

(wt%) 

Polymer 

(wt%) 
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pRAL 

300.00 9.14 71.39 19.47 

75.00 17.35 77.38 5.28 

37.50 18.60 78.71 2.68 

9.38 23.15 76.20 0.65 

4.69 36.93 62.80 0.27 

pRAL-

MSEMA 

300.00 17.85 64.55 17.60 

75.00 22.14 72.89 4.97 

37.50 29.43 68.24 2.33 

9.38 32.24 67.19 0.57 

4.69 46.55 53.23 0.23 

pRAL-BMA 

300.00 4.47 75.06 20.47 

75.00 16.98 77.72 5.30 

37.50 16.51 80.74 2.75 

9.38 20.12 79.20 0.68 

4.69 19.93 79.73 0.34 
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Fig S10. Investigation of premature hydrolysis of pRAL prior to subcutaneous 

administration 

The degree of hydrolysis of RAL drugamers was assessed by taking the 19F-NMR spectra 

immediately after subcutaneous injection of the drugamer in mice. The significantly larger, 

upfield peak corresponds to the fluorine signal from the RAL that is still conjugated to the 

polymer backbone in pRAL. The small, downfield peak corresponds to free RAL that may have 

hydrolyzed off of the backbone during the formulation step. In this sample, premature hydrolysis 

was determined to be 0.13%, thus it was concluded that minimal hydrolysis occurred during the 

formulation step. 
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Fig S11. Study of effect of rhodamine unit on release profile of RAL drugamers 

(A) One female BALB/cJ mouse was subcutaneously administered RAL homopolymer drugamer 

tagged with one rhodamine unit per chain (denoted as Rh1). Another mouse was subcutaneously 

administered the same dosage of RAL homopolymer drugamer without the rhodamine tag 

(denoted as NRh1). Release curves were compared and rhodamine was determined not to inhibit 
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the release of RAL. (B) The longitudinal tracking of the radiant efficiency of Rh1 compared with 

a separate cohort of mice subcutaneously injected with RAL homopolymer drugamers with one 

rhodamine unit per chain (denoted as RAL). The fluorescence data demonstrated the depot 

dissolution kinetics of the two cohorts were comparable.  

 

Fig S 12. Representative image of depot area measurement by ImageJ 

Fluorescence images of mice subcutaneously injected with pRAL at t=1 d analyzed with ImageJ 

to measure the “tightness” of depot.  
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Fig S13. Longitudinal tracking of mice weight post-administration of drugamers 

Mice were weighed prior to administration of single injection and co-injection drugamers and 

every time blood was collected. The facet labels on the right refers to the separate cohorts. 

Following administration, mice weight steadily increases, indicating good tolerability towards 

ARV drugamers. 

 

Fig S14. IVIS images of excised organs of mice that were administered pRAL 

The spleen, kidney, lung, female reproductive tract (FRT), liver, and skin (injection site) were 

excised and imaged by IVIS. Fluorescence was detected in the injection site, due to rhodamine 

staining the injection site, which is visible by the naked eye. Fluorescence was also detected in 

the kidney, due to polymers being cleared by renal clearance after cleavage of RAL. 
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Fig S15. Pharmacokinetic profile of single subcutaneous pATV-MSEMA injections in 

murine models 

ATV was detectable but not quantifiable. Due to ATV not being quantifiable over t=14-35 d, 

serum concentrations of ATV were not measured for other timepoints.  
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Table S2. Co-injection RAL dosage 

Study 

Left Depot RAL 

Dosage (mg) 

Right Depot RAL 

Dosage (mg) 

Total RAL Dosage 

(mg) 

CoF 5.48±0.24 4.76±0.32 9.62 ±0.57 

CoS 4.50±0.29 a 5.05±0.14 b 9.55 ±0.25 

MBRAL 4.73±0.39 c 4.84±0.22 a 9.56 ±0.45 

a pRAL-MSEMA depot 
b pRAL depot 
c pRAL-BMA depot 

 

 

Fig S16. Longitudinal fluorescence tracking of depot of co-injection of pRAL and pRAL-

MSEMA 

(A-B) Longitudinal tracking of depot of CoF arm. (A) Left flank depot. (B) Right flank depot. 

(C-D) Longitudinal tracking of depot of CoS arm. (C) RAL homopolymer depot. (D) RAL-

MSEMA copolymer depot.  
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Fig S17. Comparison of co-injection pharmacokinetic curves with diffusion- and 

dissolution-based DDS 

Co-injections of pRAL-MSEMA and pRAL-BMA (MBRAL) achieved the longest duration of 

release of 42 days. Release from co-injections of RAL drugamers exhibited longer durations than 

diffusion- and dissolution-based DDS previously developed by Hernandez et al [93].  
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Fig S18. Histological assessment of injection sites in co-injection studies stained with 

Masson’s Trichrome stain 

Injection sites were excised and stained with Masson’s Trichrome. (A) Sham control. (B) 

Injection site from single injection of pRAL. (C-D) The left and right injection site of the CoF 

cohort, respectively. (E) CoS injection site of pRAL-MSEMA. (F) CoS injection site of pRAL. 

(G) MBRAL injection site of pRAL-BMA. (H) MBRAL injection site of pRAL-MSEMA.  
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