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Strategies to prevent HIV infection in the female reproductive tract that offer local drug 

delivery, long-term efficacy, and high user acceptability are critical in pursuit of alleviating the 

global burden of HIV among people with female reproductive anatomy. Current pre-exposure 

prophylaxis (PrEP) regimens demand daily oral administration and fall short in terms of their 

adherence, discretion, and accessibility. Long-acting reversible contraception (LARC) modalities 

demonstrate sustained delivery of active pharmaceutical agents that partition to the female 

reproductive tract and therefore provide a technological premise for sustained, adherence 

independent antiretroviral (ARV) drug delivery. Here, we develop a novel multipurpose 

prevention technology (MPT) that incorporates ARV delivery onto a copper intrauterine device 

(IUD). In the first aim of this dissertation, we evaluate global access and utilization of family 

planning and STI/HIV prevention services in order to motivate the demand for a long-acting 

MPT device. This work informs the design criteria of an integrated ARV-releasing copper IUD 

that can deliver drug at relevant clinical doses to the vaginal mucosa to protect against HIV for at 
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least one year. In the second aim, we describe the fabrication and characterization of matrix and 

reservoir drug delivery systems (DDS) for sustained release of multiclass ARVs. We 

demonstrate an in-vitro-in-silico workflow to rationally design long-acting DDS for tunable 

release of physicochemically distinct agents. Lastly, we assess the safety and pharmacokinetics 

of novel MPT upon intrauterine installation in a non-human primate model and provide evidence 

for local drug transport from the upper to lower female reproductive tract (FRT). This work 

motivates the further development of long-acting MPT for prevention of unwanted pregnancy, 

HIV, and other prophylactic and therapeutic targets within the FRT. 

  



 5 

TABLE OF CONTENTS 

TABLE OF CONTENTS ............................................................................................................................................. 5 
LIST OF FIGURES ..................................................................................................................................................... 9 
LIST OF TABLES ..................................................................................................................................................... 11 
ACKNOWLEDGMENTS ......................................................................................................................................... 12 
CHAPTER 1.  ................................................................................... SUMMARY AND SPECIFIC AIMS
 ...................................................................................................................................................................................... 14 

1.1 AIM 1 ........................................................................................................................................................ 16 
1.2 AIM 2 ........................................................................................................................................................ 17 
1.3 AIM 3 ........................................................................................................................................................ 18 

CHAPTER 2.  ................................................................................... INTRODUCTION TO RESEARCH
 ...................................................................................................................................................................................... 20 

2.1  ABSTRACT .............................................................................................................................................. 20 
2.2  HIV INFECTION IN WOMEN ................................................................................................................ 21 

2.2.1 Global burden of HIV infection in women ........................................................................................... 21 
2.2.2 HIV Infection and Pathology in the Female Reproductive Tract ......................................................... 22 
2.2.3 Pre-Exposure Prophylaxis for Preventing HIV Infection in Women ................................................... 25 

2.2.3.1 Overview of Pre-Exposure Prophylaxis Prevalence ............................................................................................. 25 
2.2.3.2 Antiretroviral Drugs .............................................................................................................................................. 27 
2.2.3.3 Oral PrEP .............................................................................................................................................................. 29 
2.2.3.4 Topicals for PrEP .................................................................................................................................................. 32 
2.2.3.5 Long-Acting Injectables for PrEP ......................................................................................................................... 33 
2.2.3.6 Intravaginal Rings for PrEP .................................................................................................................................. 36 

2.3 UNINTENDED PREGNANCY ............................................................................................................... 37 
2.3.1 Global Burden of Unintended Pregnancy ................................................................................................. 37 
2.3.2 Existing Contraceptive Strategies .............................................................................................................. 39 

2.4 MULTIPURPOSE PREVENTION TECHNOLOGIES ........................................................................... 42 
2.5 LONG-ACTING DRUG DELIVERY SYSTEMS ................................................................................... 45 

2.5.1 Overview of Diffusion-Controlled Drug Delivery Systems ....................................................................... 45 
2.5.2 Monolithic Matrix Devices ........................................................................................................................ 46 
2.5.3 Core-Sheath Reservoir Devices ................................................................................................................. 51 
2.5.4 Review of Long-Acting Delivery Systems for Contraception and PrEP .................................................... 53 

2.6 DRUG DELIVERY AND TRANSPORT IN THE FEMALE REPRODUCTIVE TRACT ..................... 55 
2.7 CONCLUSION ......................................................................................................................................... 58 



 6 

CHAPTER 3.  .......... IMPACT OF THE COVID-19 PANDEMIC ON ACCESS TO AND UTILIZATION OF 
SERVICES FOR SEXUAL AND REPRODUCTIVE HEALTH (SRH): A SYSTEMATIC SCOPING 
REVIEW ..................................................................................................................................................................... 60 

3.1 ABSTRACT ...................................................................................................................................................... 60 
3.2 INTRODUCTION ............................................................................................................................................. 61 
3.3 MATERIALS AND METHODS ....................................................................................................................... 63 

3.3.1 Study design ............................................................................................................................................... 63 
3.3.2 Data sources and literature search ........................................................................................................... 65 
3.3.3 Study selection ........................................................................................................................................... 65 
3.3.4 Eligibility criteria ...................................................................................................................................... 65 
3.3.5 Data extraction .......................................................................................................................................... 66 
3.3.6 Reporting the results .................................................................................................................................. 66 
3.3.7 Patient and Public Involvement ................................................................................................................. 67 

3.4 RESULTS .......................................................................................................................................................... 67 
3.4.1 Screening results ........................................................................................................................................ 67 
3.4.2 Characteristics of included studies ............................................................................................................ 68 
3.4.3 Findings from included studies .................................................................................................................. 70 

3.4.3.1 Contraception services .......................................................................................................................................... 71 
3.4.3.2 Safe abortion services ........................................................................................................................................... 72 
3.4.3.3 Gender-based and intimate partner violence services ........................................................................................... 74 
3.4.3.4 STIs/HIV services ................................................................................................................................................. 75 
3.4.3.5 Reported barriers to access or utilization of services ............................................................................................ 76 
3.4.3.6 Impact of COVID-19 on individuals with specific SRH needs ............................................................................ 78 

3.4 DISCUSSION .................................................................................................................................................... 79 
3.5 STRENGTHS AND LIMITATIONS ................................................................................................................ 83 
3.6 CONCLUSION ................................................................................................................................................. 84 

CHAPTER 4.  DRUG-ELUTING EMBOLIZATION PARTICLES FOR PERMANENT CONTRACEPTION
 ...................................................................................................................................................................................... 89 

4.1 ABSTRACT ...................................................................................................................................................... 89 
4.2 INTRODUCTION ............................................................................................................................................. 90 
4.3 MATERIALS AND METHODS ....................................................................................................................... 94 

4.3.1 Materials .................................................................................................................................................... 94 
4.3.2 Drug treatment of tissue explants .............................................................................................................. 95 
4.3.3 Preparation of electrospun fibers .............................................................................................................. 96 
4.3.4 Drug loading and in-vitro drug release from electrospun fibers .............................................................. 97 
4.3.5 Micronization of electrospun fibers ......................................................................................................... 100 
4.3.6 Polyester blend puncture and adhesion testing ....................................................................................... 100 
4.3.7 Scanning Electron Microscopy ................................................................................................................ 101 



 7 

4.3.8 Laser Diffraction particle sizing .............................................................................................................. 102 
4.3.9 In vivo Guinea Pig procedures ................................................................................................................ 103 
4.3.10 Ethics statement ..................................................................................................................................... 104 
4.3.11 Statistical methods ................................................................................................................................. 104 

4.4 RESULTS AND DISCUSSION ...................................................................................................................... 104 
4.4.1 Sclerosing agents induce cell death, epithelial delamination, and leukocyte infiltration of macaque 

fallopian tubes .................................................................................................................................................. 104 
4.4.2 Electrospun polyester blends show high encapsulation efficiency and processability for micronization

 .......................................................................................................................................................................... 108 
4.4.3 Microparticles demonstrate tunable drug release in vitro ...................................................................... 113 
4.4.4 Validation and sensitivity assessment of guinea pigs as a model for permanent contraception ............. 117 
4.4.5 Sustained release polyester embolization particles enhance tubal damage in vivo ................................ 121 

4.5 CONCLUSION ............................................................................................................................................... 127 

CHAPTER 5.  ...... DESIGN AND DEVELOPMENT OF AN ARV-RELEASING COPPER IUD FOR LONG-
ACTING MULTIPURPOSE PREVENTION ....................................................................................................... 130 

5.1 ABSTRACT .................................................................................................................................................... 130 
5.2 INTRODUCTION ........................................................................................................................................... 131 
5.3 MATERIALS AND METHODS ..................................................................................................................... 135 

5.3.1 Preparation of TPU matrix device prototypes ......................................................................................... 135 
5.3.2 Preparation of TPU reservoir device prototypes .................................................................................... 136 
5.3.3 Dimensional analysis of IUD frames and prototypes .............................................................................. 137 
5.3.4 HPLC Analytical Methods ....................................................................................................................... 137 
5.3.5 Drug loading in matrix and reservoir devices ......................................................................................... 138 
5.3.6 Saturation solubility of water-insoluble drugs in release media ............................................................. 138 
5.3.7 Saturation solubility of DPV in reservoir core polymer .......................................................................... 139 
5.3.8 Swelling and equilibrium water content of matrix device TPUs ............................................................. 139 
5.3.9 In vitro release testing ............................................................................................................................. 140 
5.3.10 Statistical analysis ................................................................................................................................. 140 

5.4 RESULTS AND DISCUSSION ...................................................................................................................... 141 
5.4.1 Design of an ARV-releasing polymer sheath for IUD integration .......................................................... 141 
5.4.2 Matrix and reservoir DDS fabrication, dimensional analysis, and drug loading validation .................. 144 
5.4.3 In vitro release testing of single-ARV matrix DDS prototypes ................................................................ 151 
5.4.4 In vitro release testing of triple-ARV matrix DDS prototypes ................................................................. 158 
5.4.5 In silico modelling and rational design of matrix DDS prototypes ......................................................... 164 
5.4.6 In vitro release testing of matrix DDS with model-informed ARV loading ............................................. 170 
5.4.7 In vitro release testing of single-ARV reservoir DDS with a nonconstant activity source ...................... 173 
5.4.8 In silico modelling and rational design of reservoir DDS prototypes ..................................................... 175 



 8 

5.4.9 In vitro release testing of highly loaded reservoir DDS prototypes ........................................................ 178 
5.5 CONCLUSION ............................................................................................................................................... 182 

CHAPTER 6.  .... SAFETY AND PHARMACOKINETICS OF ANTIRETROVIRAL DRUG DELIVERY TO 
THE UPPER FEMALE REPRODUCTIVE TRACT ........................................................................................... 184 

6.1 ABSTRACT .................................................................................................................................................... 184 
6.2 INTRODUCTION ........................................................................................................................................... 185 
6.3 MATERIALS AND METHODS ..................................................................................................................... 188 

6.3.1 Materials and reagents ............................................................................................................................ 188 
6.3.2 Preparation of integrated ARV-IUDs ...................................................................................................... 188 
6.3.3 Insertion and removal of ARV-IUDs in baboon uteri .............................................................................. 190 
6.3.4 Biological sample collection .................................................................................................................... 190 
6.3.5 Safety assessment and histology .............................................................................................................. 191 
6.3.6 LC-MS/MS instrumentation and acquisition parameters ........................................................................ 191 
6.3.7 Preparation of plasma, vaginal secretions, and tissue biopsy samples for LC-MS/MS .......................... 192 
6.3.8 Residual drug analysis and quantification by HPLC .............................................................................. 193 
6.3.9 Animal care and ethics statement ............................................................................................................ 194 
6.3.10 Statistical methods ................................................................................................................................. 194 

6.4 RESULTS AND DISCUSSION ...................................................................................................................... 195 
6.4.1 Integrated ARV-IUDs can be placed non-surgically in the baboon uterus ............................................. 195 
6.4.2 ARV-releasing IUDs are well tolerated in upper FRT of Anubis baboons ............................................. 196 
6.4.3 Intrauterine DPV results in high drug partitioning to local tissue and vaginal secretions .................... 200 
6.4.4 Intrauterine delivery of ARV results in low systemic drug concentrations ............................................. 206 
6.4.5 Residual drug analysis suggests long-acting potential ........................................................................... 209 

6.5 CONCLUSION ............................................................................................................................................... 211 

APPENDIX A: PUBLICATIONS AND PRESENTATIONS .............................................................................. 213 
A.1 PUBLICATIONS ........................................................................................................................................... 213 
A.2 PRESENTATIONS AND CONFERENCE PRECEEDINGS ........................................................................ 214 

APPENDIX B: SUPPLEMENTARY MATERIAL FOR CHAPTER 3 ............................................................. 215 
APPENDIX C: SUPPLEMENTARY MATERIAL FOR CHAPTER 4 ............................................................. 216 
APPENDIX D: SUPPLEMENTARY MATERIAL FOR CHAPTER 5 ............................................................. 218 
BIBLIOGRAPHY .................................................................................................................................................... 221 

 

  



 9 

LIST OF FIGURES 
FIGURE 2.1. MAP OF THE PROPORTION OF WOMEN AMONG THE HIV-POSITIVE POPULATION AGED 
15 AND OLDER. ......................................................................................................................................................... 22 
FIGURE 2.2. STRUCTURAL AND CELLULAR DIFFERENCES IN THE IMMUNOLOGICAL MILIEU OF 
THE UPPER AND LOWER FEMALE REPRODUCTIVE TRACT ......................................................................... 23 
FIGURE 2.3. PREP INITIATIONS BY COUNTRY AS OF MARCH 2022. ............................................................ 27 
FIGURE 2.4. WORLD MAP OF UNINTENDED PREGNANCY RATES. .............................................................. 38 
FIGURE 2.5. SCHEMATIC BY SIEPMANN AND SIEPMANN DEPICTING VARIOUS GEOMETRIES OF 
MONOLITHIC SOLUTIONS AND DISPERSIONS. ................................................................................................ 48 
FIGURE 2.6. SCHEMATIC BY SIEPMANN AND SIEPMANN DEPICTING VARIOUS GEOMETRIES OF 
RESERVOIR DEVICES WITH NONCONSTANT AND CONSTANT ACTIVITY SOURCES. ........................... 52 
FIGURE 3.1. PRISMA FLOW-CHART OF INCLUDED STUDIES. ....................................................................... 68 
FIGURE 3.2. DISTRIBUTION OF STUDIES BY REGION, SRH SERVICE AREA, AND STUDY DESIGN 
(N=83). ......................................................................................................................................................................... 70 
FIGURE 3.3. RELATIVE IMPACT OF COVID-19 ON ACCESS AND UTILIZATION OF SRH SERVICES 
(N=83). ......................................................................................................................................................................... 71 
FIGURE 3.4. PROPORTION OF EACH COVID-19 RELATED CHALLENGE TO SERVICE ACCESS AND 
UTILIZATION REPORTED WITHIN EACH SRH FOCUS AREA. ........................................................................ 78 
FIGURE 4.1. TREATMENT WITH SCLEROSING AGENTS CAUSES TISSUE DAMAGE AND LEUKOCYTE 
INFILTRATION. ....................................................................................................................................................... 107 
FIGURE 4.2. PUNCTURE FORCE OF POLYESTER BLENDS INFORMS MICRONIZABLE FORMULATIONS.
 .................................................................................................................................................................................... 111 
FIGURE 4.3. FIBER MICRONIZATION GENERATES PARTICLES OF INHOMOGENEOUS SHAPE WITH A 
GAUSSIAN SIZE DISTRIBUTION. ........................................................................................................................ 112 
FIGURE 4.4. FIBER BLENDS CONTAINING VARIED DRUG TYPE AND LOADING SHOW TUNABLE 
RELEASE PROFILES. .............................................................................................................................................. 116 
FIGURE 4.5. HISTOLOGICAL FEATURES OF GUINEA PIG OVIDUCTS AND UTERINE HORNS AFTER 
TREATMENT WITH ACTIVE AGENTS. ............................................................................................................... 121 
FIGURE 4.6. HISTOLOGICAL FEATURES OF GUINEA PIG OVIDUCTS AND UTERINE HORNS AFTER 
TREATMENT WITH ENCAPSULATED MICROPARTICLES. ........................................................................... 124 
FIGURE 5.1. DESIGN SPECIFICATIONS OF A COMBINED ARV-IUD. ........................................................... 143 
FIGURE 5.2. WATER UPTAKE PROPERTIES OF TPU MATRIX DDS PROTOTYPES. .................................. 146 
FIGURE 5.3. REPRESENTATIVE IMAGES OF TPU MATRIX AND RESERVOIR DDS PROTOTYPES. ...... 149 
FIGURE 5.4. DPV RELEASE FROM TPU MATRIX DDS PROTOTYPES. ......................................................... 155 
FIGURE 5.5. HIGH LOADING DPV RELEASE FROM TPU4 MATRIX DDS. ................................................... 158 
FIGURE 5.6. RAL, MVC, AND ETR RELEASE FROM TPU2, TPU3, AND TPU4 MATRIX DDS. .................. 161 
FIGURE 5.7. HIGH LOADING RAL, MVC, AND ETR RELEASE FROM TPU4 MATRIX DDS. ..................... 163 



 10 

FIGURE 5.8. IN VITRO RELEASE OF ARVS FROM MATRIX DDS PROTOTYPES FIT TO DRUG 
DISSOLUTION EQUATIONS. ................................................................................................................................. 166 
FIGURE 5.9. PREDICTED DRUG DISSOLUTION AT ONE YEAR FROM TPU MONOLITHIC DISPERSIONS 
AS A FUNCTION OF DRUG LOADING. ............................................................................................................... 168 
FIGURE 5.10. PREDICTED DRUG DISSOLUTION AT ONE, TWO, AND THREE YEARS FROM TPU4 
MONOLITHIC DISPERSIONS AS A FUNCTION OF DRUG LOADING. .......................................................... 170 
FIGURE 5.11. RAL AND MVC RELEASE FROM TPU4 WITH MODEL INFORMED LOADING. ................. 172 
FIGURE 5.12. DPV RELEASE FROM LOW LOADING TPU RESERVOIR DDS PROTOTYPES. ................... 174 
FIGURE 5.13. DPV DISSOLUTION MODELS FROM RESERVOIRS WITH NONCONSTANT AND 
CONSTANT ACTIVITY SOURCES. ....................................................................................................................... 177 
FIGURE 5.14. DPV RELEASE FROM HIGH LOADING TPU RESERVOIRS .................................................... 180 
FIGURE 6.1. INTEGRATION AND PLACEMENT OF MATRIX AND RESERVOIR ARV-IUDS IN ANUBIS 
BABOON UTERI. ..................................................................................................................................................... 196 
FIGURE 6.2. HISTOLOGICAL IMAGES OF ENDOMETRIAL, CERVICAL, AND VAGINAL TISSUE PRIOR 
TO AND AFTER ARV-IUD INSERTION. .............................................................................................................. 198 
FIGURE 6.3. FEMALE REPRODUCTIVE TRACT TISSUE DPV CONCENTRATIONS IN BABOONS WITH 
ARV-IUDS. ................................................................................................................................................................ 201 
FIGURE 6.4. VAGINAL SECRETION DPV CONCENTRATIONS IN BABOONS WITH MATRIX AND 
RESERVOIR ARV-IUDS. ......................................................................................................................................... 204 
FIGURE 6.5. PLASMA DPV CONCENTRATIONS IN BABOONS WITH MATRIX AND RESERVOIR ARV-
IUDS. .......................................................................................................................................................................... 207 
FIGURE 6.6. RESIDUAL DRUG IN MATRIX AND RESERVOIR DDS UPON REMOVAL FROM BABOON 
UTERI AT 28 DAYS POST-INSERTION. ............................................................................................................... 209 
SUPPLEMENTARY FIGURE 4.2. TENSILE ADHESION OF POLYESTER BLENDS SHOWS 
MUCOADHESIVE POTENTIAL ............................................................................................................................. 217 
SUPPLEMENTARY FIGURE 5.1. SURFACE AREA TO VOLUME RATIO OF MATRIX AND RESERVOIR 
DDS PROTOTYPES. ................................................................................................................................................. 219 
SUPPLEMENTARY FIGURE 5.2. LOADING AND ENCAPSULATION EFFICIENCY OF ARVS IN MATRIX  
AND RESERVOIR DDS. .......................................................................................................................................... 220 

 
 
  



 11 

LIST OF TABLES 

TABLE 2.1. CLASSES OF ANTIRETROVIRAL DRUGS AND FDA APPROVED ARVS. .................................. 27 
TABLE 2.2. SUMMARY OF ALTERNATIVES TO ORAL PREP. ......................................................................... 31 
TABLE 2.3. SUMMARY OF AVAILABLE CONTRACEPTIVE METHODS [73]. ............................................... 40 
TABLE 2.4. MULTIPURPOSE PREVENTION TECHNOLOGY FOR HIV AND UNINTENDED PREGNANCY.
 ...................................................................................................................................................................................... 44 
TABLE 2.5. KORSMEYER-PEPPAS CHARACTERIZATION OF DRUG RELEASE [102,107]. ......................... 50 
TABLE 3.1. THEMATIC SUMMARY OF THE REPORTED CHALLENGES RELATED TO REDUCED 
ACCESS AND UTILIZATION OF SRH SERVICES (N=33). .................................................................................. 85 
TABLE 3.2. EFFECT OF THE COVID-19 PANDEMIC ON SUBGROUPS WITH DISTINCT SRH NEEDS 
(N=16). ......................................................................................................................................................................... 87 
TABLE 4.1. DRUG ENCAPSULATION IN FORMULATIONS WITH INCREMENTAL THEORETICAL 
LOADING. ................................................................................................................................................................. 109 
TABLE 4.2. DRUG ENCAPSULATION (20 WT% THEORETICAL LOADING) IN POLYESTER BLENDS. . 109 
TABLE 4.3. GUINEA PIG OVIDUCT/UTERINE HORN ACUTE AND LONG-TERM TREATMENT 
OUTCOMES. ............................................................................................................................................................. 129 
TABLE 5.1. DIMENSIONS OF THE LEVOCEPT AND VERACEPT IUD. .......................................................... 144 
TABLE 5.2. SUMMARY OF MATRIX DDS PROTOTYPE ATTRIBUTES. ........................................................ 145 
TABLE 5.3. SUMMARY OF RESERVOIR DDS PROTOTYPE ATTRIBUTES. ................................................. 147 
TABLE 5.4. DPV MATRIX DDS RELEASE PARAMETERS AND T50% ESTIMATION. ................................... 156 
TABLE 5.5. PHYSICOCHEMICAL CHARACTERISTICS OF COMBINATION ARVS [340]. .......................... 159 
TABLE 5.6. 3-ARV MATRIX DDS RELEASE PARAMETERS AND T50% ESTIMATION. ............................... 162 
TABLE 5.7. DPV RESERVOIR DDS RELEASE PARAMETERS AND T50% ESTIMATION. ............................ 175 
TABLE 5.8. PREDICTED LOADING AND RELEASE RATE FOR HIGHLY LOADED RESERVOIR DDS 
PROTOTYPES. .......................................................................................................................................................... 177 
TABLE 5.9. ESTIMATED DURATION OF USE OF HIGHLY LOADED DPV RESERVOIRS. ........................ 181 
TABLE 6.1. DPV CONCENTRATIONS IN BABOON FRT TISSUE. ................................................................... 202 
TABLE 6.2. RESIDUAL DRUG ANALYSIS FROM REMOVED ARV-IUD DDS. ............................................. 210 
SUPPLEMENTARY TABLE 4.1. PUNCTURE TESTING OF POLYESTER BLENDS. ...................................... 216 
SUPPLEMENTARY TABLE 4.2. GLASS AND MELTING TRANSITION TEMPERATURE OF POLYESTERS.
 .................................................................................................................................................................................... 216 
SUPPLEMENTARY TABLE 5.1. DIMENSIONAL ANALYSIS OF MATRIX AND RESERVOIR DDS 
PROTOTYPES. .......................................................................................................................................................... 218 

 



 12 

ACKNOWLEDGMENTS 

I’d like to thank my wonderful advisor, Dr. Kim Woodrow, for her invaluable guidance 

and unwavering support throughout my PhD. Kim is a truly brilliant, creative, and ambitious 

researcher whose rigorous intellectual guidance has been instrumental in shaping the quality and 

direction of this work. Thank you for cultivating a warm and collaborative research environment 

motivated by scientific curiosity. I’ve found my purpose and passion in research because of the 

work you’ve trusted me with, and I can never thank you enough for believing in me as you have.  

 I’d like to acknowledge the members of my committee: Patrick Stayton, Jen Balkus, and 

Jeffrey Jensen. Thank you for volunteering your time and expertise to this work. Your input has 

inspired deeper thinking about translating preclinical discoveries and global barriers to accessing 

biomedical innovations. Thank you also to my reading committee for reviewing this thesis. 

 This work was supported by an NIH/NIAID grant to Kim (RO1AI150325), a Gates 

Foundation grant to Kim and Jeff (OPP1006248), and by the Fulbright US Scholars Program. 

 I’d like to thank all of the Woodrow lab members who have made this journey possible 

through scientific and moral support. Thank you to Hannah Frizzell, Rachel Creighton, and 

Jamie Hernandez who offered guidance and mentorship when I first joined the lab. Ian Suydam, 

thank you for all of your support; your immense expertise as a chemist and researcher has 

benefitted this work enormously. Lastly, thank you to Peter Chien, My-Anh Doan, Ioana Tobos, 

Duru Tasman, Joyce Chen, and Estelle Nguyen – I’m so grateful to have had the opportunity to 

get to know you all as scientists and as friends. I can’t wait to see everything that all of you 

accomplish (hopefully that involves winning trivia one day). 

I would like to thank all of my collaborators in Portland and in Stockholm. Specifically, I 

owe endless thanks to Jeff Jensen. Some of my fondest early memories of my PhD are driving 



 13 

down to OPERM to work on the guinea pig procedures. Thank you for your insightful 

discussions, personable mentorship, and for being a champion of reproductive health. Thank you 

also to Kristina Gemzell-Danielsson and my colleagues in Sweden; I never imagined such a 

warm working environment could exist in such a cold place! I appreciate all of the opportunities 

for learning and exploration I was entrusted with at Karolinska. 

 Thank you to all of my friends who supported me unconditionally throughout this 

process. To name a few – Aimee Manderlink and Doug Lescarbeau, thank you for being my 

family in Seattle. I can’t put into words how much I owe to you both. There is no chance I would 

have finished this dissertation without your constant support. Thank you for bringing me on your 

adventures, making me laugh, and always telling me to “try harder” at the climbing gym. To my 

K9 family, my time in Stockholm shared with you all was the happiest of my life. Erin Ronald, 

thank you for being my Fulbright companion, I am forever grateful for all of our sunny 

memories together. Finally, thank you to Tara Martin-Chen for being my kindred spirit – I’m so 

proud to know you and I’m eternally grateful to have you in my corner.  

 Thank you to my partner, Felix, for being a source of endless support and love. Your 

infectious positivity, wonder, and excitement is a force of good in this world. Thank you for all 

of the adventures so far and all of the adventures to come. I thank my family for supporting me 

on this long journey and encouraging me to make it to the finish line. To my brother, Nathan, 

thank you for being my role model and always encouraging me to think deeper. I could get five 

more PhDs and you’d still be the more successful sibling. To my parents, Wayne and Susan, I 

am so grateful to you both. You have taught me how to work hard and never give up on my 

goals. This dissertation would never have even started without your lifelong support. Also, thank 

you for adopting Charlie, my furry four-legged soulmate.  



 14 

Chapter 1.  SUMMARY AND SPECIFIC AIMS 

 The syndemics of human immunodeficiency virus (HIV)/acquired immunodeficiency 

syndrome (AIDS) and unintended pregnancy pose significant health burdens globally among 

people who can become pregnant and people with female reproductive anatomy. Ensuring 

universal access to modern contraception as well as methods to prevent, diagnose, and treat HIV 

is critical to ameliorating these dual health burdens. Effective utilization of medical resources 

requires both acceptance and adherence, two factors that motivate policy and practice 

adaptations as well as biomedical innovations to expand the available toolbox of technology to 

combat HIV and unintended pregnancy. Towards preventing HIV transmission, pre-exposure 

prophylaxis (PrEP) is a powerful tool in which antiretroviral (ARV) drugs are formulated into a 

daily oral pill and taken by individuals prior to viral exposure. Despite global initiatives that have 

expanded its use, oral PrEP has several drawbacks, particularly for people with female 

reproductive anatomy, as it requires near-perfect daily adherence to effectively prevent HIV 

transmission in the vaginal mucosa due to poor partitioning to female genital tissue [1–3]. 

Clinical trials of daily oral PrEP use among women have shown adherence as low as 40% [4,5]. 

Issues of adherence along with side effects, cost, service delivery challenges, and lack of 

awareness have significantly limited global PrEP coverage [6]. 

Several alternative technologies have been developed in an effort to meet the demand for 

PrEP, including vaginal gels [7–9] and films [7,10,11], long-acting injectables (LAI) [12–14], 

and intravaginal rings [15–17]. Vaginal films and rings offer on-demand, local delivery of drugs 

directly to genital tissue, providing superior protection over oral PrEP; however, these 

approaches face similar issues regarding low adherence. LAIs have potential to address issues of 

adherence due to their low dosing frequency on the order of one injection every two months. 
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However, injectables are not reversible, require an oral lead-in period, and their use is often 

associated with pain at the injection site; thus, their clinical acceptability is lacking. In pursuit of 

long-acting, adherence independent, reversible PrEP that can target drug to tissue in the female 

reproductive tract, there is significant potential for integration with long-acting reversible 

contraception (LARC). LARC, defined as any method with a dosing frequency less than once per 

cycle or month, includes injectables, subdermal implants, and intrauterine devices (IUDs). IUDs 

specifically offer local delivery of active pharmaceutical agents, either spermicidal copper ions 

or steroidal hormones, in addition to adherence-independent use for three to ten years, discretion, 

cost efficiency, immediate efficacy, reversibility, and few contraindications. Despite their 

benefits, LARCs are not widely used in regions with the highest rates of unintended pregnancy; 

indeed, IUD use in sub-Saharan Africa is the lowest in the world [18].  

Due to these dual needs, we propose to improve the clinical efficacy, adherence, and 

utilization of PrEP while also bolstering the perceived benefits of LARC by combining HIV 

prevention with a copper-releasing IUD. This approach, called multipurpose prevention 

technology (MPT), has the potential to revolutionize sexual and reproductive health by 

simultaneously preventing HIV and unwanted pregnancy without the need for regular user 

adherence. We propose to investigate two well-characterized polymeric drug delivery systems, 

the conventional monolithic matrix and the core-sheath reservoir, to offer long-acting delivery of 

physicochemically distinct ARVs to the female reproductive tract with the goal of achieving at 

least one year of protection against HIV. Ultimately, this device may significantly increase the 

incidence of PrEP and contraception in settings where both are in high demand for at-risk 

populations. As such, the goal of this thesis is to characterize the potential for MPT to improve 

access and utilization of sexual and reproductive healthcare, to develop a novel, long-acting 
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MPT that offers sustained delivery of multiple ARVs integrated onto an existing LARC method, 

and to assess its clinical potential in an in vivo non-human primate pharmacokinetic model. 

 

1.1 AIM 1 

Aim: Investigate the demand and potential for improved and combined family planning and 

HIV-prevention technologies. 

Gap: Existing needs in sexual and reproductive health (SRH) care for people capable of 

pregnancy and people with female reproductive anatomy are well understood and point to a 

demand for discreet, long-acting, user-controlled multipurpose prevention technology (MPT). 

However, the acute demand for improved SRH services and technology during major public 

health emergencies, specifically the COVID-19 pandemic, has not been synthesized on a global 

scale. Here, we provide context for the relevance of developing MPT in the wake of the 

pandemic by systematically reviewing original literature pertaining to the impact of the COVID-

19 pandemic on access to and utilization of SRH services. We identified geographical and 

demographical differences in access to and utilization of SRH services – including family 

planning and STI prevention methods – and synthesized global barriers to SRH caused by the 

pandemic.  

Impact: This work premises research, policy, and practice adaptations in the context of SRH to 

remediate gaps in our understanding of populations that were and continue to be significantly 

affected by the COVID-19 pandemic and to address barriers to accessing and utilizing care. We 

identified regions where impacted access to contraception, particularly LARC methods, 

correlated with significant barriers to STI/HIV prevention and care, thus motivating MPT. We 

also found that marginalized groups with distinct SRH needs, such as adolescents and sex 
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workers, faced exacerbated challenges to accessing family planning and PrEP. These findings 

strongly motivate the development of MPT that can combine contraception and HIV prevention 

into a single, discreet, female-controlled, and long-acting technology that minimizes identified 

barriers to care.  

Thesis Chapter(s): Chapter 3 

 

1.2 AIM 2 

Aim: Design and characterization of drug delivery strategies for sustained release of 

contraceptive and antiretroviral agents. 

Gap: Long-acting drug delivery systems (DDS) that offer sustained release of active 

pharmaceutical agents (API) in the female reproductive tract have potential to improve the 

contraceptive and pre-exposure prophylactic toolbox. Here, we demonstrate the development of 

two DDS designed for nonsurgical permanent contraception and for multipurpose prevention 

technology, leveraging local and targeted delivery to the FRT to achieve sustained durations of 

use. No medical device is currently available that provides permanent contraception 

nonsurgically, representing a major gap for people capable of pregnancy who have reached their 

desired family size. We used electrospun fiber technology to generate drug-eluting 

microparticles that can be perfused transcervically into the fallopian tubes to cause tubal 

occlusion via scar tissue formation. Moreover, multipurpose prevention technology that 

integrates prevention of unwanted pregnancy with protection against HIV is limited in its 

duration of use, with the longest window of protection being 6-months for one modality in 

preclinical development. We investigated two long-acting polymeric drug delivery systems 
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(DDS), the conventional matrix and the core-sheath reservoir, for sustained delivery of single 

and triple-ARV combinations for at least one year. 

Impact: Capitalizing on the tunability of polyester electrospun fiber formulations, we developed 

microparticles that can release physicochemically distinct sclerosing agents on acute and 

sustained release timescales. In a novel guinea pig model, we demonstrated the potential of this 

platform to generate scar tissue and inflammatory requisites to tubal occlusion. This biomaterial 

strategy represents progress towards expanding the permanent contraception toolbox with 

implications for expanding access to contraception globally and domestically. Insofar as MPT 

development, we demonstrated an in-vitro-in-silico workflow that permits rapid design and 

optimization of matrix and reservoir DDS for tuned release of physicochemically unique active 

agents. The design and characterization of modular ARV-IUDs that can release multi-class 

ARVs on one- to three-year timescales potentiates future development translation of this MPT 

device. This device will be highly impactful for individuals at risk of vaginal HIV transmission 

and unwanted pregnancy as an adherence independent, long-acting, discreet, and reversible 

modality. 

Thesis Chapter(s): Chapter 4, Chapter 5 

 

1.3 AIM 3 

Aim: Evaluate the safety and pharmacokinetics of an ARV-releasing intrauterine device in 

nonhuman primates. 

Gap: The ability to target antiretroviral drugs safely and effectively to the lower female 

reproductive tract via intrauterine delivery is not known, nor are the pharmacokinetics of 

intrauterine delivery of any drug other than the hormone levonorgestrel. As such, we determined 



 19 

the in vivo release behavior of novel, long-acting DDS formulations integrated onto an IUD 

frame and evaluated the safety of local delivery of ARVs to the upper female reproductive tract. 

We determined partitioning behavior of the NNRTI dapivirine into plasma, vaginal secretions, 

and reproductive tract tissue to assess whether DDS candidates can achieve sustained protective 

drug concentrations in genital tissue. 

Impact: This pharmacokinetic study showed protective levels of ARV in vaginal fluid and tissue 

upon in utero ARV-IUD instillation, potentiating further clinical translation of this novel MPT. 

Moreover, drug content retained in ARV-IUDs evidences the long-acting potential of this 

delivery system for up to one-year of protection against HIV. Significantly, this work 

demonstrates the feasibility of intrauterine delivery of drugs targeted for action in the vaginal 

tract and sheds light on the existence of a local drug transport mechanism from the upper to 

lower FRT. The implications of this aim premise further development of the ARV-IUD system 

with efficacy studies against a SHIV challenge in a rhesus macaque model. More generally, the 

ability to deliver drugs via an IUD that are intended for purposes beyond contraception has 

significant implications for treatment of various pathologies in the FRT, such as endometriosis 

and ovarian cancer, and prophylaxis of other STIs such as chlamydia and gonorrhea. 

Thesis Chapter(s): Chapter 6  
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Chapter 2.  INTRODUCTION TO RESEARCH 

Partially adapted from: VanBenschoten, H., Woodrow, KA: Vaginal Delivery of Vaccines. 
Advanced Drug Delivery Reviews. 178 (2021). 
 

2.1  ABSTRACT 

 Individuals with female reproductive anatomy (commonly referred to as women*) are 

disproportionately burdened with syndemic effects of HIV/AIDS and unwanted/unplanned 

pregnancy. Here, we will review the current global incidence of HIV/AIDs and discuss its 

disproportionate impact on subpopulations including women and girls. The prevailing strategy to 

prevent HIV infection, called pre-exposure prophylaxis (PrEP), is a daily oral pill that is 

effective at inhibiting viral transmission when adhered to strictly. We will discuss the 

mechanisms of oral PrEP including its partitioning to the female reproductive tract (FRT) and 

review alternative drug delivery modalities to prevent vaginal HIV infection. We will also 

review the burden of unplanned and unwanted pregnancy in people who can become pregnant 

and discuss available contraceptive methods. We will review the state of emerging multipurpose 

prevention technology, devices that offer dual protection against STIs and unwanted pregnancy. 

Informed by design criteria for sustained and targeted drug delivery to the FRT, we will discuss 

two major classes of long-acting drug delivery systems – the monolithic matrix and the core-

sheath reservoir– and discuss the influence of material properties on drug dissolution and clinical 

use. Lastly, we will briefly review female reproductive physiology as it relates to evidence that 

describes drug transport mechanisms in the FRT. The synthesis of this background information 

informs the design and development of next-generation multipurpose prevention technology. 

 
* We acknowledge that not all individuals who identify as women have female reproductive anatomy and not all 
people with female reproductive anatomy identify as women. 
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2.2  HIV INFECTION IN WOMEN 

2.2.1 Global burden of HIV infection in women 

Human immunodeficiency virus (HIV) has infected 79.3 million people and has caused 

36.3 million deaths since the beginning of the epidemic. In 2020 it was estimated that 37.7 

million people aged 15-49 years old were living with HIV, representing 0.7% of the adult 

population [19]. HIV has a disproportionate impact on marginalized populations and is unequally 

distributed throughout various regions of the world. The Southern Africa region is the most 

severely affected by the HIV epidemic, where approximately 3.6% of adults are living with HIV. 

This population accounts for nearly two thirds of the people living with HIV worldwide. HIV is 

the leading disease burden in sub-Saharan Africa, with the highest HIV-seropositive population 

residing in Eswatini (27% prevalence) [20].  

The HIV epidemic disproportionately impacts women. In 2020, the WHO estimated that 

19.3 million women were living with HIV; compared to the 16.7 million men living with HIV, 

this represents nearly 54% of the adult population [19]. Every week, 6000 young women (aged 

15-24) become infected with HIV. In sub-Saharan Africa, young women are twice as likely as 

men to be living with HIV and women accounted for 63% of new infections in 2020 [20]. Figure 

2.1 illustrates the disparate share of women in populations living with HIV and the 

disproportionate prevalence among women in sub-Saharan Africa. Reasons for the high burden 

of HIV among women are myriad and relate to gender inequalities, differential access to 

services, sexual violence which increases social and biological vulnerability, and physiological 

susceptibility to viral acquisition. These issues are exacerbated for individuals who face multiple 

forms of discrimination. Indeed, the incidence of HIV is 10-times higher among female sex 

workers than the general population. As a consequence, HIV is the leading cause of death 
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globally for women aged 15-49 [21]. This enormous global burden has detrimental impacts on 

the health, economic status, and overall well-being of individuals, communities, and nations. 

 
FIGURE 2.1. Map of the proportion of women among the HIV-positive population aged 15 
and older. Estimates made for 2019 by UNAIDS with data from the World Bank Group [4,5]. 

 

2.2.2 HIV Infection and Pathology in the Female Reproductive Tract 

 In order to make progress towards reducing the incidence of HIV in women, it is 

necessary to understand the physiology of the vaginal mucosa and molecular mechanisms of 

HIV infection. HIV-1 is a lentivirus composed of two copies of single-stranded RNA enclosed 

by a capsid containing viral protein p24 and glycoproteins gp120 and gp41. The virus is adept at 

efficiently infecting mucosal surfaces throughout the body. It is estimated that the female genital 

tract (FGT) is the most common route of HIV transmission, followed by the male genital tract, 

Share of women among the population living with HIV, 2019
Data is based on adults aged 15 years and older.

No data 0% 20% 40% 45% 50% 55% 60% 80% 100%

Source: UNAIDS (via World Bank) OurWorldInData.org/hiv-aids • CC BY
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the rectum, direct blood stream contact, and vertical transmission from mother to child [22]. The 

human vagina is lined by a non-keratinized stratified squamous epithelium that is covered 

apically by a layer of cornified cells that are permeable to microbes as well as cellular and 

molecular mediators of immunity [23]. The type II mucosa of the lower genitourinary tract is 

rich in innate and adaptive immune cells, but lacks organized mucosa-associated lymphoid tissue 

(MALT) found in the type I mucosa of the upper FRT. The organizational and immunological 

differences between the upper and lower FRT are illustrated in Figure 2.2. 

FIGURE 2.2. Structural and cellular differences in the immunological milieu of the upper 
and lower female reproductive tract [24]. 

 

Primary HIV infection in the FGT was previously thought to occur only in the 

endocervix, which is lined by a vulnerable single layer of cuboidal epithelial cells. However, 

hysterectomized women and macaques lacking a cervix can be infected with HIV and simian 

immunodeficiency virus (SIV), respectively; thus, it is evident that HIV can and does penetrate 
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the stratified squamous epithelium of the vagina, though it does so relatively inefficiently [25]. 

Estimates suggest that heterosexual intercourse results in transmission in only 0.1% of 

exposures, and transmission is highly correlated with viral load in seminal fluid [26]. Much of 

this inefficiency is thought to be the result of innate physical barriers such as the presence of 

multiple cell layers in the vaginal epithelium which form a formidable obstacle to accessing the 

lamina propria, wherein cells targeted for infection reside. This effect is enhanced during the 

follicular and ovulatory stages of the menstrual cycle when a decrease in progesterone drives 

epithelial thickening [27,28]. Additionally, cervicovaginal mucus has been shown to impair the 

mobility of HIV molecules [29].  

Despite these innate mechanisms of defense, there are numerous probable routes of 

transmission across an intact vaginal epithelium. Langerhans cells (LCs), which patrol the 

cervicovaginal mucosa, have dendritic cytoplasmic processes that extend into the vaginal lumen 

and sample antigens. Though they do not express CD4 or CCR5, LCs express surface HLA-DR, 

CD1a, and mannose-dependent C-type lectin receptors that may be involved in DC-mediated 

HIV transmission [30,31]. Upon capture of virions, immature DCs in the epithelium migrate and 

present virus to CD4+CCR5+ T cells abundant in the lamina propria, thus permitting viral 

amplification. The precise dynamics of this antigen-presentation cascade are unclear, though it is 

thought to occur rapidly and results in transport of virus to underlying cells in a matter of 

minutes. Evidence also points to direct primary infection of CD4+CCR5+ T cells as a mechanism 

of HIV transmission, wherein viral particles can access T cells typically residing in deeper layers 

of tissue via tears, inflammation, and hormone-induced thinning of the stratified epithelium. 

Coinfection with other STI’s can also increase susceptibility to vaginal HIV infection through 

epithelial weakening and immunogenic T cell recruitment [25]. Upon entry into the lamina 



 25 

propria via LC-mediated transport or direct contact, HIV enters CD4+CCR5+ target cells and 

generates a “nidus” of infection, infecting more and more recruited cells that eventually travel to 

secondary lymphatic tissue and systemic circulation. Thus, the vaginal mucosa serves as an 

effective portal of entry for systemic HIV infection, a process that can be exacerbated by adverse 

coincidental conditions of the mucosal microenvironment. 

Depletion of CD4+ T cells is a hallmark of early HIV infection, as these cells express 

HIV-receptor CCR5 and are transcriptionally active. Primary HIV/SIV infection is marked by 

extreme follicular hyperplasia as B cells in secondary lymphoid tissues become activated and 

expand; however, as infection becomes chronic, this initial activity is replaced by lymphoid 

depletion caused by follicular fibrosis and involution, culminating in destruction of germinal 

centers [32]. B cell and T follicular helper (Tfh) cell impairment is consistent with a weak or 

ineffective neutralizing antibody response to HIV/SIV infection. One strategy to prevent vaginal 

HIV transmission involves inhibiting CD4+ T cell infection by preventing APC uptake and direct 

CD4+ T cell contact with virions. Preventing viral replication by enhancing antiretroviral activity 

and bolstering immunity through vaccination are other means by which the viral mucosa may be 

protected. These antiviral strategies will be discussed in depth in section 2.2.3. 

 

2.2.3 Pre-Exposure Prophylaxis for Preventing HIV Infection in Women  

2.2.3.1 Overview of Pre-Exposure Prophylaxis Prevalence 

Pre-exposure prophylaxis refers broadly to medicine taken before exposure to a disease-

causing agent to prevent acquisition of that disease. In the context of HIV, PrEP involves 

administration of antiretroviral (ARV) drugs that inhibit viral entry and/or replication in 

vulnerable cell types. Currently, there are two medications approved for use as PrEP – Truvadaâ 
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and Descovyâ – that are 99% and at least 74% effective at reducing the risk of acquiring HIV 

through sex and injection drug use, respectively [4,33]. PrEP was included on the WHO 

Essential Medicines List in 2017 and over 70 countries have expanded normative 

recommendations for its use since 2019 [34]. Despite its clinical potential and global initiatives 

promoting its implementation, substantial barriers to PrEP access and use exist including dosing 

frequency and adherence, side effects, cost, service delivery, and awareness [35]. As such, less 

than 500,000 people globally were estimated to have initiated PrEP as of 2019. Figure 2.3 

depicts total PrEP initiations by country as of March 2022 according to aggregate data from 

PrEP programs and clinical trials from over 78 countries. In the US, the CDC estimates that only 

10% of women who could benefit from PrEP were prescribed it in 2019 [36]. In order to increase 

PrEP coverage, improvements must be made across the spectrum of biomedical innovation to 

program implementation. From a biomedical engineering perspective, providing a longer 

duration of protection via alternative drug delivery modalities is the highest priority to shift away 

from the daily or event-driven (coitally dependent) models of PrEP administration [34].  
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FIGURE 2.3. PrEP initiations by country as of March 2022. Data collected from AIDS 
Vaccine Advocacy Coalition Global PrEP Tracker initiative [6]. 

 
 

2.2.3.2 Antiretroviral Drugs 

 Antiretroviral drugs fall into eight main classes according to the mechanism by which 

they prevent HIV (Table 2.1). NRTIs, NNRTIs, and integrase inhibitors work intracellularly to 

prevent viral replication and maturation by interfering with the reverse transcriptase process 

(NRTIs and NNRTIs) and by inhibiting integration of viral genetic material with host DNA 

(integrase inhibitors) [37,38]. Protease inhibitors prevent cleavage of viral polyproteins into 

functional subunits that are necessary for viral assembly and escape from a host cell [38]. 

Extracellular ARVs prevent the entry of HIV virions into and from target cells. These drugs 

either bind to receptors on host cells (CCR5 agonists, post-attachment inhibitors) or the HIV 

envelope protein (fusion inhibitors, attachment inhibitors) [39]. 

 

TABLE 2.1. Classes of antiretroviral drugs and FDA approved ARVs. 

Class Mechanism of action Drugs (Abbrv.) 

Nucleoside/ 
nucleotide reverse 
transcriptase inhibitors 
(NRTI) 

Inhibit the construction of proviral DNA during 
the reverse transcriptase process to stop viral 
replication 

Abacavir (ABC) 
Didanosine (ddl) 
Emtricitabine (FTC) 
Lamivudine (3TC) 
Stavudine (d4T) 
Tenofovir (TDF, TAF) 
Zidovudine (AZT, ZDV) 

Non-nucleoside 
reverse transcriptase 
inhibitors (NNRTI) 

Binds to the reverse transcriptase enzyme to 
stop viral replication 

Delavirdine (DLV) 
Doravirine (DOR) 
Efavirenz (EFV) 
Dapivirine (DPV) 
Etravirine (ETR) 
Nevirapine (NVP) 
Rilpivirine (RPV) 
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Integrase inhibitors Targets HIV integrase protein to prevent viral 
genomic DNA insertion into host DNA 

Bictegravir (BIC) 
Dolutegravir (DOL) 
Raltegravir (RAL) 
Elvitegravir (EVG) 
Cabotegravir (CBG) 

Fusion inhibitors 
Binds to gp41 subunit of the HIV envelope to 
prevent the fusion of the HIV envelope protein 
with CD4 cell membranes 

Enfuvirtide (ENF) 

CCR5 agonist Binds to CCR5 co-receptor on CD4+ cells and 
blocks viral entry Maraviroc (MVC) 

Protease inhibitors 

Blocks the activity of protease enzymes used by 
HIV to break down polyproteins to use for 
assembly of new viral particles, resulting in 
neutralized virions 

Atazanavir (ATZ) 
Darunavir (DRV) 
Lopinavir (LPV) 
Fosamprenavir (FPV) 
Nelfinavir (NFV) 
Ritonavir (RTV) 
Indinavir (IDV) 
Tipranavir (TPV) 

Attachment inhibitors Binds to gp120 spike protein on HIV envelope 
to prevent attachment to host cells Fostemsavir (FTR) 

Post-attachment 
inhibitors 

Binds to CD4+ receptors to prevent 
conformational change of the HIV gp120 
protein upon binding prohibiting co-receptor 
interaction 

Ibalizumab (IBA) 

 

 It is necessary to understand the pharmacodynamics (PD) and pharmacokinetics (PK) of 

ARVs in genital tissue in order to define dosing strategies that may confer protection at these 

anatomical sites. Key metrics of the potency of a given ARV is its half maximal effective 

concentration (EC50) or half maximal inhibitory concentration (IC50); these values refer to the 

concentration of drug required for 50% inhibition of viral infectivity in vitro. Clinically, ARVs 

are employed at concentrations well above the IC50; commonly reported values are the protein-

adjusted inhibitory concentration for 90 and 99% viral inhibition (PA-IC90/PA-IC99). These 

values account for the concentration of drug that is bound and functionally inactivated by plasma 

proteins and are considered more predictive of ARV potency [40,41]. A low IC50 or PA-IC90/PA-
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IC99 indicates a highly potent drug or drug combination. The terminal half-life (t1/2) in plasma is 

another important consideration that informs the frequency of dosing required to maintain 

sufficient inhibitory drug concentrations. A longer terminal half-life indicates a drug delivery 

regimen that requires less frequent dosing. 

 Administering multiple ARVs in combination is a well-established strategy to increase 

the efficacy of PrEP. Studies have shown that combination PrEP that incorporates ARVs of the 

same class [42] and multiclass ARVs have synergistic effects in inhibiting HIV infection and 

therefore have lower IC50 values in combination than upon single-drug administration [43]. 

Monoclass combination ARV PrEP is effective because it can account for viral mutations that 

confer resistance of HIV to one or more ARV with the same inhibition mechanism [44]. There is 

virtually no cross-resistance in HIV mutations between ARV drug classes, therefore multiclass 

ARVs administered in combination can account for drug-resistant HIV strains and bolster the 

efficacy of less potent ARVs. For instance, NRTIs are characteristically less potent than NNRTIs 

and PIs, therefore it is common for NRTIs to be administered in combination with an NNRTI. 

NNRTIs have been shown to increase the potency of NRTIs because NNRTIs can inhibit 

removal of NRTIs by mutated viral reverse transcriptase [45]; conversely, NNRTI hyper-

susceptibility has been observed for NRTI-resistant viruses [46]. 

 

2.2.3.3 Oral PrEP 

 Evidence that antiretroviral PrEP is effective at preventing HIV transmission during 

receptive heterosexual intercourse derives from two multinational, randomized, placebo-

controlled clinical trials of daily oral emtricitabine-tenofovir disoproxil fumarate (TDF-FTC) 

[47,48]. The Partners PrEP trial was conducted between July 2008 and November 2010; 4758 
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serodiscordant heterosexual couples were enrolled in Kenya and Uganda and assigned to one of 

three treatment arms: once-daily oral tenofovir (TDF), combination daily oral tenofovir-

emtricitabine (TDF-FTC), or placebo [47]. For 48% of the couples followed, the seronegative 

partner was female. In total, 82 seroconversions occurred during the study period – 17 in the 

TDF group, 13 in the TDF-FTC group, and 52 in the placebo group; this indicates a relative 

reduction in HIV incidence of 67% and 75% with TDF and TDF-FTC, respectively. In the TDF-

2 study, 1219 high risk men and women in Botswana were administered daily oral TDF-FTC or 

placebo [48]. The treatment group saw a 62.2% reduction in the relative risk of HIV infection; 

however, this study raised questions of the safety of daily oral TDF-FTC as participants who 

received PrEP had a significant decline in bone mineral density. 

Despite promising findings among serodiscoordinant couples, these results were not 

substantiated in studies conducted only among women. Two studies, FEM-PrEP and VOICE, 

demonstrated no benefit of oral PrEP among heterosexual women at risk of HIV. The FEM-PrEP 

study enrolled 2120 women at risk of HIV in sub-Saharan Africa and administered daily oral 

TDF-FTC or placebo [49]. TDF-TDC had no significant effect on HIV prevention and was 

associated with increased side effects. This result is likely the effect of adherence to the daily 

oral regimen, which was estimated to be as low at 40%. The VOICE trial was conducted in 

South Africa, Uganda, and Zimbabwe, enrolling 5029 HIV-negative women who were assigned 

to once daily oral TDF, TDF-FTC, 1% TFV vaginal gel, or placebo [50]. None of the study arms 

resulted in significant protection against HIV and similar to the FEM-PrEP trial, adherence was 

low among participants.  

These unsuccessful clinical trials highlight several downsides to oral PrEP that limit its 

acceptability and use. To reach effective levels in the bloodstream and at vulnerable tissues, 
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PrEP must be taken in a daily oral formulation and adhered to strictly. Adherence has been 

identified as the most prohibitive challenge preventing more widespread use and adherence to 

PrEP is highly correlated with its efficacy [5,51]. The requirement for daily adherence is 

particularly stringent for women taking PrEP to prevent HIV infection from receptive 

heterosexual intercourse – women must adhere near-perfectly to daily oral PrEP in order to 

remain protected. This is in part due to limitations of the oral drug delivery route in achieving 

high drug accumulation at anatomical sites of infection necessary to prevent transmission. Drug 

partitioning to the female genital tract is limited upon oral drug delivery and certain classes of 

ARVs are particularly susceptible to low FGT partitioning. Indeed, orally administered NNRTIs 

and PIs achieve lower drug concentration in the FGT relative to plasma concentrations compared 

to less potent NRTIs [1,2,52]. Alternatives to oral PrEP for preventing vaginal HIV transmission 

have been explored in order to enhance FGT penetration, prolong the duration of action, reduce 

the frequency of dosing, and minimize adherence requirements. An overview of alternative 

strategies for PrEP delivery that have advanced to clinical trials is summarized in Table 2.2. 

 

TABLE 2.2. Summary of alternatives to oral PrEP. 

PrEP Method Route ARVs Used Dosing 
Frequency 

Efficacy (relative 
reduction in HIV) 

Gels Vaginal Tenofovir, 
Dapivirine Pericoitally 39-54% (vs. 

placebo) 

Films Vaginal Tenofovir, 
Dapivirine Pericoitally Not reported 

Injectables Intramuscular Rilpivarine, 
Cabotegravir Every 8 weeks 34% (in MSM, vs. 

oral TVF-FTC) 
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Rings Vaginal Dapivirine, 
Maraviroc 4-13 weeks 27-37% (vs. 

placebo) 

 

 

2.2.3.4 Topicals for PrEP 

 Vaginal gels have been investigated for their ability to target active agents to the FGT 

and offer on-demand protection against HIV. Gels containing the NRTI tenofovir (TVF) 

emerged as the first technology developed to address the issue of ARV partitioning to the FGT 

with oral dosing. The CAPRISA 004 clinical trial assessed the safety and efficacy of vaginal 

TVF gel. HIV-negative women in South Africa were enrolled in the trial and instructed to apply 

a 40 mg dose of gel containing 1% TVF with a prefilled vaginal applicator pericoitally [3]. In the 

high-adherence group, this strategy proved to reduce the incidence of HIV by 54% compared to 

the placebo arm and resulted in a 39% reduction in HIV acquisition overall. Vaginal gels have 

proven to be superior to oral PrEP at targeting and protecting the FGT. One clinical study of a 

vaginal TVF gel measured 103-104 ng/g and 105-106 ng/g of TVF in vaginal tissue and 

cervicovaginal fluid, respectively. These values represent a 1000 to 10,000-fold increase in 

vaginal tissue and CVF tenofovir concentrations compared to dosing with the oral formulation of 

the same drug [53]. Another cross-over study comparing vaginal TVF gel with oral tablets found 

that vaginal TDF was over 130-fold higher with vaginal compared to oral dosing [54]. Gels have 

practical advantages as they can be dosed on-demand, may offer lubrication during sex, can be 

discreet and can offer fewer systemic side effects than oral pills [55]. However, their use is 

patient-dependent and coital adherence remains a challenge translation into use at a larger scale. 

The “real-world” efficacy of vaginal gels is also in question; despite earlier clinical trials 

showing promising pharmacokinetic data, the VOICE trial showed that a 1% TVF gel was 
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ineffective at preventing HIV in study participants [36]. Due to conflicting reports on their 

efficacy, vaginal gels have not been prioritized as a PrEP modality in recent years and no vaginal 

gel is currently marketed for use in women. 

 Vaginal films have also been investigated as an alternative to vaginal gels. Films are 

dissolvable strips of ARV-containing material that are inserted 15 minutes prior to intercourse, 

offering rapid, on-demand protection against HIV. In a Phase 1 trial comparing dapivirine gel or 

film and placebo gel or film, the DPV gel and film resulted in 4 log10 higher [DPV] in cervical 

and vaginal tissues than plasma; however, tissue concentrations of DPV were 3-5 times higher 

among gel users than film users [9]. Despite this finding, 80% of film users compared to 68% of 

gel users noted that they would use a film if it ever became available to prevent HIV. In a 

subsequent two-arm crossover study, women received a single dose of 1.25 mg of vaginal DPV 

gel or film [56]. Concentrations of DPV in plasma, CVF, and cervical tissue were not statistically 

different among gel and film users and both the gel and film resulted in reduced cervical tissue 

infectivity upon ex vivo HIV challenge 5 hours post dose. Thus, vaginal films appear comparable 

to vaginal gels with respect to tolerability, pharmacokinetics, and antiviral activity. Similar 

results have been reported in studies with tenofovir-loaded films in the FAME-04 and FAME-05 

clinical trials [7,10]. Vaginal films present a promising strategy for on-demand HIV PrEP due to 

their discretion, quick dissolvability, reduced tendency to leak, and smaller volume which may 

minimize side effects. 

 

2.2.3.5 Long-Acting Injectables for PrEP 

 Long acting injectables are an ARV delivery approach that offers adherence-independent 

dosing with an intramuscular injection of a nanocrystalline suspension of either rilpivarine 
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(RPV-LA) or cabotegravir (CAB-LA). Rilpivirine, an NNRTI, and cabotegravir, an integrase 

inhibitor, are water insoluble drugs with long terminal half-lives that allow them to remain in 

circulation for an extended period of time. Two Phase 1 clinical trials have assessed the safety 

and PK of RPV-LA which demonstrated good tolerability and high plasma accumulation after 

administration [57,58]. Injections of 300, 600, and 1200 mg of RPV-LA were administered 

intramuscularly and showed plasma concentrations of 6.4, 16.2, and 30.2 ng/ml, respectively, 84 

days after dosing. RPV was detectible in CVF 8-hours post-dose and attained higher 

concentrations than that measured in plasma, indicating favorable partitioning in the FGT. 

Treatment with the 1200 mg dose resulted in high antiviral activity in CVL samples between day 

28 and 56 [57]. A follow up Phase 1 trial, the MWRI-01 study, assessed the PK and efficacy of 

RPV-LA i.m. injections in seronegative HIV patients. The study found that RPV partitioning to 

rectal tissue was two-fold higher than vaginal and cervical tissue and resulted in no viral 

suppression in the FGT [58]. Results from this study suggest that RPV-LA alone is insufficient 

to prevent HIV acquisition via the vaginal mucosa. 

 Cabotegravir is an integrase strand-transfer inhibitor (INSTI) that has also been 

investigated as an ARV candidate for long-acting injectables. CAB-LA has successfully shown 

safety and tolerability in clinical trials, although some patients reported experiencing mild to 

moderate local reactions at the injection site [12,13]. In a study of 8 male and female subjects, 

CAB-LA resulted in measurable plasma concentrations up to 52 weeks after a single dose and 

achieved plasma concentrations above the PA-IC90 for 16 weeks [12]. In a Phase 2A clinical trial 

in HIV-negative men and women, a 600 mg dose of CAB-LA was administered in a single 3 mL 

injection every 4-8 weeks and was highly tolerable, resulting in trough CAB concentrations 

above the PA- IC90 in 95% of participants [59]. In a large randomized noninferiority trial, an 
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intention-to-treat population of transgender women and men-who-have sex with men were 

administered either CAB-LA in a 600 mg dose i.m. every 8 weeks or daily oral tenofovir 

disoproxil fumerate—emtricitabine (TDF-FTC) and followed for 153 weeks [60]. Results from 

the first interim endpoint analysis showed that the incidence of HIV in the CAB-LA group was 

0.41 per 100 person-years, while the incidence in the oral TDF-FTC group was 1.22 per 100 

person years, representing significant superiority of CAB-LA compared to TDF-FTC at 

preventing HIV. However, in participants infected with HIV after CAB-LA treatment, INSTI 

resistance was noted in 4 of 9 incident cases, indicating a level of drug resistance that must be 

addressed with combination ARV strategies. 

 In a recent clinical trial, the LATTE-2 study, LAIs of ralpivirine and cabotegravir were 

tested in combination [14]. 309 treatment naïve adults with HIV were enrolled and randomly 

assigned to receive either 400 mg of CAB-LA plus 900 mg of RPV-LA at 4-week intervals, 600 

mg of CAB-LA plus 900 mg of RPV-LA at 8-week intervals, or daily oral CAB plus abacovir-

lamivudine. At 94 weeks, viral suppression was 84% in the oral group, 84% in the 4-week LAI 

group, and 94% in the 8-week LAI group. These findings suggest that 4- and 8-week intervals of 

LAI injections are noninferior to daily oral ART treatment and motivate PrEP strategies in which 

combination RPV-LA and CAB-LA could prevent infection from antiviral resistant HIV strains. 

Patient tolerance and acceptability of LAIs has generally been high; trial participants cited ease 

of use, long-term protection, discretion, and non-interruption of sex as benefits. Bekker et al. 

noted that in follow up to a Phase 1 trial of RPV-LA in African women, 68% of patients in the 

treatment arm reported interest in future injectable use, saying they would “definitely use it" 

[61]. Further clinical trials are necessary to assess the efficacy of LAIs to prevent vaginal HIV 

transmission. Moreover, the formulation and side-effect profile of LAIs has room for 
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improvement as pain upon injection is a noted downside. Most trials have included an oral lead-

in period, which may also compromise the clinical acceptability of this PrEP modality [8]. 

Importantly, LAIs are not reversible, presenting a major drawback given a risk for negative 

reactions with no immediate course of remediation. 

 

2.2.3.6 Intravaginal Rings for PrEP 

 ARV-releasing intravaginal rings (IVR), which parallel products currently in 

development for contraception, have been investigated for their potential as PrEP delivery 

vehicles. Rings are composed of a silicone-elastomer ARV-containing reservoir surrounded by a 

rate-controlling membrane that offers sustained release of microbicidal agent for a period of up 

to 4-weeks. In Phase 1 clinical trials, participants treated with vaginal rings noted that they are 

comfortable and have the advantage of being user-controlled and coitally-independent [62]. Two 

Phase 3 clinical trials of dapivirine vaginal rings have demonstrated the ability of the device to 

deliver DPV at a sustained rate to target tissue at concentrations that are highly protective against 

HIV. In a double-blind, randomized, placebo-controlled trial conducted among 16 HIV-negative 

women, a ring containing 25 mg of DPV was applied to the treatment arm group for 28 days 

[63]. On the day of ring removal, concentrations of DPV in vaginal fluid taken adjacent to the 

ring, from the cervix, and from the introitus exceeded the IC99 over 3900-fold. Adherence was 

near-perfect for all participants and treatment resulted in no product-related adverse side effects. 

Subsequently, in the ASPIRE clinical trial, 2629 African women were enrolled and treated with 

either a monthly DPV-releasing vaginal ring or a placebo ring [15]. The DPV ring reduced HIV 

incidence by 27% compared to the placebo group; when corrected for adherence and retention, 

this reduction amounted to 37%. This relatively low protective efficacy is potentially due to the 
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lack of multicompartment protection and low barrier to resistance of dapivirine. Recently, 

sustained release vaginal rings with 100 and 200 mg of DPV were investigated in a Phase 1 

clinical trial [16]. Compared to 25 mg DV rings, the sustained release rings resulted in higher 

DPV concentrations in plasma and CVF that persisted out to 91 days. Vaginal rings with 

combination ARVs, such as DPV and maraviroc, have been investigated and require 

improvement in their formulations to stabilize release rates of both agents [17]. Multipurpose 

rings that can prevent HIV, other STIs, and/or unwanted pregnancy are also an attractive 

technological advancement that will be discussed further in section 2.4. 

 

2.3 UNINTENDED PREGNANCY 

2.3.1 Global Burden of Unintended Pregnancy 

 Unintended pregnancy, defined as a pregnancy that is wanted at a later date but not 

wanted at conception (mistimed) or a pregnancy that is not wanted at a later date or the time of 

conception (unwanted), is an imposing burden on people capable of pregnancy globally. 

Between 2015 and 2019 there were 121 million unintended pregnancies annually, corresponding 

to 64 unintended pregnancies per 1000 reproductive aged women [64]. In the US, unintended 

pregnancy is highest among women with an income less than 200% of the federal poverty level, 

young women (aged 18-24), cohabiting women and women of color [65]. On a global scale, 

unintended pregnancy occurs across all country income groups, however, it disproportionately 

affects women in low-income regions including sub-Saharan Africa (91/1000 women) and West 

Africa and North Africa (86/1000 women) [64]. Figure 2.4 depicts the global distribution of 

unintended pregnancy. 
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FIGURE 2.4. World map of unintended pregnancy rates. Values represent annual averages 
from 2015-2019; analyzed by Bearak et al. [64] and compiled by the Guttmacher Institute [66]. 

 

The consequences of unintended pregnancy disenfranchise and disempower women 

globally. On a national level, high rates of unintended pregnancy correlate with reduced quality 

of life and workforce efficacy, reduced economic growth, stifled socio-economic development, 

and worsened public health outcomes [67]. Concerning maternal and child health, unintended 

pregnancy is positively associated with maternal risk behaviors, delayed initiation of antenatal 

care and a decrease in the number of antenatal care visits, increased risk of congenital anomalies, 

spontaneous abortion, premature delivery, low birth weight, childhood mortality and abuse, 

maternal mortality, and negative maternal mental health outcomes [68]. It is estimated that 48% 

of all pregnancies are unintended and about 61% end in abortion [64]. This is troubling given the 

current landscape of abortion restrictions; indeed, 41% of women globally live under restrictive 

abortion laws that result in the persistent use of unsafe abortion methods. The WHO estimates 
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that 25 million unsafe abortions occur annually, and 23,000 women die because of unsafe 

abortion each year [69]. Tens of thousands more experience serious health complications. While 

universal access to safe abortion remains to be seen, it is critical that research and public health 

efforts prioritize reducing the incidence of unintended pregnancy. 

 The primary causes of unintended pregnancy are contraceptive failure, contraceptive 

misuse, and non-use of contraceptive services. Globally, 270 million women have an unmet need 

for contraception [70]. Factors that underly this unmet need include lack of access to family 

planning providers, gender-based barriers, cultural or religious opposition, unawareness of 

contraceptive options, inadequate sexual education leading to risky sexual behavior and 

misunderstandings about the risk of pregnancy, failure of available methods to meet patient 

needs and desires, and perceived or real side effects of available methods [71]. As such, 

preventing unwanted pregnancy is a matter of making available and accessible a mix of 

contraceptive methods that are acceptable to users and educating users about their options. 

Indeed, a multinational study of contraceptive use showed that for every one contraceptive 

method that is made accessible to at least half of a given population, the prevalence of 

contraceptive use in that population increases by 4-8%. Equipping all populations with a robust 

and expanding toolbox of contraceptive options is critical to reducing unintended pregnancy. 

 

2.3.2 Existing Contraceptive Strategies 

 Modern contraceptive use has expanded significantly in the past several decades as the 

contraceptive prevalence rate has increased from 47.7% to 49% among women with a need for 

family planning since 2000; this represents an additional 188 million women using a modern 

contraceptive method [72]. Contraceptive methods include oral pills, implants, injectables, 
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patches, vaginal rings, intra-uterine devices, condoms, male and female permanent 

contraception, and fertility awareness. Methods are evaluated based on their efficacy given 

perfect use and their efficacy given common use, accounting for average rates of misuse and 

nonadherence. Table 2.3 summarizes the mechanisms of action, dosing frequency, global 

prevalence, and efficacy of contraceptive methods available today. 

 

TABLE 2.3. Summary of available contraceptive methods [73]. 

Method Mechanism Dosing Efficacy - 
perfect use 

Efficacy - 
common use 

Prevalence 
[74] 

Combined oral 
contraceptives 

(COCs) 

Estrogen and 
progestin prevent 

ovulation and 
fertilization 

Daily (oral) > 99% 93% 

16% 

Progestin-only 
pills (POPs) 

Progestin prevents 
ovulation and 
fertilization 

Daily (oral) > 99% 93% 

Combined 
injectables 

Estrogen and 
progestin prevent 

ovulation 

Once per 
month > 99% 97% 

8% 
Progestin-only 

injectables 
(DMPA/NET-EN) 

Progestin prevents 
ovulation 2 – 3 months > 99% 96% 

Dermal patch 
(Evra) 

Estrogen and 
progestin prevent 

ovulation 

Once per 
week > 99% 93% < 2% 

Vaginal ring 
(NuvaRing) 

Estrogen and 
progestin prevent 

ovulation 

Once per 
month > 99% 93% < 2% 

Subdermal implant 
(Nexplanon, 

Jadelle, Levoplant) 

Levonorgestrel or 
etonogestrel 

prevent ovulation 
and fertilization 

3-4 years > 99% > 99% 2% 
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Copper 
intrauterine device 
(IUD) (ParaGuard) 

Creates hostile 
environment to 
sperm and egg 

12 years > 99% > 99% 

17% Levonorgestrel 
intrauterine device 

(IUD) (Mirena, 
Liletta, Kyleena, 
Skyla, Jaydess) 

Levonorgestrel 
prevents 

fertilization 
3-8 years > 99% > 99% 

Female condom Barrier prevents 
fertilization Coitally 95% 79% < 2% 

Male condoms Barrier prevents 
fertilization Coitally 98% 87% 21% 

Female 
sterilization (tubal 

ligation) 

Prevents egg from 
meeting sperm Permanent > 99% > 99% 24% 

Male sterilization 
(vasectomy) 

Prevents sperm 
from entering 

ejaculate 
Permanent > 99% > 99% 2% 

Spermicides 
Capacitates sperm 

to prevent 
fertilization 

Coitally 82% 72% < 2% 

  

Long-acting reversible contraception (LARC) is defined as any method with a dosing 

frequency less than once per cycle or month. As such, the progestin-only injectable, subdermal 

implants, and copper and levonorgestrel IUDs are characterized as LARC methods. LARC has 

many advantages over short-acting reversible contraceptives (SARC; COCs, POPs, combined 

injectables, dermal patch, vaginal ring) and coitally-dependent and barrier methods (male and 

female condoms, vaginal gels). LARCs are adherence-independent; because of this, common-use 

efficacy is nearly identical to perfect-use efficacy, and they do not require ongoing effort to 

maintain. Beyond contraceptive benefits, LARCs are more cost-effective than short acting or 

coitally-dependent methods [75]. LARCs are discrete and do not interfere with sexual or 
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menstrual activity. Many long-acting methods can treat menstrual related disorders such as 

anemia, fibroids, and endometriosis (LNG-IUD) and alleviate menstrual symptoms including 

dysmenorrhea and migraine headaches (progestin injectables). IUDs in particular are beneficial 

as they are immediately effective and reversible, have few contraindications, and the copper IUD 

is the most effective form of emergency contraception (EC) if inserted within 5 days of 

unprotected sex.  

Despite the efficacy and convenience of LARC, these methods are not used widely in 

regions of the world with the highest rates of unintended pregnancy. The prevalence of IUDs in 

sub-Saharan Africa, a region with the highest rates of unintended pregnancy, is the lowest in the 

world at 0.8% [76]. A decrease or stagnation in IUD use has been attributed to concerns over 

adverse health outcomes, misconceptions about their use, and perceived costs. Addressing the 

underutilization of LARC including IUDs is critical to meeting development goals of reducing 

unwanted pregnancy. Policy and provider interventions, such as implementing comprehensive 

contraceptive counselling, are strategies towards this end. Moreover, technological advances that 

decrease discomfort and side effects and increase the acceptability and perceived benefits of 

these methods may bolster their use.  

 

2.4 MULTIPURPOSE PREVENTION TECHNOLOGIES 

 Multipurpose prevention technology (MPT) is defined as any product that simultaneously 

prevents HIV, other STIs, and/or unintended pregnancy. MPTs have the ability to revolutionize 

the global sexual and reproductive health (SRH) landscape, particularly in regions with both high 

incidence of HIV and unintended pregnancy. Offering streamlined dosing for multiple 

indications, MPT could enhance uptake and adherence to PrEP and eliminate the need for 
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multiple clinic visits to address family planning and sexual health needs. The scientific and 

engineering complexities of developing MPT products have thus far delayed progress towards 

realizing their value. Currently, male and female condoms are the only available product that can 

prevent transmission of HIV, other STIs, and unwanted pregnancy. Condoms have numerous 

disadvantages, including coital dependency, lack of discretion, lack of female control and often 

negotiating power for their use, and sexual preferences that make them undesirable. Multiple 

end-user studies on MPT preference indicate a high level of support for female controlled, 

discrete, and long-acting products to prevent HIV and pregnancy [18,77]. It is clear that no single 

MPT option will be suitable to all women and a method mix for simultaneous HIV/STI 

prevention and contraception is desirable.  

Existing contraceptive methods, especially LARC, are promising precursors as drug 

delivery platforms for MPT. Indeed, over the past decade, various contraceptive strategies have 

been adapted to include HIV and STI prevention functionalities. Nearly half of all MPTs 

currently in the development pipeline are vaginal rings; however, vaginal gels, vaginal inserts 

and films, subdermal implants, injectables, and oral tablets are also in early pre-clinical stages of 

investigation. Research on MPTs is primarily concerned with including diverse active 

pharmaceutical agents (APIs) into a single delivery modality, such as hormones, ARVs, non-

hormonal contraceptives, and biologics like monoclonal antibodies. Delivering physiochemically 

distinct agents safely, effectively, and for the same duration poses an engineering challenge. 

Competing metabolic pathways and inconsistent drug dissolution patterns are two primary 

difficulties noted in many MPT development programs. To date, there are 14 MPTs designed to 

prevent HIV and pregnancy in preclinical stages of development, one in a Phase 1 clinical trial, 
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one in a Phase 2 clinical trial, and one in consideration for premarket approval. Features of these 

products are described in Table 2.4. 

 

TABLE 2.4. Multipurpose prevention technology for HIV and unintended pregnancy. 

 

Product API Duration 
of Use 

Stage of 
Development Reference 

Copper IVR  
(Cu-IVR) Copper Unspecified Preclinical [78] 

DPV + pritelivir + 
LNG IVR 

Dapivirine, 
levonorgestrel, pritelivir 1 month Preclinical [79] 

Islatravir +  
ENG-EE IVR 

Etonogestrel, ethinyl 
estradiol, islatravir 90 days Preclinical [80] 

Pod-type ENG-EE + 
Q-Griffithsin IVR 

Etonogestrel, ethinyl 
estradiol, Q-Griffithsin 90 days Preclinical [81,82] 

mAb contraceptive + 
TDF IVR 

Monoclonal antibodies, 
tenofovir disoproxil 

fumerate 
90 days Preclinical [82] 

DOL+ RPV + 
acyclovir +  
ENG/EE IVR 

Dolutegravir, rilpivirine, 
acyclovir, etonogestrel, 

ethinyl estradiol 
30-90 days Preclinical [83] 

Contraceptive 
antibody + 
VRC01+N6 IVR 

Contraceptive antibody, 
VRC01+N6 1 month Preclinical [82,84] 

DPV + LNG IVR Dapivirine, 
levonorgestrel 90 days Phase 1 Clinical 

Trial [85] 

TVF + LNG IVR Tenofovir, levonorgestrel 90 days Phase 2 Clinical 
Trial [86] 

Yaso-GEL Polyphenylene 
carboxymethylene Coitally Preclinical [87] 
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Amphora/Q-
Griffithsin vaginal 
insert 

Citric acid, L-lactic acid, 
potassium birtartrate, Q-

Griffithsin 
Coitally Preclinical [82] 

Islatravir + progestin 
vaginal film Islatravir, progestin 1 month Preclinical [88] 

ARV/LNG Long-
acting Injectable 

Integrase inhibitors 
(TBD), levonorgestrel 3-6 months Preclinical [82] 

Subcutaneous 
Contraceptive + HIV 
Implant Engineered 
for Long-Acting 
Delivery (SHIELD) 

Unspecified Unspecified Preclinical [89] 

Ultra-Long Acting 
MPT In-situ 
Forming Implant 
(ISFI) 

Hormonal contraceptive 
(TBD), ARV (TBD) 6 months Preclinical [82] 

MPT Microarray 
Patch 

Cabotegravir, 
norelgestromin 1 month + Preclinical [90] 

Dual Prevention Pill 
(DPP)/TELE (oral) 

Emtricitabine (FTC), 
ethinyl estradiol (EE), 

levonorgestrel, tenofovir 
disoproxil fumarate 

Daily 
Clinical: 

Bioequivalence 
Study 

[91] 

 

2.5 LONG-ACTING DRUG DELIVERY SYSTEMS 

2.5.1 Overview of Diffusion-Controlled Drug Delivery Systems 

 Long-acting drug delivery systems have been developed and used clinically for a variety 

of indications including esophageal and prostate cancer, diabetes mellitus, neurological diseases, 

and eye diseases [92]. Drug release from a dosage form is controlled by a variety of mechanisms, 

including water penetration into the system, drug diffusion out of the system, swelling and 

erosion, osmotic effects, and drug dissolution [93]. Several of these processes may occur in one 

drug delivery system resulting in a sequence that is rate-limited by the slowest step. Non-
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degradable polymeric devices composed of polyurethanes, silicone, and poly (ethylvinyl acetate) 

are the most common formulations for long-acting delivery and drug release is generally 

considered diffusion driven. Physicochemical properties of the encapsulated drug itself affect its 

diffusion and partitioning; as such, drug particle size, solubility in the drug delivery matrix, 

diffusion coefficient, and partitioning coefficient influence drug release to different extents 

depending on the type of long-acting delivery device [94]. For polymeric delivery systems, 

polymer properties such as crystallinity, glass transition temperature, molecular weight, 

hydrophilicity, degradation, and swelling can impact drug diffusion and the mechanism of drug 

release [95–97]. The shape and surface area of a device also plays a role in dissolution of drug 

into the surrounding media; characteristically, a larger surface area to volume ratio results in 

more rapid dissolution of encapsulated agent [98]. For the purposes of this thesis, two distinct 

classes of nondegradable, long-acting drug delivery systems, monolithic matrix devices (Section 

2.5.2) and reservoir devices (Section 2.5.3), will be discussed here. 

 

2.5.2 Monolithic Matrix Devices 

 In a monolithic matrix device, drug is homogenously dispersed or dissolved within a rate-

controlling polymer matrix. Drug release is primarily driven by water penetration into the matrix 

and drug diffusion through the hydrated or dehydrated polymer medium in a nondegradable 

system. Insofar as describing matrix devices mathematically, it is critical to understand if a drug 

exists in the polymer as a solution, meaning it is molecularly dispersed, or as a suspension, 

meaning that the quantity of drug in the device is above the saturation solubility of the matrix 

polymer. In a monolithic dispersion, dissolved and undissolved drug exist in the matrix 

simultaneously, however, only dissolved drug is free to diffuse. A depiction of the geometries 
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and mathematical equations used to quantify drug release from monolithic matrices is presented 

in Figure 2.5.  
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FIGURE 2.5. Schematic by Siepmann and Siepmann depicting various geometries of 
monolithic solutions and dispersions. Exact solutions are valid for the entire release period, 
while approximate solutions are valid for early and late time periods indicated. Variables not 

indicated in the schematic are diffusion coefficient (D), mass released (Mt) and total mass (M¥), 
saturation solubility (cs), initial concentration of drug (cini), and total amount of drug present in 

the matrix per unit volume (A) [93]. 
 

Fick’s first and second law of diffusion inform the approximate solutions of drug 

dissolution depicted above. Fickian diffusion is based on several assumptions: (1) diffusional 

mass transport is rate-limiting, (2) the diffusion coefficient is constant, (3) dissolution occurs in 

perfect sink conditions, (4) swelling is not significant, or swelling occurs rapidly and quickly 

reaches equilibrium, (5) significant erosion does not occur, and (6) mass transfer resistance due 

to unstirred boundary layers on the surface of the device is negligible [93]. An important 

mathematical solution describes drug release from a monolithic solution with slab geometry: the 

Higuchi equation. In 1961, Takeru Higuchi derived a famously simple equation considering 

release of drug from a thin ointment film into the skin [99]: 

𝑀! = 𝐴$𝐷𝑐"(2𝑐#$# − 𝑐") ∙ 𝑡 

Here, Mt is the mass of drug released at time t, A is the surface area, D is the diffusion 

coefficient, cs is the saturation solubility of drug in the matrix, and cini is the initial concentration 

of drug in the matrix. Higuchi considered several conditions that are more or less congruent with 

the assumptions that define Fickian transport; diffusion is rate-limiting, the device is 

nonswellable, dissolution occurs in perfect sink conditions, drug is homogenously distributed, 

the diffusion coefficient is constant, and edge effects are negligible [100]. The simplified 

Higuchi equation makes use of a constant of proportionality, kH, between drug release and the 

square root of time, that has a specific and physically realistic meaning [101]: 

𝑄 = 𝑘%√𝑡 , where 𝑘%	 = 𝐴$2𝑐#$#𝐷𝑐" 
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Here, Q is the amount of drug released after time t. 

Higuchi also described drug release from a granular matrix, in which diffusion proceeds 

through granular vacancies in the matrix space. Compared to the classical Higuchi equation, the 

granular matrix equation is adjusted for the effective volume where diffusion can occur and the 

effective diffusional pathlength [102]: 

𝑄 =	1
𝐷𝜀
𝜏
(2𝐴 − 	𝜀𝐶") ∙ 𝐶"𝑡 

Here, D represents the diffusivity of drug in the permeating fluid, e is the porosity of the matrix, 

t equals the tortuosity factor of the matrix system, and Cs is the solubility of the drug in the 

permeating fluid. All other variables are the same as defined above. This equation is based on the 

assumptions that drug particles are quite small relative to the average distance of diffusion, are 

relatively distributed throughout the matrix, and A is greater (3-4 times) than Cs and eCs [103]. 

The effects of matrix swelling, porosity, and erosion are described by this modified Higuchi 

equation: an increase in these parameters results in an increase in the rate of dissolution. 

Conversely, and increase in the tortuosity of the matrix, which can be impacted by degree of 

crystallinity, chain relaxation, and glass-transition temperature of a polymer, decreases the rate 

of dissolution. Ultimately, the Higuchi equation and its variations provide a powerful and simple 

description of parameters that affect drug release from monolithic dispersions and the square-

root of time relation is widely applicable to Fickian-diffusion in a matrix device. 

 Despite its simplicity and widespread use, the Higuchi equation does not describe all 

mechanisms of drug release from a polymeric system and specifically excludes swellable 

matrixes. In order to prevent misuse of Higuchi or other mechanistic models, Ritger and Peppas 
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[104,105] and Korsmeyer and Peppas [106] developed an equation to analyze Fickian and non-

Fickian release of drug from swellable and nonswellable polymer delivery systems, given by: 

𝑀!

𝑀'
= 𝑘𝑡$ 

Where k is a rate constant and n is the release exponent indicative of the mechanism of transport 

of drug through the matrix. This equation is only valid for the first 60% of cumulative drug 

release from a device. Classification of drug release mechanisms based on the value of n is 

presented in Table 2.5.  

 

TABLE 2.5. Korsmeyer-Peppas characterization of drug release [102,107]. 

Release exponent (n) 
Drug transport 

mechanism 
Drug release 
mechanism 

Thin film Cylinder Sphere 

n < 0.5 n < 0.45 n < 0.43 Quasi-Fickian 
diffusion Non-swellable 

matrix diffusion 
n = 0.5 n = 0.45 n = 0.43 Fickian diffusion 

0.5 < n < 1.0 0.45 < n < 0.89 0.43 < n < 0.85 Anomalous (Non-
Fickian transport) 

Diffusion and 
matrix 

relaxation 

n = 1.0 n = 0.89 n = 0.85 Case II transport Zero-order 
release 

n > 1.0 n > 0.89 n > 0.85 Super case II 
transport 

Relaxation/ 
erosion 

 

Understanding and mathematically describing the mechanism of drug release from a 

polymeric matrix device is a critical tool in identifying formulation parameters that affect drug 

release and predicting release timescales from dissolution data. This allows for rapid iteration 

and characterization of monolithic devices for long-acting drug release applications. 



 51 

 

2.5.3 Core-Sheath Reservoir Devices 

 A reservoir system, also called a “core-sheath system,” contains drug dissolved or 

dispersed within a core material that is surrounded by a release rate controlling membrane 

material. Like a monolithic device, it is critical to understand whether the drug is molecularly 

dispersed in the core material or if it is above the wetted material’s saturation solubility [94]. A 

reservoir device with soluble drug in the core is said to have a “non-constant activity source,” 

meaning that once drug dissolves out of the rate controlling membrane into surrounding sink 

conditions, it is not replenished by a depot of drug remaining in the core. The amount of drug 

remaining in the dosage form as a function of time is an exponentially decreasing curve, thus 

first order release kinetics are observed for reservoir devices with a nonconstant activity source. 

A reservoir system in which a drug is above the saturation solubility of the core material is said 

to have a “constant activity source” in which molecularly dispersed (soluble) drug molecules are 

available for dissolution through the membrane and are rapidly replaced by the partial 

dissolution of remaining drug in excess. In all cases of dissolution from a reservoir device with a 

constant activity source, the cumulative amount of drug released increases linearly with time, 

thus, zero-order release kinetics are observed. Mathematical descriptions of drug release from 

non-constant and constant activity source reservoir devices of varied geometries are depicted in 

Figure 2.6. 
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FIGURE 2.6. Schematic by Siepmann and Siepmann depicting various geometries of 

reservoir devices with nonconstant and constant activity sources. Variables not indicated in 
the schematic are the diffusion coefficient of the membrane (D), the partition coefficient between 

the core and the membrane (K), reservoir volume (V), mass released (Mt) and total mass (M¥), 
and saturation solubility of drug in the core (Cs) [94]. 

 

A noteworthy equation for a cylindrical reservoir with a constant activity source was 

derived by Baker and Lonsdale; it highlights the dependency of drug release rate on the sheath 

membrane thickness, diffusivity in the sheath polymer, and solubility in the core polymer [108]. 

Such mathematical approximations are useful in determining design parameters for reservoir 

devices and predicting the duration of sustained release, which is particularly valuable for very 

long-acting reservoir systems in which the full duration of release is experimentally difficult to 

capture. Bao et al. demonstrated the use of zero-order and first-order model fitting to in vitro 

release data obtained from a levonorgestrel-releasing IUD reservoir device [109]. This work 

allowed for prediction of the half-lives of LNG-IUDs in various in vitro dissolution conditions 

and elucidated transport mechanisms underlying accelerated release.  

A primary challenge in predicting drug release from a constant or non-constant reservoir 

system is obtaining values for diffusivity and saturation solubility of drug in sheath and core 
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polymers, respectively. These parameters can be determined experimentally, though the fidelity 

of determined values is often low [110]. Moreover, two confounding properties can cause 

deviations in the “ideal” behavior of reservoir devices at early time points. After the preparation 

of a reservoir dosage form, if the device is immediately subject to in vitro release testing or 

clinical use, the rate-controlling membrane can be devoid of drug; therefore, it takes some time 

for drug to diffuse through the membrane which leads to an underestimation of drug release. This 

is called the lag-time effect [94]. On the other hand, if a drug is allowed sufficient time to 

equilibrate into the rate controlling membrane during long-term storage, the membrane will 

become saturated with drug and result in concentration gradients that are not representative of 

steady state. This is called a burst effect and results in overestimation of drug release [94]. 

Despite these noted discrepancies, mathematical models are useful to understand and predict 

underlying factors that drive drug release from reservoir devices. Reservoir devices are highly 

amenable to long term drug delivery because of the ability to load high quantities of drug without 

affecting release kinetics given that drug is loaded above the saturation solubility. Applications 

of reservoir devices in contraception and PrEP will be further discussed (Section 2.5.4). 

 

2.5.4 Review of Long-Acting Delivery Systems for Contraception and PrEP 

 From a technical perspective, many LARC methods provide a strong premise for 

sustained delivery of active agents to the female reproductive tract. These devices often combine 

one or more of the monolithic and reservoir DDS strategies, or variations of the two, to achieve 

innovative control over API stability and release. Two LARC modalities, the levonorgestrel IUD 

and subdermal implant, utilize core-sheath reservoirs to offer sustained, near-zero-order release 

of contraceptive agents. The Nexplanon and Implanon implants are 4 cm long and 2 mm in 
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diameter consisting of an ethylene vinyl acetate (EVA) copolymer core loaded with 68 mg of 

etonogestrel surrounded by an EVA sheath [111]. The implant releases 60-70 µg of etonogestrel  

per day in the first two months, decreasing to 20-30 µg/day at the end of the third year with 

serum concentrations around 153 ± 52 pg/mL at this terminal timepoint (36 months).  

The Mirena IUD contains 52 mg of levonorgestrel in a silicone-based core surrounded by 

a drug-free silicone sheath that mediates the release of approximately 20 µg of LNG per day 

[112]. The release rate of LNG declines over time to approximately 10 µg/day after 5 years, at 

which point the IUD is typically replaced. Upon removal of the LNG-IUD, approximately half of 

the loaded drug content remains in the device. One published in-vitro-in-vivo correlation exists, 

reporting a 1.165 ratio between in vitro and in utero release of LNG from the Mirena IUD [113]. 

The pharmacokinetics of local, long-term, sustained release of LNG into the uterine cavity 

results in stable plasma concentrations ranging from 180.66 pg/mL (12 months of use) to 159.59 

pg/mL (60 months of use); plasma levels do not display peaks and troughs like those seen with 

OCPs and implants [112]. 

Intravaginal rings are the most advanced stage delivery modality for MPT and represent 

various design strategies for sustained drug delivery. The standard IVR design involves a 

silicone matrix ring, in which contraceptive and/or microbicidal API is directly incorporated into 

the polymer matrix [86]. This approach poses formulation challenges, particularly for delivery of 

multiple agents, as control over drug stability, release kinetics, and drug-drug interactions can be 

difficult. Segmented, dual reservoir IVRs have also been described, in which two unique core-

sheath reservoir configurations are combined into a single device for orthogonal delivery of both 

APIs [87]. Pod-type IVRs have also been investigated wherein a solid silicone ring is produced 

by injection molding and vacancies are introduced to the matrix to create “pods” where tablet-
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like formulations of API are packaged. Pod-type IVRs can formulate biologics, such as 

monoclonal antibodies [114] as well as small molecule agents [115,116] for multipurpose 

prevention. Release of encapsulated agent is controlled by the number of pods, drug loading in 

the pods, and the type and amount of sealant that encloses the pod. Modular designs such as 

segmented and pod IVRs afford greater control over drug release of multiple APIs and inspire 

development of further iterations of long-acting MPT. 

 

2.6 DRUG DELIVERY AND TRANSPORT IN THE FEMALE 

REPRODUCTIVE TRACT 
 

 In order to design drug delivery systems that achieve high API accumulation in the 

female reproductive tract, it is important to understand transport mechanisms that affect local 

pharmacokinetics. Perhaps the most studied FRT delivery phenomenon is the uterine first pass 

effect. In 1997, De Ziegler et al. first proposed that vaginally administered drugs are 

preferentially delivered to the uterus via a direct transport mechanism [117]. Researchers 

studying the effects and pharmacokinetics of progesterone (P) delivered vaginally discovered a 

paradox: P administered vaginally caused predictable and significant secretory transformation of 

the endometrium but resulted in sub physiological levels of the hormone in plasma. By contrast, 

orally administered P resulted in high plasma levels coupled with weak endometrial effects. In a 

direct comparison of intramuscular versus vaginally administered P, steady state plasma 

concentrations were 69.8 ± 5.9 ng/mL and 11.9 ± 1.2 ng/mL, respectively. However, endometrial 

tissue concentrations of P were 10-times greater after vaginal administration than intramuscular 

[118].  These findings have been replicated for a variety of active agents, including the androgen 
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danazol [119], estradiol [120], misoprostol for medical abortion [121], and mifepristone for 

treatment of uterine leiomyomata [122].  

The physiological mechanism by which this occurs is linked to a local “portal” system 

between the vagina and the uterus that has been explained by four theories [123]. The first 

possible explanation is direct diffusion through local tissues. Bulletti et al. provided evidence for 

this theory in an in vitro extracorporeal perfusion non recycling system [124]. Labelled 

progesterone was placed on vaginal tissue that remained attached to the cervix after 

hysterectomy; output of P through the uterine vein was monitored in parallel with endometrial 

tissue concentrations of P. Absorption in the uterine vein peaked after 1-2 hours before declining, 

while endometrial P peaked at 5 hours. Due to the open perfusion system, endometrial P could 

not have been the product of circulatory distribution, thus the existence of a passive diffusion 

mechanism was suspected. The second theory involves passage of drug through the cervical 

lumen (aspiration) by way of uterine peristalsis. Wildt et al. demonstrated this theory utilizing 

sperm-sized aggregates of labelled human serum albumin that, upon vaginal placement, migrated 

within minutes to the utero-tubal junction [125]. Upon thoroughly washing the cervical canal, 

labelled albumin activity immediately disappeared, suggesting that intraluminal transport exists 

at least for sperm-sized particles. This is perhaps not surprising considering the natural 

movement of sperm up the cervical canal during the peri-ovulatory period, in which aspiratory 

peristaltic movements towards the fallopian tubes are at their peak. However, this finding is 

significant given particle movement in the absence of active propulsion present on spermatozoa. 

In the luteal phase, dominated by progesterone, uterine contractions favor movements radiating 

from the fundus to favor embryo implantation [126]. However, during menstruation, 

prostaglandin-mediated contractions propel endometrial layers from the uterus to the vaginal 
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canal. This pattern of pelvic contractility potentiates uterine-to-vaginal transport via the cervical 

lumen. 

A third theory describes transport via the venous or lymphatic circulatory systems; this is 

premised by the anatomy of lymphatic vessels that run from the cranial part of the vagina 

towards the uterine cervix, which eventually join and meet the hypogastric lymph glands [123]. 

Much less is known about uterine-to-vaginal transport through the circulatory system, though 

bidirectional transport between the uterus and ovaries has been described and is understood by 

the endocrine influence of the endometrium on the ovaries. Here, prostaglandins, peptide- and 

steroid-hormones diffuse between venous and arterial vessels of the uterus and ovaries [123]. 

Given the proximity of uterine lymphatics to the vaginal tract and the fact that the uterine body, 

cervix, and upper third of the vaginal tract all drain to the external iliac lymph node, it is possible 

that direct transport of substances from the uterus to the vaginal tract via lymphatic circulation 

can occur. Finally, countercurrent exchange between the utero-ovarian vein and the ipsilateral 

ovarian artery is proposed due to the close proximity of afferent and efferent vessels in the upper 

third of the vagina and uterus. Indeed, the vaginal venous plexus tightly coils around branches of 

the uterine artery, creating a high surface area of contact that favors diffusion of substances. This 

theory was experimentally validated by the observation that upon vaginal administration of 

progesterone, P concentrations in the uterine artery were significantly higher than in the radial 

artery [127]. Countercurrent transport in the uterine-to-vaginal direction is also a possibility; the 

uterine veins coil tightly around the uterine artery, which branches into the superior vaginal 

arteries thus providing an opportunity for transport between efferent uterine vessels and afferent 

vaginal blood supply. 



 58 

Despite a lack of information on uterine-to-vaginal transport, it is known that uterine 

delivery of drugs results in high local tissue concentrations within the upper FRT. Nilsson et al. 

measured the concentration of LNG in endometrial, myometrial, fallopian, and fat tissue in 

hysterectomized uteri in which either a hormonal IUD was inserted 36 to 49 days prior to surgery 

or oral LNG was administered for 7 days [128]. Endometrial tissue concentrations were 

significantly higher in the IUD group than the oral group, measuring approximately 808 ng/g of 

wet tissue versus 3.5 ng/g of wet tissue, respectively. LNG concentrations in plasma (202 vs 559 

ng/g), myometrium (2.34 vs 1.42 ng/g), and the fallopian tubes (1.8 vs 1.7 ng/g) were not 

significantly different between IUD and oral groups, respectively. The accumulation of locally 

delivered drug to the anatomical site of action represents an advantage of local drug delivery in 

the FRT. This is the only study that provides evidence for local pharmacokinetics of 

intrauterinely delivered drugs reporting more than just plasma PK. Pursuant to studies on the 

uterine first-pass effect, the influence of drug diffusion in tissue and cervical lumen, as well as 

angio- and lymphatic architecture, on transport in the FRT and its clinical significance in 

developing local drug delivery systems remains to be fully realized. 

 

2.7 CONCLUSION 

 The HIV/AIDS epidemic and the burden of unintended pregnancy pose major barriers to 

the health, economic, and social success of women globally. These burdens are exacerbated in 

regions such as sub-Saharan Africa, where HIV disproportionately affects women and where 

modern contraceptive prevalence, particularly long-acting reversible contraception, is low. Daily 

oral pre-exposure prophylaxis requires burdensome dosing regimens that must be adhered to 

perfectly to afford protection in the lower female reproductive tract. Innovations in multipurpose 
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prevention technology promise to offer protection against both HIV and unwanted pregnancy 

with discreet, acceptable, and long-acting delivery modalities. Despite their promise, MPTs face 

developmental barriers in formulating multiple physicochemically diverse agents into stable 

DDS that offer optimized release kinetics. Understanding the design and drug transport 

mechanisms of long-acting delivery systems and their current applications in contraception and 

PrEP offers insight into formulation strategies for next-generation MPT devices. Moreover, 

considering the physiology of the female reproductive tract and local drug transport phenomena 

informs topical drug delivery approaches that can favorably partition to the FRT. The synthesis 

of this knowledge into the development of long-acting MPT has the potential to alter the 

landscape of contraception and PrEP and improve the lives of women and girls globally. 
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Chapter 3.  IMPACT OF THE COVID-19 PANDEMIC ON ACCESS 
TO AND UTILIZATION OF SERVICES FOR SEXUAL AND 
REPRODUCTIVE HEALTH (SRH): A SYSTEMATIC SCOPING 
REVIEW 
 
Adapted from:  Impact of the COVID-19 Pandemic on Access to and Utilization of Services for 
Sexual and Reproductive Health (SRH): A Systematic Scoping Review. VanBenschoten H, 
Kuganantham H, Larsson EC, Endler M, Thorson A, Gemzell-Danielsson K, Hanson C, Ganatra 
B, Ali M, Cleeve A. BMJ Global Health (2022). 
 

 

 3.1 ABSTRACT 

Introduction: The COVID-19 pandemic has negatively impacted health systems globally and 

widened preexisting disparities. We conducted a scoping review on the impact of the COVID-19 

pandemic on women and girls' access to and utilization of sexual and reproductive health (SRH) 

services for contraception, abortion, gender-based and intimate partner violence (GBV/IPV), and 

sexually transmitted infections (STIs). 

 

Methods: We systematically searched peer reviewed literature and quantitative reports, 

published between December 2019 and July 2021, focused on women and girls' (15–49 years 

old) access to and utilization of selected SRH services during the COVID-19 pandemic. Included 

studies were grouped based on setting, SRH service area, study design, population, and reported 

impact. Qualitative data were coded, organized thematically, and grouped by major findings. 

 

Results: We included 83 of 3067 identified studies and found that access to contraception, in-

person safe abortion services, in-person services for GBV/IPV, and STI/HIV testing, prevention, 

and treatment decreased. The geographical distribution of this body of research was uneven and 
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significantly less representative of countries where COVID-19 restrictions were very strict. 

Access was limited by demand and supply side barriers including transportation disruptions, 

financial hardships, limited resources, and legal restrictions. Few studies focused on 

marginalized groups with distinct SRH needs. 

 

Conclusion: Reports indicated negative impacts on access to and utilization of SRH services 

globally, especially for marginalized populations during the pandemic. Our findings call for 

strengthening of health systems preparedness and resilience to safeguard global access to 

essential SRH services in ongoing and future emergencies. 

 

 3.2 INTRODUCTION 

Since the onset of the coronavirus disease 2019 (COVID-19) pandemic, direct and 

indirect effects of COVID-19 on health systems have been documented globally. Primary effects 

of infection with the coronavirus and secondary effects of public health and policy responses 

have exerted unequal health burdens among various populations [128,129]. Infectious disease 

outbreaks are known to negatively affect human, social, physical, and financial capital – 

livelihood assets that contribute to treatment seeking – leaving people more vulnerable to limited 

access and utilization of healthcare including sexual and reproductive health (SRH) services. 

Indeed, SRH care and outcomes have reportedly declined as a result of the COVID-19 pandemic 

and associated mitigation efforts such as lockdowns [130,131]. At its onset, the public health 

crisis threatened hard-won progress towards modern contraceptive coverage targets set by the 

Sustainable Development Goals (SDGs); the United Nations Population Fund (UNFPA) 

estimated that the pandemic interfered with contraceptive use for about 12 million women 
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resulting in as many as 2.7 million unintended pregnancies in its first year [132]. In addition, 

Marie Stopes International estimated that there were 1.2 million unsafe abortions in the first 6-

months of the pandemic alone [133]. The ongoing threat to safe abortion access is perpetuated by 

an increase in circumstances that lead to unsafe abortions, such as restrictive abortion policies 

[134], increased poverty among women [135], and clinic closures caused by the pandemic [133]. 

Another vulnerable area of SRH is sexually transmitted infections (STIs) that continue to 

dominate the healthcare burden of many regions; indeed, HIV is a major global health issue with 

AIDS being leading cause of death among women of reproductive age [17]. At the beginning of 

the pandemic, it was estimated that in high-burden settings, there could be a 10% increase in 

deaths due to HIV over 5 years caused by the effect of the COVID-19 pandemic on HIV 

programs [137,138].  

Reduced access to SRH services in the wake of the pandemic is of heightened concern 

considering the gendered impacts of the pandemic that aggravated existing health disparities for 

women and girls [133]. Containment measures established in response to the pandemic increased 

the incidence of negative SRH outcomes for women and girls, particularly in low-and-middle 

income countries. For instance, school closures resulted in increased risk and incidence of 

pregnancy among adolescent girls in regions of sub-Saharan Africa, thus exacerbating their SRH 

needs as far as contraception and safe abortion [139,140]. The COVID-19 pandemic also saw 

increased rates of domestic violence across the globe correlated with increased household 

economic insecurity, additional childcare work, loss of social networks, and isolation – each of 

which are risk factors for increased violence that disproportionately affects women and, in turn, 

hinder the ability of women to seek help [128,141]. As the pandemic drove an increase in certain 

SRH needs, the ability to access and utilize SRH services remains critical. Understanding where, 
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how, and for whom access to SRH services was most impacted is essential to ensuring continued 

restoration of SRH service coverage. 

Several reviews have synthesized literature regarding the COVID-19 pandemic and its 

impact on the health of women and girls. These have primarily focused on maternal and perinatal 

health [142–145], sexual health and behavior [144,146], menstrual cyclicity and pregnancy 

intentions [147], and the adoption of practice recommendations for reproductive health services 

amid the pandemic [148]. In this current review, we sought to assess the impact of the COVID-

19 pandemic on access to and utilization of four key SRH service areas that represent major 

health needs among women and girls of reproductive age: contraception, abortion, gender-based 

violence (GBV) and intimate partner violence (IPV), and sexually-transmitted infections (STIs), 

including HIV. These SRH services have, apart from contraception [144], not been included in 

aforementioned reviews [15,16, 18-21], nor have prior reviews reported evidence regarding the 

specific barriers imposed by the pandemic, included evidence beyond the first year of the 

pandemic, or synthesized both qualitative and quantitative data on a global scale. Here, we aimed 

to identify geographical, demographic, and thematic research gaps and to describe the findings of 

included research, including barriers to accessing SRH services and the impact of the COVID-19 

pandemic on groups with distinct SRH needs.  

 

 3.3 MATERIALS AND METHODS 

3.3.1 Study design 

 We adopted methods from a scoping review framework [149] and followed the Preferred 

Reporting Items for Systematic Reviews and Meta-Analysis extension for Scoping Reviews 

(PRISMA-ScR) checklist [150]. The study protocol was registered at the open science 
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framework and can be accessed via osf.io/2tk9j. The objectives were to: 1) describe the impact 

of the COVID-19 pandemic on access to and utilization of SRH services; 2) identify research 

and knowledge gaps in relation to how the COVID-19 pandemic has impacted access to and 

utilization of SRH services and 3) identify barriers to access and utilization. In order to 

successfully meet these objectives, we utilized the population, concept, and context (PCC) 

framework [151]. 

 

Population: Women and girls of reproductive age (15-49 years old) seeking SRH services. The 

term “women and girls” is used throughout this review and seeks to encompass all individuals 

seeking SRH services directed towards people who can become pregnant, have female 

reproductive anatomy, or may be victims of gender-based violence. We acknowledge that not all 

individuals who seek SRH services identify as women. 

 

Concept: Access to and utilization of selected SRH services for women and girls. Access is 

defined as (any measure of) an individual’s ability to seek, reach, and receive SRH services 

during the COVID-19 pandemic, which implicates measures of behavioral, logistic, 

infrastructural, organizational, or policy changes made in response to the pandemic including the 

impact of lockdowns on these functions [152]. We defined utilization as any measure of peoples’ 

self-reported or provider’s noted use of SRH services, either in-person or remote through 

telehealth approaches.  

 

Context: Any country in which the COVID-19 pandemic impacted access to/utilization of 

selected SRH services. 
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3.3.2 Data sources and literature search 

 We conducted searches of peer reviewed journals and grey literature in five electronic 

databases: PubMed, Web of Science, CINAHL, Global Health, and WHO Global Index 

Medicus. Searches were conducted without any limitation with regards to geography, language, 

or year. Search terms related to COVID-19 were used as previously defined by Lazarus et al. 

[153]. A detailed description of our search strategy is available in Supplementary Material 

(Appendix 1). We also searched the reference list of all studies relevant to our research question 

for additional studies. 

 

3.3.3 Study selection 

 Prior to screening, all references retrieved from searched databases were imported into 

Covidence (Covidence, Melbourne, Australia) and duplicates were removed. HV and HAK 

screened all abstracts and titles, excluding studies that did not pertain to the SRH focus areas or 

address the research question. Next, HV and HK screened the full texts of all studies remaining 

after the title/abstract screening phase. EL arbitrated conflicts at both stages of screening through 

mediated discussion. 

 

3.3.4 Eligibility criteria 

This study included original, English language, peer reviewed research studies presenting 

quantitative and/or qualitative data, and primary quantitative reports/letters on clinical/program 

data from service providers, published between December 2019 to July 2021. These include 

studies that investigated the impact of the COVID-19 pandemic in relation to four SRH focus 
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areas (contraception, safe abortion, GBV/IPV STIs including HIV), with data on SRH service 

access/utilization by women and girls of reproductive age (15–49 years old). We excluded any 

study that reported effects of the SARS-CoV-2 virus/disease and only included studies that 

considered impacts of the COVID-19 pandemic response and/or mitigation measures. We 

excluded studies that did not meet the inclusion criteria on the basis of language, study dates, 

study type, and SRH focus area. We also excluded studies on men as other reviews have focused 

on the SRH needs of this group during the COVID-19 pandemic [146]. 

 

3.3.5 Data extraction 

 Data was extracted by HVB using Covidence Data Extraction 2.0. Extracted information 

from each article included, country, study setting (urban vs. rural), SRH service subject area(s), 

subgroups with distinct SRH needs included in analysis, metrics (units of measurement), and 

impact of the COVID-19 pandemic. Country income group and geographical region were 

recorded and classification applied according to the World Bank list of economies (June 2020) 

[154]. 

 

3.3.6 Reporting the results 

 We synthesized a narrative account of the major findings of included studies regarding 

the impact of the COVID-19 pandemic on access and utilization of the four key SRH services. 

Studies were grouped by SRH focus area, study design, setting, study population and 

directionality (increase/decrease) in terms of the impact on access and/or utilization. Qualitative 

manifest data were coded inductively and grouped into themes representing the major findings 

relating to how the pandemic impacted access and utilization. 
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3.3.7 Patient and Public Involvement 

 Patients and the public were not involved in the design, conduct, reporting, or 

dissemination plans of this review. 

 

 3.4 RESULTS 

3.4.1 Screening results 

 After the initial systematic search, a total of 4186 studies were identified with 1120 

duplicates removed. The remaining 3079 studies were subject to title and abstract review; 2671 

were excluded at this screening phase. Following the screening of 421 full texts, 83 studies were 

included in the review. The PRISMA flow-chart mapping the results of this screening process is 

displayed in Figure 3.1. 
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FIGURE 3.1. PRISMA flow-chart of included studies. 

 

3.4.2 Characteristics of included studies 

 Studies were conducted in all seven major geographical (World Bank) regions of the 

world; 28% of the studies were done in North America [155–177], 28% in sub-Saharan Africa 

[178–200], 20% in Europe and Central Asia [201–217], 8% in East Asia & Pacific [218–224], 
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5% in Latin America and the Caribbean [225–228], 2% in South Asia [229,230], and 1% in the 

Middle East and North Africa [231]. Studies were conducted in more than 34 countries. Of all 

included studies, 10 were conducted in multiple countries (5 or more) [206,207,212,217,232–

237], six of which spanned multiple geographical regions [232–237]. Supplementary Table 3.1 

(Appendix B) displays the characteristics of included studies.  

There was a relatively even distribution of studies across the focus areas: 30 (36%) 

provided evidence on the impact of COVID-19 on access to or utilization of contraceptive 

services, 21 (25%) on abortion services, 20 (24%) on GBV/IPV services, and 33 (40%) on STI-

related services. Studies were conducted in a variety of economic settings and among subgroups 

with specific SRH needs. Almost half (49%) of the included studies were conducted in high 

income countries, 16% in upper middle-income countries, 12% in lower middle-income 

countries, 12% in low-income countries, and 11% in multiple countries with a mix of economic 

classifications. While most studies (61%) did not specify setting, a quarter took place in urban or 

peri-urban regions, 8% in rural areas, and 7% directly compared outcomes in urban versus rural 

areas. Figure 3.2 illustrates the distribution of studies among each of the four SRH service focus 

area by region and by study type. 
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FIGURE 3.2. Distribution of studies by region, SRH service area, and study design (n=83). 

 

3.4.3 Findings from included studies 

 Figure 3.3 illustrates the number of studies providing evidence within the respective SRH 

service areas, and the directionality of changes to access/utilization. Below, we present our 

findings per SRH service area. 
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FIGURE 3.3. Relative impact of COVID-19 on access and utilization of SRH services 

(n=83). 
 
 

3.4.3.1 Contraception services 

 Nearly one-third of studies (24, 30%) provided evidence of a decrease in access or 

utilization of contraceptive services, evenly distributed across various contexts and populations 

[155,156,162,164,167,169,174,178–

180,190,195,198,200,202,205,210,215,218,220,224,231,236,237]. Utilization of short-acting 

reversible contraception (SARC) was analyzed by four studies in total [174,178,195,215], all of 

which provided evidence of reduced utilization. Of these studies, two conducted in sub-Saharan 
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Africa showed mixed results with an increase in SARC utilization in some clinical contexts 

[178,195]. Nonetheless, a large majority of included studies showed a decline in access to and 

utilization of long-acting reversible contraception (LARC). Included studies found substantial 

declines in the administration of injectables and placement of LARCs 

[156,164,178,179,195,198,205,237], a reduction in tubal ligation procedures [179], challenges 

with scheduling LARC removal [156], and reduced provision of emergency contraception 

[156,202,205]. 

Many studies referenced access to contraceptive services more broadly – not specified by 

LARC/SARC – and fifteen reported decreases in family planning attendance, appointment 

availability, and declines in unspecified contraceptive method utilization 

[155,162,169,179,180,190,195,200,202,210,218,220,224,231,236]. For instance, Belay et al. 

noted a 27% reduction in clinic visits for contraception and a 67% reduction in postpartum visits 

in one tertiary hospital in Ethiopia [179] while 55% of clinics surveyed in a study in the United 

States (US) had to cancel or postpone contraceptive visits due to the pandemic [162]. More 

generally, among a survey of SRH clinicians and stakeholders in 29 countries, 86% perceived 

that access to contraceptive services was less or much less because of the pandemic [236]. Only 

one study showed a slight increase in overall contraceptive utilization in sub-Saharan Africa 

[181]. 

 

3.4.3.2 Safe abortion services 

 In-person services for abortion were overwhelmingly curtailed during COVID-19 while 

remote services, such as online consultations for mailed medical abortion pills, saw an uptick in 

use. Fourteen studies documented a decrease in access to or utilization of abortion services, 
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including in-person services such as testing and consultations, medical abortion dispensation, 

and surgical abortion procedures [157,160–162,167,178,179,200,207,214,216,220,230,236]. 

These studies, which generally took place in areas with restrictive abortion policies, described 

precipitous drops in abortion clinic operations, evidenced by a 16% reduction in safe abortion 

services in Ethiopia [179], a 38% decrease in abortions performed in Texas [157], closure of 

35% and 21% of SRH clinics providing abortion in the South and Midwest of the US, 

respectively [162], and a 26% decline in women accessing safe abortion services during 

lockdown in Nepal [230]. Several studies reported difficulty accessing in-person services, which 

led some abortion clinics to remove requirements for ultrasounds and Rh factor testing to reduce 

the need for in-person visits [160,161,214]. Access to postabortion care was negatively impacted 

as reported in China [220], Ethiopia [179], Uganda [180], and Belgium [216]. Two studies 

described an increase in abortion service utilization at tertiary care facilities in the US [176] and 

among teenagers in Ethiopia [195]. 

 Decreases in access or utilization of remote or partially remote abortion services were 

described by three studies [88,89,108]. Endler et al. and DeKort et al. observed declines in at-

home medical abortion utilization and Aiken et al. found that telemedicine abortion requests 

through Women on Web (WoW), an online telemedicine abortion service, increased significantly 

in Portugal, Italy, Hungary, Malta, and Northern Ireland, while they decreased significantly in 

the United Kingdom (UK). This decrease is speculated to be caused by a change in abortion 

legislation in the UK, whereby access to no-test abortions through the formal health sector 

significantly increased [217]. Several countries made policy changes during the pandemic to 

allow for medical abortion through telemedicine; these policy changes were more likely to be 

implemented in countries with liberal abortion laws, compared to countries with strict abortion 
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laws [217]. Nine studies found an increase in access and utilization of remote or partially remote 

abortion services in countries with relatively liberal abortion laws [157,159–

161,170,177,207,214,238].  

  

3.4.3.3 Gender-based and intimate partner violence services 

 Studies (14, 17%) on the impact of the COVID-19 pandemic on services for GBV/IPV 

described decreases in access or utilization of in-person services 

[155,158,163,165,166,172,173,175,201,203,204,208,211,213,225,228,229,232,234,236]. These 

studies described limited access to information and service availability [213,229,232,234,236], 

diversion of resources for GBV and sexual assault examinations to COVID-19 relief and limited 

medical resources to support survivors [158,165,166,208,232], a decrease in vacancies in shelters 

and operational capacity of safe-housing services [158,201], curtailed mutual aid, community 

support, advocacy, and intervention services [163,201,203,229], and challenges or delays in 

seeking support upon being quarantined with an abuser [155,173]. A multi-country survey found 

that financial instability and mobility restrictions robbed many women of the resources and 

mechanisms needed to leave the perpetrator of violence and seek refuge [234]. 

 Generally, remote (not in-person) services for GBV and IPV saw higher rates of 

utilization during the COVID-19 pandemic compared to before the pandemic. Indeed, eight 

studies found increases in utilization of remote services for women experiencing GBV or IPV in 

HIC and UMIC [158,172,203,204,211,225,228,232]. Calls to domestic violence helplines and 

antiviolence centers increased in Argentina [225], Spain [203,204], Italy [211], Peru [228], 

Malaysia, China, Somalia, Tunisia, Uruguay, Saint Vincent and Grenadines, Kenya, India, and 

Zimbabwe [232]. Wood et al. described a 51% increase in video conferences to provide client 
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services at IPV and sexual assault-oriented agencies in the US [158], and Krishnamurti et al. 

found an increase in utilization of an app-based IPV assessment during the shelter-in-place order 

in the US [172]. Despite a general increase in remote service utilization, three studies 

documented decreases in utilization of mobile services; two of these took place in the US and 

found decreases in calls to “911” and a sexual assault crisis hotline [175] and reduced use of 

helplines by immigrant women experiencing IPV [163]. In a multinational survey led by the 

United Nations, decreases in calls to helplines, hotlines, police, and health centers in Ethiopia, 

Nepal, Trinidad and Tobago, and Rwanda were reported [232]. 

 

3.4.3.4 STIs/HIV services 

 Nearly half of included studies (40, 48%) found a decrease in access or utilization of 

STIs/HIV services [162,167,168,171,180,182–189,191–193,196–200,206,212,218–

223,227,231,233,235]. STI testing reductions were reported in Uganda [180], the US [162], 

Jordan [231], Thailand [222] and Uganda [187]. Simões et al. found that 95% of community STI 

testing clinics in 53 countries in Europe and Central Asia experienced decreased testing for all 

STIs [206], while Nagendra et al. and Chow et al. noted significant reductions in asymptomatic 

STI screening in the US and Australia, respectively [167,223]. Two US studies also reported 

reductions in testing volumes for chlamydia and gonorrhea [168,171]. The negative impact of the 

pandemic on HIV testing was documented in two studies in Kenya [188,193], one in the US 

[167], and one in Myanmar [221]. Access to STI prevention services was also negatively 

impacted by the pandemic as documented by five studies. Among these findings were an 80% 

decrease in PrEP initiations and follow-up in the US [167], qualitative reports of reduced barrier 

prevention and PrEP outreach services for sex workers in Myanmar [221], Thailand [222], and 
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Kenya [198], and increased incidence of missed PrEP follow-up visits among vulnerable women 

in South Africa [199]. 

 Evidence of the negative impact of the pandemic on access to services for treatment and 

management of STIs was reported by fourteen studies [167,180,186,189,191,196,198,219–

222,227,231,233]. Difficulty accessing antiretroviral treatment (ART) was reported in several 

countries with a high incidence of HIV, including Zimbabwe [186], Uganda [180,191], South 

Africa [196], Kenya [198], and Haiti [227], as well as Myanmar [221], Thailand [222], China 

[219,220], and the US [167]. Lecher et al. found that viral load testing to monitor HIV status 

among PLWH decreased by 71% in all PEPFAR-supported countries in March 2020 [189]. 

Restar et al. reported that less than half of trans and nonbinary PLWH surveyed in a multi-

country study perceived themselves to have unburdened access to HIV treatment [233]. Seven 

additional studies noted a decrease in access to unspecified STI-related services 

[171,197,198,218,223,231,235]. Only one study reported an increase in utilization of STI-related 

services immediately after lockdown in South Africa [184]. Three studies found that the COVID-

19 pandemic did not significantly impact access to PrEP [192]. availability of clinic visits for 

ART [200]. or HIV clinic operations [212]. 

 

3.4.3.5 Reported barriers to access or utilization of services 

 Several studies (33, 40%) provided evidence regarding the challenges faced when 

attempting to access and utilize SRH services that were caused by COVID-19 (Table 3.1). Figure 

3.4 illustrates how reported barriers were distributed within each SRH focus area. Transportation 

and mobility restrictions, such as shutdown of public transport, curfews and abuse by 

police/soldiers at roadblocks, limited access to contraceptive services and GBV/IPV services in 
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particular [162,180,186,187,191,192,198,210,218–220,224,230,232,234–236]. On the demand 

side, increased financial burdens due to the pandemic, including the ability to pay for face masks, 

transportation, and childcare, were reported equally within all SRH service areas except abortion 

[155,163,169,180,188,191,198,234,235]. In addition, lack of information 

[180,186,210,213,218,232], fear of contracting COVID-19 at a service location, and lack of 

privacy to schedule or attend appointments resulted in reduced SRH service access and 

utilization [162,163,187,188,191,198,210,218,224,232,235,236]. Self-censorship of needs also 

limited access to care for some individuals seeking contraception and STI/HIV services.[82,90]. 

On the supply side, limited availability of medical and social resources such as stockouts, 

shortages of staff, clinic closures and decrease in shelters, were reported to have prohibited 

utilization of services for all SRH services, HIV/STI, GBV/IPV and contraception especially 

[158,162,163,167,171,180,186,189,191,198,201,206,210,212,219,224,232,234,236]. 

Furthermore, although telehealth was put in place as a response to COVID-19 as a way of 

improving access, technological challenges were reported as a barrier to care for some seeking 

contraception, GBV/IPV, and abortion services [156,158,159,163,216,232]. Finally, certain legal 

restrictions related to IPV/GBV (1 study) and abortion (3 studies) imposed in response to 

COVID-10, including labelling safe abortion as a non-essential service, negatively affected SRH 

service availability [161,162,207,234] 
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FIGURE 3.4. Proportion of each COVID-19 related challenge to service access and 
utilization reported within each SRH focus area. 

 

3.4.3.6 Impact of COVID-19 on individuals with specific SRH needs 

A minority of studies (16, 19%) included one or more subgroups with specific SRH 

needs in their analysis [155,163,169,180,192,195,197,198,202,210,218,220–222,232,233]. 

Overall, these studies point to a negative impact on both access and utilization of SRH services 

for these sub-populations who already experience disproportionately limited access to services 

(Table 3.2). Among this subset of studies, seven described the impact on adolescents 

[180,195,197,202,210,218,220] and three discussed the experiences of LGBTQIA+ individuals 

[155,218,233]; these groups more commonly experienced self-censorship of needs and lack of 

information about available SRH care. One study described the impact on displaced people and 

refugees [232] and four reported the impact on racial and ethnic minorities, immigrant groups, or 

Indigenous Peoples [155,163,169,218]; distinct hardships such as financial barriers to care were 
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exacerbated for women who faced multiple forms of discrimination. Significant loss of income 

as well as travel restrictions affected the ability of sex workers to access STI testing, prevention, 

and treatment services, as reported in four studies [192,198,221,222]. 

 

3.4 DISCUSSION 

In this systematic scoping review, we found that women and girls faced reduced access to 

key SRH services globally due to the COVID-19 pandemic and related mitigation efforts, which 

resulted in decreased utilization of SRH services compared to previous years. We found that 

there were significant gaps in the geographical distribution of this body of research. The majority 

of included research has been conducted on populations in North America and sub-Saharan 

Africa, with a disproportionate focus on the United States at the national level (22 out of 83). 

Overall, studies were significantly less representative of countries in East Asia & the Pacific – 

where COVID-19 restrictions were very strict [239]– Latin America & the Caribbean, South 

Asia, and the Middle East & North Africa compared to North America, sub-Saharan Africa, and 

Europe & Central Asia. Differences in demand for SRH services cannot entirely explain the 

geographical unevenness of this research field. For example, as of 2019 the abortion rate per 

1000 women of reproductive age was highest in West Asia and North Africa, a region in which 

no studies were conducted to assess the impact of the COVID-19 pandemic on abortion access, 

and second highest in South Asia, which only had one study on this topic [240]. 

We found that decreases in contraceptive access and utilization during to the COVID-19 

pandemic were observed globally, which compromises progress towards the SDGs and may 

leave millions of women vulnerable to unwanted pregnancies [241,242]. We found that the same 

barriers that prevented women from accessing contraception also prevented access to abortion 
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consultations, procedures, and post-abortion care. It is known that when barriers to safe abortion 

exist, such as legal restrictions, women are more likely to turn to unsafe methods [243]. 

However, none of the included studies reported on utilization of unsafe abortion methods to 

compensate for reduced access to safe abortion. Consequently, it remains unclear whether efforts 

aimed at increasing the portion of abortions that are safely self-managed curbed a projected 

increase in unsafe abortion. Many studies reported that COVID-19 mitigation measures 

inadvertently reduced access to GBV/IPV related circumstances; this is particularly troubling as 

researchers have determined a correlation between pandemic stressors and IPV [244] with an 

increase in the incidence of IPV during stay-at-home orders [245]. The increase in IPV incidence 

may be the cause of the increase in utilization of remote GBV/IPV services; however, more 

research is necessary to identify the effectiveness of remote GBV prevention and intervention 

services, particularly in LMIC [246]. 

Specific challenges posed by the COVID-19 pandemic on SRH services are critical to 

understand in order to restore and ensure access to essential SRH care during future pandemics. 

We saw that some reported challenges were distributed unevenly across geographical regions 

and selected SRH services. For instance, challenges such as reliance on public transportation, 

living far from SRH service providers, relying on income from a job sector affected by the 

pandemic, and technology related issues were cited more often in studies from LMIC, thus 

reflecting a disproportionate burden of the COVID-19 pandemic in economically disadvantaged 

settings [180,186–188,191,192,198,230]. Concurrently, limited resources, such as clinic 

closures, stock outs, and financial burdens were reported less frequently in studies focusing on 

abortion services. In response to social distancing measures and limited in-person service 

capacity, many SRH service providers in HIC and UMIC adopted telemedicine as a service 
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delivery model, primarily for abortion, but also for contraceptive counseling and GBV/IPV. In 

many settings, telemedicine is a highly acceptable alternative to in person treatment as it can 

reduce risk of contracting COVID-19, minimize travel time, and increase patient ease and 

comfort [159,161,218,235]. Our review findings support the notion that the pandemic has 

accelerated a shift from in-person care to self-management through telemedicine, which may 

have maintained access to safe abortion services [89] and could partly explain why abortion 

services were less impacted by both supply and demand side challenges. Still, telehealth may 

have limitations in some circumstances such as lack of privacy [218], technological challenges 

[156,159,232], and reduced perceived comfort and safety related to GBV/IPV services 

[158,163]. Further research is warranted to inform where telemedicine in connection to SRH 

services is beneficial and where it may exacerbate healthcare inequities. 

Although few studies included populations such as refugees, ethnic minorities, LGBTQI 

individuals and adolescents, our findings suggest that the COVID-19 pandemic has 

disproportionately impacted SRH access and utilization for groups with specific SRH needs. The 

SRH needs of these groups differ only slightly from women in general; however, distinct barriers 

to accessing care engender unique needs in order to achieve sexual and reproductive justice 

[123–126]. For instance, displaced people and refugees are at a heightened risk of sexual assault 

and gender-based violence in crisis settings [232] but face increased barriers to access to SRH 

services during humanitarian emergencies; this is characterized by discontinuation of 

contraceptive services, increased rates of unsafe abortion, and substandard STI and HIV care 

[247]. It can be assumed that these challenges were aggravated during the pandemic; however, 

more evidence is necessary to properly inform the extent of harm to refugee populations. 

LGBTQIA+ individuals have similar SRH needs to adults and adolescents; however, accessing 
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these needs is often prohibited by stigma, discrimination, and even violence [248]. Most lesbian, 

gay, and transgender youth have not disclosed their sexual orientation to healthcare providers 

[249]; this undermines care quality and poses difficulties in collecting accurate data on the 

specific needs of this group. This may be reflected in the dearth of studies characterizing their 

experiences during the pandemic. 

Indigenous People are another population with distinct SRH needs who have and 

continue to face disempowerment, discrimination, and erasure and have consistently been 

insufficiently addressed in healthcare policies and programs, particularly during infectious 

disease outbreaks [250–253]. Indigenous women worldwide are at an increased risk of GBV 

including sexual and physical abuse [254]; as global rates of sexual assault and violence increase 

during pandemics, it is imperative to understand and address access to SRH care including GBV 

services for Indigenous women. Only a small number of studies looked at the impact of the 

COVID-19 pandemic on sex workers [192,198,221,222], who require consistent access to 

contraceptives and STI/HIV services. This may be because in-person sex work was difficult 

during social distancing making this population especially hard to reach. The fact that only one 

included study considered the perspectives of people with intersecting identities or who face 

multiple forms of discrimination highlights a significant research gap that must be bridged in 

order to fully appreciate the impact of the COVID-19 pandemic. 

The findings of this review have implications for policy, research, and practice. We 

highlight the geographical unevenness of this research field and suggest the allocation of 

research to regions, particularly Latin America, the Caribbean, South Asia, the Middle East, and 

North Africa, in which the impacts of the COVID-19 pandemic on SRH are less understood. 

Moreover, research efforts should prioritize study populations with intersecting identities for 
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which barriers to SRH care are exacerbated and marginalized groups who faced a 

disproportionate burden of impact by the COVID-19 pandemic. Specific research questions have 

arisen from this review, such as the impact of the pandemic on the incidence and risk of unsafe 

abortion. Insofar as policy, supply side barriers to care may be alleviated by automatic allocation 

of funds and resources to maintain SRH services during public health emergencies. This review 

provides evidence for liberal policies with regard to reproductive choice, as countries with laws 

that protect abortion access tended to report an increase in utilization of safe, remote abortion 

services, while settings with more restrictive laws reported a decrease in abortion access. Banke-

Thomas and Yaya highlighted service delivery adaptations that have been implemented to 

resolve demand-side barriers [246], such as free ride shares to clinics [255], family planning 

commodity delivery [133], and informational social media campaigns [256]. Given supply-side 

barriers such as transportation disruptions and fear of clinic attendance, clinical practices 

adaptations that minimize the frequency of or combine provider visits (e.g. contraception and 

STI testing/treatment) may increase accessibility. Further research on the efficacy, equity, and 

acceptability of these interventions is necessary to inform their continued use.  

 

3.5 STRENGTHS AND LIMITATIONS 

 A key strength of this review is the breadth of systematic database screening and number 

of studies reviewed. The scoping review protocol allowed for consideration and inclusion of 

various study designs within multiple SRH subject areas. We included studies from a variety of 

settings, representing research from high income to low-income countries, which showcased the 

inherent disparities in SRH research volume among certain regions. This work is also 

strengthened by the inclusion of research that examined the unique impact of the COVID-19 
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pandemic on groups with distinct SRH needs. A limitation of this work is that it excluded studies 

not published in English, which may have incorporated bias in the geographical distribution of 

published research. 

 

3.6 CONCLUSION 

We found that the COVID-19 pandemic impacted access to and utilization of 

contraceptive services, safe abortion services, IPV/GBV and STI/HIV services negatively across 

the globe. The studies included in this review reported reduced utilization of contraception 

services, reduced use of LARCs, and diminished access to safe abortion services, which threaten 

progress towards the SDGs. Further, survivors of GBV and IPV faced reduced access to in-

person services such as shelters and social support networks, despite increased demand. Access 

and utilization of HIV/STI testing, prevention, treatment/care, and counselling were also 

curtailed by the COVID-19 pandemic. Our work evidences the scarcity of SRH research in 

settings with high burden of disease and on marginalized groups with distinct SRH needs, 

underscoring a theme of widened health disparities caused by the pandemic. As the COVID-19 

pandemic continues, findings from this review highlight the importance of maintaining access to 

SRH services to ensure that traction towards global development goals are not lost. There is a 

clear need for policy and practice adaptations that maintain and improve access to SRH services 

now and in future public health crises. 
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TABLE 3.1. Thematic summary of the reported challenges related to reduced access and utilization of SRH services (n=33). 

Cause Description Study Settings (n) References 

Transportation 
restrictions 

and 
disruptions 

(n=16) 

• Shutdown of public transportation made it difficult to access a clinic 
• Travel/mobility restrictions confined patients to certain regions and 

cut off access to distant clinics 
• Abuse by police and soldiers at road blocks made travel difficult 
• Quarantine orders and curfew made it impossible to leave the home, 

schedule or attend appointments 

Australia (1), China (1), Kenya (1), 
Nepal (1), New Zealand (1), Uganda 
(3), UK (1), US (2), Zimbabwe (1), 

Mixed (4) 

[34,41,52,58,59,63,6
4,70,82,90,91, 
96,102,104,106-108] 

Financial 
burdens (n=9) 

• Income loss due to the pandemic made it more difficult to afford SRH 
services 

• Financial challenges made it difficult to afford resources to access 
services, such as cloth masks, public transportation, and child care 

Kenya (2), Uganda (2), US (3), 
Mixed (2) 

[27,35,41,52,60,63,7
0,106,107] 

Limited 
medical or 

social 
resources 

(n=19) 

• Medical resources (staff, PPE, viral testing, etc.) diverted from SRH 
services to COVID-19 effort 

• Stockouts: shortage of medications (particularly ARVs) and transport 
disruptions on essential supplies 

• Complete closure of SRH clinics or service provision facilities 
• Decrease in the number of available shelters for women seeking 

refuge services due to increased demand and social distancing 
• Lack of interpreters to support women who need them 
• Community mutual aid efforts curtailed (e.g. community babysitting 

for domestic violence survivors) 

Australia (1), China (1), Kenya (1), 
Uganda (3), UK (2), US (5), 

Zimbabwe (1), EU&CA (2), Mixed 
(3) 

[30,34,35,39,43, 
52,58,61,63,70,73,78,
82,84,91,96, 
104,106,108] 

Lack of 
information 

(n=6) 

• Lack information on available services or avenues of support 
• Misunderstandings about follow-up after telehealth 
• Confusing information on threat of COVID-19  

Germany (1), New Zealand (1), 
Uganda (1), UK (1), Zimbabwe (1) 

Mixed (1) 

[52,58,82,85,90, 
104] 

Legal 
restrictions 

and 
disruptions 

(n=4) 

• Abortion not deemed an essential service 
• Laws limit procedural changes necessary to restore access to SRH 

services, primarily abortion 
• Disruptions to legal proceedings complicated care-seeking for IPV 

victims 

US (2), EU&CA (1), Mixed (1) [33,34,79,106][161,
162,207,234] 
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Fear, safety or 
privacy 

concerns 
(n=12) 

• Lack of privacy to call provider or have telehealth appointment due to 
stay-at-home orders 

• Fear of exposure or contracting COVID-19 at a medical facility 
• Fear of being undocumented 
• Fear of receiving substandard medical care due to COVID-19 

Australia (1), Kenya (2), New 
Zealand (1), Uganda (2), UK (1), US 

(2), Mixed (3) 

[34,35,59,60,63, 
70,82,90,96,104, 
107,108] 

Technological 
challenges 

(n=6) 

• Shortage of technological facilities for virtual services 
• Patients or providers not as comfortable with telehealth services or 

perceive them as less effective or of lower quality 
• Increase in health disparities for patients who have less access to 

technology or language barriers 

Belgium (1), US (4), SSA (1) 
[28,30,31,35,88, 
104][156,158,159,
163,216,232] 

Self-censorship 
of needs (n=2) 

• Patients did not think service was necessary in light of the pandemic 
and could wait to seek care New Zealand (1), UK (1) [82,90] 
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TABLE 3.2. Effect of the COVID-19 pandemic on subgroups with distinct SRH needs (n=16). 

Subgroup Study  
(Author, Setting) Effect of COVID-19 

Adolescents 

Rose 
(New Zealand) 

[218] 

Young people faced barriers for SRH care during lockdown including self-censorship of care-seeking, lack 
of privacy or transportation, lack of information about service availability, and COVID-19 related concerns. 

Mambo (Uganda) 
[180] 

Access to SRH information and services diminished among youths during lockdown due to lack of 
transportation, distance to health facilities, and high cost of services. 

Thomson-Glover 
(UK) 
[202] 

Adolescents in both rural and urban settings exhibited a substantial decrease in attendance at sexual health 
services and less frequently utilized emergency contraception. 

Lewis (UK) 
[210] 

Young women and reported significant difficulties accessing contraception, including condoms, during the 
pandemic. Challenges were associated with a lack of in person appointments to start, stop, switch, or 
continue contraceptive methods, lack of information about available care, fear of contracting COVID-19, 
risking privacy to access contraception, and self-censorship of SRH needs. 

Li (China) 
[220] 

About one-third of sexually active adolescents reported difficulties accessing abortion, post abortion care, 
STI advice and management, or contraceptives due to COVID-19. 

Kassie (Ethiopia) 
[195] 

The proportion of teenage pregnancy increased during the pandemic as well as the proportion of teenagers 
using abortion services, possibly indicating reduced access or utilization of birth control among this group. 

Dyer (Kenya) 
[197] 

COVID-19 impacted adolescents living with HIV's ability to access medical support and some had 
difficulty refilling ARVs, resulting a relatively high rate of missed ARV treatments. 

LGBTQIA+ 
Identifying Individuals 

Rose  
(New Zealand) 

[218] 

Respondents who identified as LGBTQIA+ were as likely as non-identifying respondents to have received 
SRH care during lockdown 

Lindberg (US) 
[155] 

COVID-19 caused women to delay or cancel accessing SRH providers for contraception, an effect which 
was more pronounced for sexual minority women 
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Restar (Mixed) 
[233] 

COVID-19 imposed burdens on accessing HIV treatment and prescription refills among trans and nonbinary 
people living with HIV; nearly one-third of respondents reported not having access to an HIV provider since 
pandemic control measures were implemented  

Displaced People and 
Refugees 

United Nations 
(Mixed) 
[232] 

COVID-19 resulted in a decrease in reporting of violence against women and limited access to social and 
health services; the situation is exacerbated for women and girls who face multiple forms of discrimination, 
such as refugees and migrant workers. 

Racial and Ethnic 
Minorities, Immigrant 

Groups, and 
Indigenous Peoples 

Rose  
(New Zealand) 

[218] 

Indigenous Māori women were less likely than NZ European, Pacific Islander, or Asian respondents to have 
been able to access SRH care during the pandemic. 

Lindberg (US) 
[155] 

Hispanic and non-Hispanic black women were more likely to have experienced pandemic-related delays or 
cancellations of contraceptive care or other SRH services. 

Sabri (US) 
[163] 

Immigrant survivors of IPV, particularly those who are undocumented, faced distinct hardships in accessing 
care due to greater financial hurdles and lack of public benefits such as unemployment and government 
assistance including medical insurance. 

Lin (US) 
[169] 

Racial minority women disproportionately struggled to access contraceptive care, including being able to 
access a pharmacy, afford care, get a prescription, or get a LARC method replaced or removed; this was 
largely due to decreased financial assets. 

Sex Workers 

Mantell (Kenya) 
[192] 

Though the pandemic did not significantly affect sex workers enrolled in an active RCT’s access to 
provided PrEP; where access was affected it was primarily due to difficulties traveling to pick up 
medication. 

Htun Nyunt 
(Myanmar) 

[221] 

COVID-19 affected HIV prevention services such as condom distribution and HIV testing for female sex 
workers. The pandemic caused a decrease in ART initiation immediately following stay-at-home order. 
Most HIV services were returned to pre-pandemic levels by June 2020. 

Janyam (Thailand) 
[222] 

COVID-19 significantly impacted sex workers' ability to access STI testing a treatment as well as STI 
prevention services such as condoms, PrEP, and drug treatment services. Sex workers with HIV reported 
difficulties accessing ART. Loss of access may be explained in part by significant loss of income and travel 
restrictions. 

Gichuna (Kenya) 
[198] 

COVID-19 restriction measures has had detrimental impacts on access to SRH services for sex workers 
living in informal settlements outside of Nairobi. Curfews, police mistreatment, fear of COVID-19, social 
distancing measures, contraceptive shortages, and financial losses contribute to reduced access/utilization of 
contraception and HIV treatment. 
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Chapter 4.  DRUG-ELUTING EMBOLIZATION PARTICLES FOR 

PERMANENT CONTRACEPTION 

 

Adapted from: Drug Eluting Embolization Particles for Permanent Contraception. 

VanBenschoten H, Yao S, Jensen J, Woodrow KA. ACS Biomaterials and Engineering (2022). 

 

 4.1 ABSTRACT 

Medical technology that blocks the fallopian tubes nonsurgically could increase access to 

permanent contraception and address current unmet needs in family planning. In order to achieve 

total occlusion of the fallopian tube via scar tissue formation, acute trauma to the tubal 

epithelium must first occur followed by a sustained and ultimately fibrotic inflammatory 

response. Here, we developed drug-eluting fiber-based microparticles that provide tunable dose 

and release of potent sclerosing agents. This fabrication strategy demonstrates high encapsulation 

of physicochemically diverse agents and the potential for scalable manufacturing by utilizing 

free-surface electrospinning to generate material for particle micronization. Manipulation of 

nanofiber formulation characteristics, including drug loading, drug hydrophobicity, polymer 

hydrophobicity and crystallinity allowed for modulation of the sustained release properties of our 

microparticles. We assessed various fibrous microparticle formulations in vivo using a newly 

developed and validated guinea pig model for contraception. We found that fiber microparticles 

with bolus release doxycycline effectively elicited acute trauma and those formulated with highly 

loaded phenyl benzoate caused sustained inflammation in the target organs. The demonstrated 

potency of these electrospun microparticles, as well as their embolic size and shape, suggest 
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potential for proximal agglomeration and inflammatory activity in the fallopian tubes following 

transcervical delivery.  

 4.2 INTRODUCTION 

Female permanent contraception is currently the most common form of birth control used 

worldwide, as it is the method of choice for almost a quarter of reproductive age women [257]. 

This high demand for permanent birth control is met entirely by surgical intervention. Surgical 

approaches involve removing a segment or the entirety of both fallopian tubes or placing 

mechanically occlusive devices such as clips or bands. Both laparotomic and laparoscopic 

approaches require intraabdominal access which exposes women to the myriad risks and 

drawbacks of any invasive surgery – including adverse reactions to anesthesia, possible injury to 

local organs, bleeding, pain, and increased time and financial commitment [258,259]. While 

surgical permanent contraception is highly effective and safe when quality medical facilities and 

trained clinicians are available, approximately 5 billion people worldwide lack access to safe and 

affordable surgical care. A safe and effective nonsurgical method of permanent contraception 

could help address the unmet need for contraception in women who have completed desired 

family size. 

The fallopian tubes have a unique immunological and anatomical makeup that is intrinsically 

pro-healing in order to maintain tubal and reproductive function. Flow cytometric analysis of 

CD45+ leukocyte populations in the female reproductive tract show that fallopian tube tissue is 

the most populated site of immune cells, the majority of which are CD3+ T cells and CD66b+ 

granulocytes [260]. Fallopian tube physiology is characterized by extensive vascularization, high 

levels of mucosal secretions, and minimal luminal space surrounded by a muscular myometrium 

to restrict the entrance of contaminants – traits which collectively promote strong innate 
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immunity. To overcome these barriers and elicit complete tubal occlusion, initial trauma to the 

fallopian tubes must be sufficient to provoke extensive epithelial damage followed by chronic 

inflammation that resolves in pathological scarring in lieu of re-epithelialization. This effect is 

mediated by the dose and duration of exposure to an antagonistic agent. The natural tubal 

occlusion that occurs following infection with sexually transmitted pathogens such as N. 

gonorhoeae and C. trachomatis illustrates this principle. Upon infection, the body’s innate 

immune system employs a mechanism of epithelial exfoliation to prevent colonization of 

harmful pathogens in the genital mucosa [261]. Fallopian sequelae due to epithelial shedding and 

inflammation developed as survival mechanisms to combat systemic infection. Tubal occlusion 

prevents ascension of harmful pathogens into the peritoneal cavity, which is accessed by 

fimbriae at the distal end of the fallopian tubes. Interestingly, N. gonorrhoeae is capable of 

causing tubal occlusion after a single infection due to the potency of the lipoologosaccharide 

toxin released by the pathogen which causes total epithelial desquamation [262]. In contrast, C. 

trachomatis induces tissue damage but not total desquamation, therefore multiple infections are 

required for occlusive tubal scarring to occur. Pursuant to the pathology of these infections, we 

hypothesize that the potency of an antagonistic agent can compensate for the duration of 

exposure, and vice-versa. This paradigm potentiates the design strategy for novel nonsurgical 

permanent contraception. 

Several current and prior methods of permanent contraception demonstrate this principle 

[263–265]. While many surgical methods that use ligation or clipping function independently of 

time, other methods, such as thermally induced trauma via cautery or cryosurgery, require 

prolonged exposure to induce sufficient and irreversible tissue damage. Indeed, such injury is 

dampened by thermal buffering from extensive blood flow [263]. Essure, a dynamically 
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expanding nitinol and stainless-steel micro-coil that is placed transcervically into both fallopian 

tubes, was highly effective at eliciting fibrotic tissue encapsulation. This response was similarly 

time-dependent; clinical reports show that the rate of successful closure of the tubal lumen 

increased by over 50% when wear-time extended from a 4-week interval to an 8-week interval 

[264]. Chemical sterilization approaches, which employ inflammatory agents that directly cause 

epithelial detachment or apoptosis leading to pathological scarring, show strong dose-and-time-

dependent occlusive effects. For instance, in a study evaluating the fibrotic effect of quinacrine 

pellet insertion in the fallopian tubes, the successful occlusion rate increased from 56% to 92% 

for pellet residency of 0-6 weeks to 7 or more weeks, respectively. The same study showed a 

distinct dose-dependent response, with the success rate increasing from 43% to 100% for a 100 

versus 252 mg dose of the sclerosant [265]. The Essure permanent implant and use of quinacrine 

pellets, though effective, serve only as lessons regarding features of successful occlusive 

techniques; both therapies lack full FDA approval due to severe side-effects. Though perhaps 

safer, instillation of liquid sclerosing agents, such as tetracycline and polidocanol, is limited by 

insufficient delivery to target tissue. Indeed, intrauterine administration often results in the target 

organ being exposed to less than 5% of the administered dose due to significant leakage [265]. 

Thus, there remains a challenge to develop FDA-approved nonsurgical sterilization that targets 

the fallopian tubes and elicits fibrosis according to principles that govern successful occlusion.  

While we know, from naturally occurring infections and prior clinical attempts, that 

successful nonsurgical tubal occlusion is a dose-and-time dependent process, a technique that 

integrates both features into an effective and clinically acceptable technology has yet to be 

developed. Additionally, there is currently no well-established or consistent platform to 

systematically investigate the optimal dose and time of exposure for a given antagonistic agent 
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that could mediate effective tubal occlusion. In order to address these gaps, we aimed to develop 

a scalable platform to generate drug-eluting microparticles that can efficiently deliver sclerosing 

agents of diverse physicochemical properties to the fallopian tubes. We hypothesized that free 

surface electrospinning could be used as a scalable method for generating microparticles 

composed of polyester nanofibers that encapsulate highly loaded active agents and provide drug 

release at various timescales. We investigated polyesters, including poly(lactic-co-glycolic) acid 

(PLGA), polycaprolactone (PCL), and poly(L-lactic) acid (PLLA), to generate fibrous 

microparticles that could offer tunable release of encapsulated agents. These polymers 

biodegrade into readily metabolized products, which allows for transient residency in the 

fallopian isthmus and reduces potential migratory effects seen with other permanent 

contraceptive implants [266]. Furthermore, evidence suggests that the release of acidic 

byproducts at the site of polyester degradation could enhance inflammation [267,268]. We 

further hypothesized that polyester microparticles of inhomogeneous shape and size within a 100 

– 300 µm diameter range may target and agglomerate in the fallopian isthmus into which they 

are perfused; this solid dosage modality can therefore deliver active agent while minimizing 

leakage associated with liquid-based treatments. Thus, our aims were to develop microparticles 

that (1) achieve high encapsulation efficiency of physicochemically diverse sclerosing agents, (2) 

can be processed into microparticles of target size and shape, and (3) can release encapsulated 

agents on a variety of timescales, from bolus release to investigate acute tissue responses to 

sustained release (>30 days) to assess long-term treatment outcomes. To test our hypothesis that 

these particles could elicit precursors to tubal occlusion, we validated a guinea pig model for 

permanent contraception and found that polyester fibers enhance acute inflammation, 

hemorrhage, and long-term fibrous capsule formation at the utero-tubal junction. These in vivo 
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findings, along with the design space established by our versatile and scalable biomaterial 

fabrication approach, potentiates this method as a suitable alternative to nonsurgical permanent 

contraception methods previously under investigation. 

 

 4.3 MATERIALS AND METHODS 

4.3.1 Materials 

Poly (D,L-lactic-co-glycolic) acid (PLGA) with a 50:50 LA:GA ratio, acid termination, 

and an inherent viscosity of 0.55-0.75 dL/g, and poly (L-lactic) acid (PLLA) with ester 

termination and an inherent viscosity of 0.90-1.20 dL/g in CHCl3 were purchased from Lactel 

Absorbable Polymers (Birmingham, AL, USA). Polycaprolactone (PCL) with an average 

molecular number (Mn) of 80,000 Da, poly (DL-lactide) (PDLLA) with an average molecular 

weight (Mw) of 21,000 Da and an acid termination, and poly (vinyl alcohol) (PVA) with an 

average Mw of 105,000 Da were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Doxycycline hyclate was purchased from MP Biomedicals, LLC (Santa Ana, CA), and 

doxycycline hydrochloride (HCL) was purchased from Research Products International (Mount 

Prospect, IL, USA). Phenol and nonaethylene glycol monodecyl ether (Polidocanol) were 

purchased from Sigma-Aldrich. Phenyl Benzoate was purchased from Alfa Aesar (Tewksbury, 

MA, USA). The solvents hexafluoroisopropanol (HFIP), 2,2,2-trifluoroethanol, chloroform, and 

dimethyl sulfoxide (DMSO) were purchased from Oakwood Laboratories (Wayne County, MI, 

USA), Sigma-Aldrich, Avantor Performance Materials (Bridgewater, NJ, USA), and VWR 

(Randor, PA, USA), respectively. Veterinary gelatin capsules (size 9, batch #VC191168) were 

purchased from Torpac Inc (Fairfield, NJ, USA). Cremophor A25 was purchased from Sigma-

Aldrich. High-performance liquid chromatography (HPLC) grade acetonitrile, trifluoroacetic 
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acid, and water were obtained from Fisher Scientific (Pittsburgh, PA, USA). Dulbecco’s 

phosphate buffered saline (DPBS) was purchased from Mediatech Inc. (Central Valley, PA, 

USA). 

 

4.3.2 Drug treatment of tissue explants 

Two fallopian tubes were obtained from an adult female M. Mulatta (hybrid, 12.5 y/o) 

rhesus macaque via the Washington National Primate Research Center Tissue Distribution 

Program. IACUC approval was not needed for ex vivo experimentation. Fresh fallopian tubes 

were collected in chilled Dulbecco’s Modified Eagle Medium with Nutrient Mixture F12 

(DMEM:F12, Thermo-Fisher Scientific, Waltham, MA, USA), supplemented with 10% fetal 

bovine serum (FBS) (Gemini Bio-Products, Sacramento, CA, USA). Fallopian tubes were 

dissected to remove adventitial tissue and 12, 3 mm cross-sectional biopsy punches were taken 

from the ampulla of each tube, totaling 24 biopsy punches. Biopsies were placed in a 24 well 

plate and 500 µL of warmed DMEM:F12-FBS media supplemented with no drug, 1 µg/mL 

lipopolysaccharide (LPS), doxycycline hyclate in a 1%, 5%, or 10% (mg/mL) dose, or phenol in 

a 1%, 5%, or 10% (mg/mL) dose was added to each biopsy in triplicate. Samples were incubated 

at 37°C for 24 hours. After 24 hours, media was removed from each sample and centrifuged at 

10000 rpm for 5 minutes to remove cellular debris. Tissues were washed twice with PBS; two 

biopsies for each condition were placed a fresh 24 well plate with 400 µL of warmed 

DMEM:F12-FBS. 80 µL of CellTiter Blue (Promega, Madison, WI, USA) was added to each 

biopsy and to three wells containing only media and incubated at 37°C. After 4 hours, 100 µL 

samples of media were taken in triplicate from each biopsy incubated with CellTiter Blue and 

fluorescence was recorded at 560Ex590Em. The remaining biopsy from each condition was fixed 
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in 20 mL of formalin for 24 hours at 4°C before being sent to the University of Washington 

Histology and Imaging Core for sectioning and hematoxylin and eosin (H&E) staining. The 

extent of cell infiltration and percent of epithelial detachment were quantified using ImageJ 

(NIH) by tracing and measuring the pathlength of in-tact epithelium divided by the total 

epithelial length. This percentage was defined as the percent of attached epithelium; the opposite 

of which was the percent of detached epithelium. 

 

4.3.3 Preparation of electrospun fibers 

Polyester blends loaded with doxycycline and phenyl benzoate were generated via 

uniaxial needle electrospinning and selected formulations were fabricated on a Production Line 

1S500U Elmarco Nanospider. 80:20 PLGA/PCL was made by dissolving PLGA and PCL in an 

80:20 (wt/wt) ratio at 15% (wt/vol) in HFIP. PLLA/PDLLA blends were made by dissolving 

PLLA and PDLLA at 100:0, 75:25, and 50:50 (wt/wt) ratios at 15% (wt/vol) in a 1:1 (vol/vol) 

mixture of chloroform and 2,2,2-trifluoroethanol. PLLA/PLGA blends were made by dissolving 

PLLA and PLGA in 100:0, 80:20, 50:50, and 20:80 (wt/wt) ratios at 15% (wt/vol) in a 1:1 

(vol/vol) mixture of chloroform and 2,2,2-trifluoroethanol. 80:20 PLLA/PCL was made by 

dissolving PLLA and PCL in an 80:20 (wt/wt) ratio at 15% (wt/vol) in a 1:1 (vol/vol) mixture of 

chloroform and 2,2,2-trifluoroethanol. PVA was made by dissolving PVA at 15% (wt/vol) in 

water and heating slowly. Polymers were allowed to dissolve in solvent overnight and drugs 

were added a minimum of 1 hour prior to electrospinning. All polymer formulations were also 

electrospun in the absence of drug (blank fibers). For 80:20 PLGA/PCL, doxycycline was added 

at 20%, 40%, 60%, and 80% (wt/wt); for PLLA, doxycycline was added at 20%, 40%, and 60% 

(wt/wt); for PLLA/PDLLA blends and PLLA/PLGA blends (excluding 20:80 PLLA/PLGA), 
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doxycycline was added at 20% (wt/wt). For 80:20 PLGA/PCL blends, phenyl benzoate was 

added at 20%, 40%, 60%, and 80% (wt/wt). For needle electrospinning, approximately 500 µl of 

polymer solutions were loaded into a 1 mL glass gastight syringe equipped with a 21 gauge 

stainless steel dispensing needle and set into a NE1000 precision syringe pump (New Era Pump 

Systems Inc., Farmingdale, NY, USA). Unless otherwise noted, solutions were pumped at a rate 

of 30-50 µl/min through a 13 kV electric field applied by a high voltage generator (Gamma High 

Voltage Research) between the needle and a grounded metal plate covered by a sheet of wax 

paper set 13-15 cm from the needle tip. PVA was electrospun at 18 kV and pumped at a rate of 5 

µl/min. For electrospinning on the Production Line NS 1S500U Nanospider (Elmarco, Czech 

Republic), fiber mats were generated in static conditions using 20 mL of polymer/drug solution. 

A 0.6 mm orifice was used to coat 350 mm of a rotating wire set 200 cm from a metal collector 

covered by a sheet of wax paper. A 100 kV charge was applied between the coated wire and the 

collector for a total run time of 15 minutes. Collected fiber mats were dried in a fume hood 

overnight and stored in vacuum sealed bags until use or analysis. 

 

4.3.4 Drug loading and in-vitro drug release from electrospun fibers 

Effective drug loading, termed “encapsulation efficiency,” was defined as the total 

amount of drug associated with the fibers relative to theoretical loading. To determine 

encapsulation efficiency of doxycycline and phenyl benzoate in electrospun fibers, each fiber 

type was cut into approximately 4 mg samples (n=3); exact mass was recorded for each sample. 

Fibers were placed in 7 mL of DMSO and attached to a rotisserie shaker for 3 days or until fibers 

were completely dissolved. 200 µL of supernatant was collected for HPLC analysis. Drug 

content was quantified with a Shimadzu Prominence LC20AD UV-HPLC system equipped with 
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a Phenomenex Luna C18 column (250 x 4.6 mm, 5 µm) and LC Solutions software. Doxycycline 

was detected with a mobile phase of HPLC grade water and acetonitrile (75:25) supplemented 

with 0.1% trifluoroacetic acid, eluted at an isocratic flow rate of 1 µL/min for 15 minutes and an 

injection volume of 20 µL. Column oven temperature was 30°C. Doxycycline standards were 

prepared in DMSO with a linear range from 0.001 to 1 mg/mL, detection at 265 nm, and a 

retention time of 7.2 minutes. Phenyl benzoate was detected with a mobile phase of HPLC grade 

water and acetonitrile (70:30) supplemented with 0.1% trifluoroacetic acid eluted at an isocratic 

flow rate of 1 µL/min for 15 minutes and an injection volume of 40 µL. Column oven 

temperature was 30°C. Phenyl benzoate standards were prepared in acetonitrile with a linear 

range from 0.05 to 0.5 mg/mL, detection at 265 nm, and a retention time of 5.93 minutes. 

Encapsulation efficiency was determined by calculating the drug concentration in the supernatant 

of dissolved fibers using standard curves and dividing by theoretical drug content according to 

the following equation:  

%𝐸𝐸 =	
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑	𝑑𝑟𝑢𝑔	𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝐼𝑛𝑖𝑡𝑖𝑎𝑙	𝑓𝑖𝑏𝑒𝑟	𝑚𝑎𝑠𝑠	 × 	𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙	𝑙𝑜𝑎𝑑𝑖𝑛𝑔	 	× 7	𝑚𝐿	𝑥	100 

 

In vitro release of doxycycline and phenyl benzoate from electrospun fibers was carried out in 

1X DPBS and in 1X DPBS supplemented with 1% Cremophor, respectively, in sink conditions. 

Sink conditions for doxycycline were determined using the published solubility of doxycycline 

in PBS (50 mg/mL). We determined the solubility of phenyl benzoate in 1% Cremophor by 

saturating an aliquot of PBS-1% Cremophor, centrifuging the supernatant upon equilibrium 

informed by visible precipitation of drug, and analyzing the saturation concentration on HPLC 

(2.4 mg/mL). Fibers were cut into 5 mg samples (n = 3), placed in 10 mL of release medium, and 

incubated in a 37°C shaker. Spiked samples were prepared containing the theoretical amount of 
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drug retained in each sample type dissolved directly in release medium with an equivalent mass 

of drug-free (blank) fiber (Cspiked). Blank fibers in drug-free release medium were also prepared 

for each release study (Cblank). At predetermined time points, 400 µL of solution was removed 

from each sample for analysis by HPLC and replaced with fresh media to maintain sink 

conditions. For in vitro release, the HPLC detection method for doxycycline was the same as that 

described above; doxycycline standard curves were prepared in 1X DPBS with a linear range 

from 0.1 to 2 mg/mL, detection at 265 nm, and a retention time of 8.3 - 8.5 minutes. The HPLC 

detection method for phenyl benzoate release was the same as described above, with the same 

standard curve for analysis prepared in acetonitrile. Because phenyl benzoate hydrolyzes to 

phenol and benzoic acid in vivo and in simulated in vitro release medium, standard curves were 

also prepared for pure phenol in acetonitrile following the same HPLC method as described for 

phenyl benzoate, with linearity established between 0.001 and 0.5 mg/mL, detection at 265 nm, 

and a retention time of 5.7 minutes. For quantification of drug release from fibers, the 

concentration of drug in solution at each time point was calculated from standard curves. For 

phenyl benzoate-loaded fibers, phenyl benzoate and phenol content were calculated 

independently from respective standard curves in acetonitrile and summed post hoc to capture 

the total hydrolysable and hydrolyzed sclerosing agent content released. Therefore, “released 

phenol” refers to the total concentration of phenol and phenyl benzoate detected in release 

medium. Cumulative percent and cumulative dose of drug released from fibers was calculated 

according to the following equations: 

%	𝑅𝑒𝑙𝑒𝑎𝑠𝑒𝑑 = N1 −	
𝐶"(#)*+ − 𝐶",-(.*
𝐶"(#)*+ − 𝐶/.,$)

O × 	100 
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4.3.5 Micronization of electrospun fibers 

Micronization was performed on nanofiber mats electrospun on the Elmarco Nanospider. 

Mats were cut into 1 inch by 1 inch squares and massed. Approximately 2 grams of fibers were 

placed into a BlendTec MiniTwister Jar fashioned with a custom polystyrene lid that reduced jar 

volume to 8 oz. Rasping cycles of increasing intensity were used to generate microparticles, 

which were filtered through a 150 µm pore-size sieve (VWR), massed, and collected in a glass 

scintillation vial. Micronized particles were placed in a sterile tissue culture hood under UV light 

for 24 hours. To confirm sterility, a 10 mg sample of drug-free particles were submerged in 40 

mL of LB Broth (Sigma) and incubated at 37°C. After 24 hours, the sample was centrifuged to 

remove suspended particles and absorbance measured at 600 nm. The OD600 was compared to a 

sample incubated with no particles to verify the absence of bacterial growth. Sterile particles 

were then stored at 4°C until use. 

 

4.3.6 Polyester blend puncture and adhesion testing 

Uniaxial puncture testing was performed with an Instron 5943 Mechanical Testing 

System (Instron) equipped with Bluehill 3 software. For puncture force analysis, polyester blends 

of 80:20 PLGA/PCL, PLLA, 80:20 PLLA/PLGA, 50:50 PLLA/PLGA, 20:80 PLLA/PLGA, and 

80:20 PLLA/PCL prepared via uniaxial electrospinning were cut into ⅞” discs, massed and 

measured for thickness using digital calipers calibrated to 0.01 mm. A ¼” probe was attached to 

the load cell and fibers were fixed onto the sampling platform above a ½” beveled hole. A 100N 

load was applied at a rate of 3 mm/s to the center of the sample until failure. The elongation to 

puncture was calculated by: 

𝐸𝑙𝑜𝑛𝑔𝑎𝑡𝑖𝑜𝑛	𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 	
([𝑅]0 + [𝐷]0)1/0 − 𝑅

𝑅  



 101 

Where R is the radius of fiber exposed to the beveled hole (½”) and D is displacement of the 

probe from the point of contact to the point of fiber puncture. The puncture strength was 

calculated by: 

𝑃𝑢𝑛𝑐𝑡𝑢𝑟𝑒	𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ	 T
𝑁

𝑚𝑚0V = 	
𝐹
𝐴3"

 

Where F is the burst load required to puncture the fiber and Acs is the cross-sectional area of the 

fiber at the edge of the beveled hole (thickness times circumference). This calculation normalizes 

for differences in sample thickness. The ratio of puncture strength to elongation fraction, herein 

called the relative puncture strength, was calculated from these equations. For mucoadhesion 

testing, PVA, 80:20 PLGA/PCL + 20 wt% doxycycline, 50:50 PLLA/PLGA + 20 wt% 

doxycycline, and 80:20 PLGA/PCL + 80 wt% phenyl benzoate fibers were cut into ⅞” discs, 

massed and measured for thickness. Approximately 1g of Type II mucin from porcine stomach 

(Sigma-Aldrich) was rehydrated in a petri dish with 2 mL of deionized water to form a sticky 

paste. Fibers were fixed flat to the upper load cell and lowered to contact the mucus; upon 

contact, a 10N load was applied vertically to separate the specimen from the mucus until load 

returned to baseline. 

 

4.3.7 Scanning Electron Microscopy 

Representative micronized fibers composed of 80:20 PLGA/PCL loaded with 20 wt% 

doxycycline were spread in a monolayer on an SEM stub using conductive carbon tape. Samples 

were sputter coated with gold and palladium. Imaging was performed with a JSM-7000F SEM 

(JEOL Ltd.) at the Materials Science and Engineering Department at the University of 

Washington. An acceleration voltage of 10 kV and working distance 6 mm were used with 
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magnifications of 50x, 250x, and 5,000x. Fiber diameter was measured from the 5,000x 

micrograph with ImageJ (NIH) software for a total of n = 30 fibers. 

 

4.3.8 Laser Diffraction particle sizing 

Microparticles generated with a 150 µm sieve were suspended at 5-10 mg/mL 

concentrations in a 5% surfactant (polidocanol) solution. Particle sizing was performed with a 

Horiba LA-960 Particle Size Analyzer (Kyoto, Japan) at the Materials Science and Engineering 

Department at the University of Washington. Deionized water with a real refractive index of 1.33 

was used as the dispersion medium; electrospun fibers loaded with 20 wt% doxycycline and 80 

wt% phenyl benzoate were sized with real refractive indices of 1.54 and 1.58, respectively. 

Circulation and agitation modes were set to 1, the system was de-bubbled, aligned, and blanked. 

Sample suspensions were added until transmittance was reduced by approximately 5%, then 

measurements were taken in n = 5 replicates. Particle diameter was calculated based on a Mie 

Theory scattering algorithm and reported as the volumetric mean, D[4,3], and span is calculated 

according to the following equation: 

𝑆𝑝𝑎𝑛 = 	
𝐷4,6.8 − 𝐷4,6.1

𝐷4,6.9
 

 

Where Dv,0.9 represents the diameter where 90% of the volumetric distribution lies below, the 

Dv,0.1 where 10% of the volumetric distribution lies below, and the Dv,0.5 represents the median 

diameter which half of the distribution lies above and half lies below. 
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4.3.9 In vivo Guinea Pig procedures 

Female guinea pigs housed at the Oregon National Primate Research Center were 

anesthetized prior to bilateral incision and flank laparotomy to expose the distal uterine horn on 

each side. We then injected 5% polidocanol foam (PF) or saline (1 mL) into the lumen of the 

distal uterine horns using a 23 gauge needle. Immediately following this, we made a small 

incision in the uterine wall to insert the gelatin capsules containing treatment into the distal horn.  

We secured in place with a small loop of suture proximal to the capsule to close the space. Prior 

to the procedure, gelatin capsules were sterilized under a UV sterilizer (Dermologic-209) for 1 

hour. In a cell culture hood, sterile active materials were massed and packed into individual 

capsules using a capsule filling applicator. Uterine horn treatment groups included phenol (20 

mg), phenyl benzoate (20 mg), silver nitrate (16 mg), empty capsules with 5% PF, doxycycline 

hyclate powder (10 mg) with 5% PF, 80:20 PLGA/PCL drug-free fibers (10 mg), 80:20 

PLGA/PCL fibers + 70 wt% doxycycline hyclate (20 mg) with and without 5% PF, 80:20 

PLGA/PCL fibers + 30 wt% doxycycline monohydrate (20 mg), and 80:20 PLGA/PCL fibers + 

80 wt% phenyl benzoate (20 mg). Animals were allowed to recover and monitored daily for their 

post-operative behavior, ability to eat and maintain weight, and stool quality. Guinea pigs were 

euthanized and dissected 7 days and 30 days post-surgery. Immediately after necropsy, 

reproductive tracts were obtained and separated into upper ovary/horn and lower horn. Specimen 

were fixed in 4% paraformaldehyde, dehydrated in alcohol and embedded with paraffin. 

Continuous 5 µm cross sectional samples were taken and processed for H&E staining. 

Histological features were scored based on predetermined criteria.  
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4.3.10 Ethics statement 

In vivo animal studies were approved by the Institutional Animal Care and Use 

Committee (IACUC) at the Oregon National Primate Research Center (Protocol #IP00003599). 

All animals were obtained and cared for in accordance with the IACUC guidelines. 

 

4.3.11 Statistical methods 

Graphical results were expressed as the mean of each replicate ± standard deviation. One-

way analysis of variance (ANOVA) using Tukey’s multiple comparison post-test was performed 

when comparing outcomes between groups, with statistical significance defined as p < 0.05 (*). 

Statistical analysis was performed on GraphPad Prism 8 software. 

 

4.4 RESULTS AND DISCUSSION 

4.4.1 Sclerosing agents induce cell death, epithelial delamination, and leukocyte infiltration of 

macaque fallopian tubes 

Doxycycline and phenol have been used extensively as sclerosing agents for 

endovascular sclerotherapy and lymphatic cyst ablation [269,270], but exhibit unique tissue 

responses that may be explained by their distinct mechanisms of action. The molecular 

mechanism of doxycycline as a tissue antagonist is speculated to involve inhibition of matrix 

metalloproteinases and suppression of vascular endothelial growth factor-induced angiogenesis, 

thereby preventing tissue repair and endothelial maintenance [271]. The effect of doxycycline on 

epithelial layers has been studied using human bronchial epithelial cells, where it was shown to 

induce apoptotic pathways, necrosis, and cell detachment in a time and concentration dependent 

manner [272]. Ultimately, this is correlated with in an inflammatory response that causes fibrosis 
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and involution of endothelial-lined luminal structures. Phenol is a mildly acidic organic 

compound that has been used to treat hemorrhoids and varicose veins by causing hemorrhage of 

the endothelial submucosa resulting in obliteration of tissue [270,273]. It has a direct toxic effect 

on human colonic epithelial cells cultured in vitro, consistent with the well-known ability of 

phenol to damage plasma membranes and inhibit cell growth [274]. Here, we demonstrated the 

ability of both doxycycline and phenol to induce cell death and enhance leukocyte infiltration 

with unique effects on fallopian epithelial integrity. 

We treated explant fallopian tubes obtained from a mature female Rhesus Macaque with 

varying concentrations of doxycycline and phenol to investigate the potential of these two active 

agents in initiating acute tissue trauma to fallopian epithelium. Phenyl benzoate is utilized in 

biomaterial formulations because it is a solid at room temperature and therefore able to form a 

solid dispersion while functioning as a sclerosant after dissolution and hydrolysis. Phenol and 

phenyl benzoate are considered analogous pharmaceutical compounds since the latter is an ester 

of phenol, which hydrolyzes in physiological conditions at a pH dependent rate to form phenol 

and benzoic acid. In weak basic conditions, such as the fallopian tube, complete hydrolysis is 

expected to occur in under 30 minutes [275,276]. Doxycycline was used in concentrations of 

0.01 to 0.1% on monolayer epithelial cell cultures [272] and is typically employed as a 

sclerosing agent in concentrations of 0.5 to 10% [271]. Phenol has been assayed at 

concentrations of 0.1 to 0.5% in epithelial cell cultures [274] and is injected in a 5% 

concentration in almond oil [270]. As such, we chose to assay the inflammatory potential of 1%, 

5%, and 10% solutions of each drug, concentrations that are 10-fold greater than those used to 

assay monolayer epithelial cell cultures. We chose to increase the concentration to account for 

the thickness of biopsy samples in comparison to single cell layer cultures and to recapitulate 
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clinical doses. Lipopolysaccharide is a bacterial endotoxin commonly used to elicit a strong 

inflammatory response; at 1 µg/mL, it does not cause cell death but does stimulate the 

recruitment of leukocytes and release of inflammatory cytokines [277]. As such, LPS was a 

positive control for assessing nontoxic inflammatory effects of the candidate sclerosants, 

whereas cell death, an important mechanism for inflicting acute trauma, was treated as a binary 

measurement in comparison to the media-treated control. 

After 24 hours, biopsies treated with LPS, 1% phenol, and 1% doxycycline conditions 

showed no significant decrease in cell viability compared to media-treated controls (Figure 

4.1A). Higher drug doses of 5 and 10% resulted in significantly reduced cell viability, indicating 

cytotoxicity of these treatments on explant biopsies after 24 hours. We found that doxycycline 

results in a near dose-dependent decrease in epithelial integrity, visible in representative 

histological images (Figure 4.1I,J,K). This exfoliation was significantly greater than the 

untreated control (Figure 4.1B). In particular, the 5% doxycycline treatment condition resulted in 

severe destruction of the epithelium, causing approximately 80% of the columnar cell layer to 

detach from the lamina propria. Surprisingly, phenol results in a dose-dependent increase in the 

integrity of the epithelium and we observed marked preservation of the mucosal layer on the 

apical surface of the epithelium (Figure 4.1E,F,G). However, this observation may be an artifact 

of phenol acting as a fixative in conjunction with formalin. Indeed, the addition of 2% phenol to 

a 4% formaldehyde (formalin) solution has been shown to accelerate fixation processes and 

result in reduced tissue shrinkage and distortion [278]. Despite differences in tissue morphology 

among the treatment groups, both drugs resulted in a significant increase in leukocyte infiltration 

consistent with that caused by LPS (Figure 4.1C). Based on the observed tissue effects of the 

sclerosants on fallopian biopsies, we conclude that doxycycline has an antagonistic effect on 
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fallopian epithelial structures that results in cell apoptosis, detachment, and inflammation. 

Although phenol did not enhance epithelial delamination, it caused cytotoxicity and immune-cell 

infiltration. We therefore posit that phenol has interesting sclerosing potential based on its 

immune activation that warrants further investigation. Thus, both drugs represent promising 

candidates for evaluation of physiologically distinct chemical induction of time- and dose-

dependent fallopian fibrosis. 

 
FIGURE 4.1. Treatment with sclerosing agents causes tissue damage and leukocyte 

infiltration. (A) Cell viability fraction of treated samples normalized to media treated samples. 
Percent expressed as the relative mean fluorescence ± standard deviation of n=2 biopsies assayed 

with CellTiter Blue. (B) Percent of intact epithelium is expressed as the fraction of attached 
epithelium over the entire epithelial distance; results represent the mean ± standard deviation of 

n=5 histological images taken at 10X magnification with widefield microscopy, capturing 
approximately 5000 µm of epithelial length per image. (C) Leukocyte increase expressed as fold-

increase in cells per µm2 of lamina propria over the media-treated sample; results represent the 
mean ± standard deviation of n=5 histological images taken at 20X magnification with widefield 
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microscopy, capturing approximately 11,000 µm2 of tissue per image. (D-K) Fallopian tube 
biopsies cross sectioned and stained with H&E; images collected with 10X widefield 

microscopy. Scale bars represent 100 µm. (****) represents p < 0.0001. (**) represents p < 0.01. 
 

4.4.2 Electrospun polyester blends show high encapsulation efficiency and processability for 

micronization 

Electrospun polyester blends were loaded with doxycycline and phenyl benzoate ranging 

from 20 wt% to 80 wt% drug loading. PLGA/PCL (80:20) and PLLA fibers loaded with 

doxycycline and phenyl benzoate show high encapsulation efficiency at all drug loadings (Table 

4.1), with up to 77% and 73% encapsulation efficiency measured for the 80 wt% drug loading, 

respectively. Doxycycline could not be spun at 80 wt% in PLLA as it was insoluble in the 

electrospinning solvent at a concentration above the critical micelle concentration of the 

polymer. A general trend of decreasing encapsulation efficiency with increasing drug loading is 

observed for both active agents. This result is consistent with previous data showing that higher 

drug loading is typically associated with a greater fraction of drug being surface associated 

which results in a relative reduction of encapsulated drug within the fiber matrix [279]. 

Variations in polyester blend formulation had little impact on encapsulation efficiency (Table 

4.2). Doxycycline loading at 20 wt% in PDLLA/PLLA and PLLA/PLGA blends achieved 83% 

to 93% encapsulation efficiency, despite differences in polymer crystallinity and hydrophobicity. 

Phenyl benzoate loaded at 20 wt% in 50:50 PLLA/PLGA achieved 72% encapsulation efficiency 

(not shown). We did not measure a significant difference in efficiency between the 20 wt% and 

80 wt% loading conditions. The high loading efficiency of electrospun material demonstrates the 

utility of this approach in formulating scalable biomaterials with minimal active agent loss 

compared to other particle fabrication approaches. Indeed, single and double emulsion particle 

formulation methods often fail to achieve higher than 10% efficiency in drug loading [280,281]. 
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TABLE 4.1. Drug encapsulation in formulations with incremental theoretical loading. 

Theoretical loading (wt%) 20% 40% 60% 80% 

Doxycycline 
80:20 PLGA/PCL 18.93% 

(94.64 ± 2.91) 
34.96% 

(87.40 ± 1.79) 
48.12% 

(80.20 ± 1.05) 
61.58% 

(76.98 ± 1.24) 

PLLA 18.79% 
(93.79 ± 12.31) 

39.42% 
(98.55 ± 5.54) 

52.61% 
(87.69 ± 6.79)  

Phenyl 
Benzoate 80:20 PLGA/PCL 18.07% 

(90.34 ± 2.21) 
34.48% 

(86.19 ± 2.03) 
46.38% 

(77.30 ± 4.36) 
58.62% 

(73.27 ± 1.60) 

NOTE: Actual loading expressed as wt% and (mean encapsulation efficiency (%) ± standard deviation of 3 
samples per condition) 

 

TABLE 4.2. Drug encapsulation (20 wt% theoretical loading) in polyester blends. 

Fiber Blend 50:50 
PLGA/PLLA 

80:20 
PLGA/PLLA 

75:25 
PLLA/PDLLA 

50:50 
PLLA/PDLLA 

Doxycycline 16.70% 
(83.50 ± 0.17) 

17.00% 
(84.99 ± 10.84) 

18.29% 
(91.45 ± 8.60) 

18.00% 
(89.98 ± 14.99) 

NOTE: Actual loading expressed as wt% and (mean encapsulation efficiency (%) ± standard deviation of 3 
samples per condition) 

 

We micronized drug-loaded electrospun fibers to efficiently generate microparticles for 

transcatheter instillation and anatomical targeting. We first produced large nanofiber mats on a 

commercial-scale Elmarco NanoSpider and micronized the mats via a process similar in 

principle to traditional milling techniques, in which fiber comminution is the product of attrition 

and impact against steel blades and vessel walls [282]. As this process is relatively low energy, 

mechanical properties of the electrospun fibers play a role in the success of micronization. High 

brittleness and minimal elongation before fractionation is desirable when impact is responsible 

for granulation. The combination of these properties can be described by material toughness. 

Radenbaugh et al. presented methods for characterizing material toughness via puncture test, 

which was shown to better resolve differences in the elongation property between materials than 

the tensile test [283]. Prior experiments demonstrate that 80:20 PLGA/PCL electrospun fibers 
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can be micronized with greater than 50% yield (data not shown), indicating promising 

processability characteristics of that blend. We measured the puncture strength divided by the 

elongation prior to puncture, herein called relative puncture strength, of candidate materials as a 

metric to identify polyester blends that could be successfully micronized. The burst load 

(maximum load before puncture), puncture strength, elongation fraction, and relative puncture 

strength of each blend is presented in Supplementary Table 4.1 (Appendix C). Using the average 

of at least n=3 puncture loads (N) versus probe extention (mm) (Figure 4.2A), we found that 

80:20 and 50:50 PLLA/PLGA blends have relative puncture strengths that are not significantly 

different from 80:20 PLGA/PCL fibers (Figure 4.2B). PLLA alone showed a more than two-fold 

reduction in relative puncture strength; the dynamic behavior upon extension showed a 

protracted necking period followed by relaxation, rather than fractionation, which indicates 

highly ductile behavior (Figure 4.2A). Indeed, micronization of PLLA was unsuccessful and 

resulted in compression of fiber segments rather than comminution. Though 80:20 PLLA/PLGA 

exhibited a comparable relative puncture strength to that of 80:20 PLGA/PCL, its micronization 

was unsuccessful as well, perhaps due to elongation prior to fractionation. The 50:50 blend of 

PLLA/PLGA, which exhibited the highest relative puncture strength, was amenable to successful 

micronization with a yield of 8.5%, which was similar to the positive control.  

Differences in micronization success were likely dictated in part by the glass transition 

temperature (Tg) and melting temperature (Tm) of electropsun fibers. The Tg of PLGA and PLLA 

(Supplementary Table 4.2, Appendix C) and their blends are in the range of 40°C to 60°C, while 

the Tm of PCL is around 60°C with a very low Tg. Due to friction during the micronization 

process, it is possible that electrospun fibers experiences an increase in temperature nearing the 

Tg of PLGA and PLLA and near the Tm of PCL. This would have caused the material to change 
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from its glassy, brittle state to an elastic and more ductile state, which would have impeded 

micronization. Informed by mechanical properties of each nanofiber formulation, we rationally 

selected blends that could be successfully micronized. 

FIGURE 4.2. Puncture force of polyester blends informs micronizable formulations. (A) 
Puncture force of drug-free polyester blends generated via uniaxial electrospinning performed by 

a puncture test. (B) Calculated puncture strength per elongation fraction of polyester blends. 
Results presented as the mean ± standard deviation of tensile tests performed on at least n=3 

individual fiber samples per condition. 
 

We used scanning electron microscopy and laser diffraction particle sizing to verify the 

success of fiber micronization. SEM images of sub-150 µm micronized particles achieved the 

desired heterogeneous size and shape (Figure 4.3A,B,C). According to prior studies evaluating 

the occlusive propensity of commercially available embolization particles, shape heterogeneity is 

generally considered to enhance macroparticle aggregation [284]. Mesh fibers maintained a 

dense matrix with an average fiber diameter of 0.802 ± 0.133 µm (Figure 4.3A). In comparison, 

Carson et al. reported an average fiber diameter of 1.0 – 1.6 µm for PLGA/PCL blends that were 

not micronized but prepared with the same electrospinning parameters [285]; therefore, we 

assume that micronization does not significantly effect fiber microarchitecture. Microparticles of 

PLGA/PCL (80:20) loaded with 20 wt% doxycycline had an average diameter of 141.47 µm; 

50:50 PLLA/PLGA + 20 wt% doxycycline particles had an average diameter of 107.40 µm; and 
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microparticles of PLGA/PCL (80:20) loaded with 80 wt% phenyl benzoate had an average 

diameter of 111.17 µm (Figure 4.3D-F). Alternate methods of particle synthesis are limited to 

generating particles of nanometers to several micrometers in diameter. These approaches fail to 

reach the 100 – 300 µm size specification for fallopian tube embolization [267]. Using our 

micronization approach, all three particles exhibited favorable size distributions where the 

average diameter was below that of the guinea pig fallopian isthmus, allowing for entry and 

penetration. 

 
FIGURE 4.3. Fiber micronization generates particles of inhomogeneous shape with a 

gaussian size distribution. Scanning electron microscopy of micronized 80:20 PLGA/PCL 
fibers loaded with 20% (wt/wt) doxycycline taken at (A) 5,000X, (B) 250X, and (C) 

50X. Volumetric particle size distribution of (D) 80:20 PLGA/PCL with 20% (wt/wt) 
doxycycline particles, (E) 50:50 PLLA/PLGA with 20% (wt/wt) doxycycline particles, and (F) 
80:20 PLGA/PCL with 80% phenyl benzoate particles. Amplitude is represented as the mean ± 

standard deviation of 5 repeated measurements for each particle type on the laser diffraction 
particle sizer. 
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Particulate formulation at this scale has many therapeutic advantages. The industry 

standard for commercial embolization particles describes particle size ranges that span 200 µm, 

which has been proven to allow for site-specific accumulation [286]. The targeted portion of the 

human oviduct, called the isthmus, has a 1 mm to 0.1 mm diameter lumen with numerous 

longitudinal mucosal folds and extensive secondary folds that collectively fill the lumen [263]. 

We propose that particles calibrated to match this luminal diameter, such as the 100-300 µm size 

range of our microparticles, may effectively aggregate within mucosal folds. Furthermore, the 

isthmus is the primary site of mucin production in the fallopian tubes [287]. Therefore, the 

mucoadhesive property of these polyester blends provides further evidence for the potential of 

anatomically-targeted particle aggregation. Indeed, PLGA/PCL and PLLA/PLGA fibers loaded 

with doxycycline and phenyl benzoate showed equivalent or significantly increased tensile 

adhesion to rehydrated porcine mucin compared to nanofibers composed of polyvinyl alcohol 

(PVA), a highly mucoadhesive polymer (Supplementary Figure 4.2, Appendix C). Therefore, our 

electrospun microparticles have potential for proximal aggregation in the human fallopian 

isthmus via intrauterine transcervical catheter delivery due to their gaussian granulometric 

distribution that matches anatomical specifications of target tissue, inhomogeneity in shape, and 

mucoadhesive surface properties. 

 

4.4.3 Microparticles demonstrate tunable drug release in vitro 

We formulated polyester blends to achieve release of encapsulated sclerosing agents 

ranging from burst release within 24 hours to sustained release out to several weeks. These 

release kinetics were selected in order to recapitulate both the acute and chronic wound healing 

that has been observed to precipitate occlusion of the fallopian tubes. Thus, one burst release and 
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one sustained release formulation were sought for this purpose. Previous work has shown that 

the addition of PCL to PLGA fibers affords greater tunability of drug release of tenofovir (TVF), 

a water soluble antiretroviral [285]. Therefore, we selected an 80:20 PLGA/PCL blend, which 

demonstrated sustained release of TVF, for electrospinning doxycycline hydrochloride (HCl, 

herein referred to as doxycycline), which is similarly water-soluble in its salt form. We 

investigated the effect of high drug loading on release kinetics from 80:20 PLGA/PCL fibers 

loaded with 20 wt% to 80 wt% doxycycline (Table 4.1, Figure 4.4A). For fibers loaded with 20 

wt% drug, an initial burst release of 60% of encapsulated drug was followed by sustained release 

for 24 hours. However, for each fiber formulation containing 40 wt% doxycycline or higher, 

approximately 90% to 100% of doxycycline burst released within the first hour. Doxycycline 

HCl is hydrophilic with a partition coefficient of -1.9 and may become more surface associated 

during the electrospinning process, resulting in rapid drug partitioning (release) into the aqueous 

medium. The relative ratio of polymer matrix to doxycycline appears to affect the partitioning 

kinetics, wherein a formulation of 80 wt% polymer matrix dampens diffusion for 24 hours while 

formulations composed of 60 wt% or less in polymer mass fail to offer any sustained release. 

Thus, highly hydrophilic doxycycline is ideally formulated into burst release particles to elicit 

initial acute inflammation.  

In addition to burst release particles formulated with PLGA/PCL, we sought to 

investigate the more crystalline PLLA to achieve sustained release of doxycycline. To directly 

investigate the effect of polymer crystallinity, we electrospun fibers containing 20 wt% 

doxycycline in blends of PLLA with its amorphous isomer poly-D-L-lactic acid (PDLLA) 

(Table 4.2). There was no difference in doxycycline release between the three PLLA blends, thus 

the higher capacity for water penetration into racemic PDLLA chains did not increase drug 
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release as expected (Figure 4.4B). However, PLLA achieved sustained release of doxycycline 

loaded at 20 wt% for 7 days. We next sought to investigate the effect of higher loading on the 

release of doxycycline from PLLA. We observed that PLLA fibers loaded with over 20 wt% 

doxycycline exhibited burst release of approximately 100% of encapsulated drug (Figure 4.4C), 

which may be due to higher amounts of surface associated drug. To confirm the relative effect of 

PLLA to PLGA fiber content on drug release kinetics, we electrospun blends of PLLA/PLGA 

(100:0, 80:20, and 50:50) fibers loaded with 20 wt% doxycycline (Table 4.2). As expected, we 

found that increasing PLLA content increased sustained release that could be tuned 

incrementally from 4-14 days (Figure 4.4D). Thus, the increased hydrophobicity of PLLA 

compared to PLGA permitted effective tuning of the release of water-soluble doxycycline with 

fine temporal resolution. These doxycycline formulations sustained release up to two-weeks 

which may be sufficient to elicit a chronic response in vivo. 

To generate material that could offer sustained release with a higher dose of encapsulated 

agent, we formulated particles with phenyl benzoate which is highly hydrophobic compared to 

doxycycline and has a logP partition coefficient of 3.59. Interestingly, 20 wt% phenyl benzoate 

exhibited slower release from 80:20 PLGA/PCL fibers than from a PLLA-based fiber blend 

(Figure 4.4E). After 7 days, approximately 22% more phenol was detected from 50:50 

PLLA/PLGA fibers than 80:20 PLGA/PCL fibers. Accordingly, 80:20 PLGA/PCL fibers were 

assayed for in vitro release of 20 wt% to 80 wt% phenyl benzoate until 100% release was 

observed. This fiber formulation showed sustained release of all drug loading conditions for up 

to 4 weeks, representing a promising candidate for release of a high drug dose from electrospun 

fibers over an extended period (Figure 4.4F). Previous research demonstrates that the 

degradation of PLGA/PCL blends is insignificant at timescales relevant to these release rates; 
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therefore, we expect that water penetration and drug diffusion are primarily responsible for drug 

release [285,288]. The release kinetics demonstrated by polyester microparticles may be 

advantageous in contributing to a persistent inflammatory state that recapitulate the timeline of 

physiological events necessary for tubal occlusion. This platform is therefore useful to probe 

dose- and time-response to pro-inflammatory and pro-fibrotic agents. 

 
FIGURE 4.4. Fiber blends containing varied drug type and loading show tunable release 
profiles. In vitro drug release profile of (A) doxycycline from 80:20 PLGA/PCL fibers, (B) 20 
wt% doxycycline from PLLA/PDLLA fiber blends, (C) doxycycline from PLLA fibers, (D) 20 

wt% doxycycline from PLLA/PLGA blends, (E) 20 wt% phenyl benzoate from 80:20 
PLGA/PCL and 50:50 PLLA/PLGA fibers, and (F) phenyl benzoate from 80:20 PLGA/PCL 
fibers. Results presented as the mean ± standard deviation of n=3 fiber samples per condition, 

taken over a one-to-six-week time course. 
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4.4.4 Validation and sensitivity assessment of guinea pigs as a model for permanent 

contraception 

Both acute inflammation and long-term antagonistic activity are critical to eliciting 

permanent fibrotic tissue formation for tubal occlusion [289]. Here, we used a guinea pig model 

to investigate the activity of sclerosing agents and the impact of polyester fibers as both a 

delivery vehicle for burst and sustained release of drug as well as the antagonistic materials 

themselves. Significant research emphasis in contraception, including permanent contraception, 

has been placed on nonhuman primate (NHP) models due to similarities with human 

reproductive anatomy and physiology [290]. Rodent models, including guinea pigs, have been 

used in contraceptive studies to identify molecular contraceptive targets, however, their use has 

not been reported for studying fallopian occlusion. We selected guinea pigs for these procedures 

as their uterine horns are 3 to 4-times larger in diameter than mice and rats (6-8 mm versus 2 

mm), allowing for easier instillation of treatments [291,292]. Here, we sought to identify if 

guinea pigs could be used as a model to assess tubal occlusion and then applied this model to 

assess our treatment regimens for this purpose. 

Guinea pigs have anatomically distinct uterine horns that allow administration of 

different treatment conditions to the left and right horns in the same animal. We took histological 

samples in the proximal region of the uterine horn directly below the suture location as well as 

the distal region above the suture location where the uterine horn meets the oviduct. These 

anatomical locations are referred to as the uterine horn and oviduct, respectively. We 

qualitatively assessed the acute tissue response 7-days after various treatments according to 

epithelial detachment, inflammation, subepithelial thickening, and the presence of residual 

material in the uterine horn lumen. Long term affects were characterized 30-days after treatment 
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based on inflammation remaining near capsule placement, fibrous encapsulation of lumenal 

contents, and occlusive scarring (Table 4.3). No adverse side effects of this treatment were 

observed during the 7- or 30-day study periods. All animals had normal post-procedure behavior, 

ate, and maintained weight with an average change in weight between surgery and necropsy 

among all treatment groups of 1.68 ± 11.7%. No other parameters of well-being were collected 

in this study; future iterations of evaluating this treatment must involve characterizing its long-

term side effects. 

To understand the utility and constraints of the guinea pig model for evaluating sclerosant 

agents for tubal occlusion, we treated uterine horns with active agents alone including treatments 

comparable to published trials in higher order animals. We assessed the long-term effects of 

silver nitrate, a highly potent sclerosant, in the guinea pig model as a positive control. Silver 

nitrate was the first chemical agent tested for nonsurgical sterilization and subsequent studies 

have shown that silver nitrate at low doses is superior to phenol at inducing long-lasting tubal 

occlusion in primates [293]. Despite its potential, silver nitrate is considered highly toxic to skin 

and mucosal surfaces and thus is not FDA approved for use in humans and used here only as a 

positive control [294]. Indeed, we observed extensive fibrotic tissue and near complete reduction 

of patency caused by occlusive scarring in the uterine horn and oviduct after treatment with 16 

mg of silver nitrate (Figure 4.5B&C). Therefore, the guinea pig model recapitulates the 

phenotype of tubal occlusion when exposed to highly potent sclerosants such as silver nitrate and 

is valid for assessing permanent contraception at this potency threshold.  

We next evaluated the sensitivity of this model relative to the tissue response in NHPs 

treated with less potent sclerosing agents than the positive control. We selected polidocanol foam 

as it requires repeated dosing in rhesus macaques to elicit tubal damage and blockade; therefore 
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it is known to cause occlusion but is less potent than silver nitrate [295]. Indeed, varied results 

have been seen in single treatment trials in rodents which has motivated addition of more potent 

agents with longer residency to elicit more consistent occlusion [296]. Here, we instilled a single 

dose of 5% polidocanol foam in empty gelatin capsules to improve residency time in the uterine 

horns. We minor epithelial detachment in one of three treated horns but no acute tissue trauma as 

seen with the silver nitrate (Figure 4.5A). In guinea pigs, polidocanol foam at this dose alone 

does not cause a robust tissue response and gelatin capsules do not sufficiently enhance residence 

time and increase the local effect of polidocanol. The guinea pig horns are more recalcitrant than 

NHP fallopian tubes to the effects of polidocanol foam, which makes the model appropriate for 

identifying highly potent sclerosants.  

As experimental controls for our materials, we characterized the response of guinea pig 

uterine horns to the active agents used in our formulations (neat phenol, phenyl benzoate and 

doxycycline). Phenol resulted in extensive epithelial damage and inflammation in addition to 

appearance of unknown lumenal contents that may suggest early collagen deposition or 

hemorrhage (Figure 4.5D). Tissue surrounding the affected lumen shows vascular hyperemia, 

further evidence of acute damage and inflammation (Figure 4.5E). In vivo, phenyl benzoate 

resulted in extensive purulent discharge into the fallopian lumen containing a mass of 

inflammatory cells (Figure 4.5F). As phenyl benzoate was instilled in its crystalline form, we 

anticipated slower degradation and thus examined its long-term effect on the oviduct. In contrast 

to its acute effects, phenyl benzoate resulted in minimal long term tissue responses that would 

indicate persistent irritation (Figure 4.5G&H). The final drug-only treatment we tested was the 

effect of adding doxycycline powder to 5% polidocanol foam. Previous trials in baboons have 

shown that 5% PF supplemented with a 100 mg bolus dose of doxycycline causes a significant 
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reduction in tubal patency marked by complete obliteration of the tubal epithelium and 

replacement with collagen-III [297]. However, we observed in the guinea pig uterine horn model 

that this treatment resulted in minimal epithelial damage and inflammatory exudate in only one 

uterine horn (Figure 4.5I). Observing little tissue change or inflammation in guinea pig uterine 

horns due to this treatment also supports that a higher threshold of acute trauma is needed for an 

observable effect, thereby demonstrating the rigor of this model. Differences in the effect of 

treatment with polidocanol, phenol/phenol benzoate, and polidocanol with doxycycline show that 

this model displays a dynamic range of tissue responses that allow us to draw comparisons 

between treatment modalities based on their relative effects. These studies further validate our 

use of sclerosing agents in biomaterial formulations and the results allow us to interpret the 

additive therapeutic effect of encapsulating these agents in electrospun microparticles with bolus 

and sustained release properties. 

 

 

 



 121 

  
FIGURE 4.5. Histological features of guinea pig oviducts and uterine horns after treatment 

with active agents. Representative images from uterine horns treated with: (A) empty gelatin 
capsule instilled with 0.5 mL of 5% PF for 7 days; (B&C) 16 mg of silver nitrate instilled with 
saline for 30 days; (D&E) 20 mg of phenol for 7 days; (F) 20 mg of phenyl benzoate instilled 

with saline for 7 days; (G&H) 20 mg of phenyl benzoate instilled with saline for 30 days; and (I) 
10 mg of doxycycline powder instilled with 0.5 mL of 5% PF for 7 days. 

 

4.4.5 Sustained release polyester embolization particles enhance tubal damage in vivo  

We assessed the therapeutic potential of delivering active sclerosing agents encapsulated 

in polyester microparticles in order to probe the effects of material potency and acute versus 

sustained treatment residency. We first investigated the role of polymer materials (vehicle only) 

in eliciting tissue trauma by instilling drug-free microparticles alone in gelatin capsules. We 

anticipated that in the low-fluid environment of the uterine horn, degradation of PLGA 

nanofibers would be slow and acute tissue responses would dampen the sclerosant effect. At 30 
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days, we observed extensive epithelial detachment and encapsulation of implanted materials 

(Figure 4.6A&B). There also appears to be inflammatory cells surrounding the implant, which 

indicates that polyester fibers alone have active antagonistic properties capable of instigating a 

cellular response and inflicting long term damage on the fallopian tubes. Their contribution to 

acute tissue responses was assessed by testing microparticles containing doxycycline instilled in 

5% PF foam and saline. Polyester blend particles loaded with 70 wt% doxycycline were 

considered bolus release particles as we saw that drug loading above 40 wt% drove rapid drug 

release from all fiber formulations. Treatment with bolus release doxycycline microparticles and 

5% PF resulted in distention of the distal uterine horns accompanied by extensive lumenal 

residue and a solid yellow discharge containing significant inflammatory cell infiltrate (Figure 

4.6C). Bolus release doxycycline particles inserted with saline, instead of PF, caused slightly less 

consistent epithelial detachment in all three treated horns, but similar inflammatory cell infiltrate 

and lumenal residue and an overall very similar acute response (Figure 4.6D). Compared to the 

treatment group with free doxycycline powder and PF foam control (Figure 4.5I), the treatment 

groups with bolus release doxycycline particles (with and without PF) resulted in significantly 

more inflammation and epithelial damage at 7 days. While the formulated sclerosant is more 

active than the neat sclerosant, it is unclear whether this is due to release effects of the sclerosant 

from the polyester fibers or an additive/synergistic effect of the vehicle and sclerosant. Given 

either mechanism, it is clear that polyester fibers play a necessary role in bolstering the acute 

tissue response to delivered sclerosing agent. 

Finally, we assessed sustained release formulations to examine long term effects of drug-

releasing microparticles. Sustained release microparticles were formulated with 30 wt% 

doxycycline monohydrate, which is slightly less hydrophilic than the hyclate salt form. While 
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bolus release microparticles showed inflammation but no encapsulation of particle debris at 30 

days (Figure 4.6E), sustained release particles caused fibrous encapsulation of the particle-

containing gelatin capsule (Figure 4.6F) and more extensive inflammation and epithelial 

distension (Figure 4.6G). Ultimately, occlusive scarring did not occur in any doxycycline 

macroparticle treatments groups. However, the emergence of red blood cell infiltrate potentiates 

a foreign body response (FBR), as contact to blood is the first step of fibrous capsule formation 

[297]; therefore the FBR is a potential downstream response to this treatment group. While 

sustained release particles elicited more extensive fibrous encapsulation, perhaps due to 

prolonged residency of polyester fibers, epithelial damage was comparable to that of drug-free 

particles, suggesting the low dose of doxycycline was insufficient to cause significant epithelial 

trauma.  
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FIGURE 4.6. Histological features of guinea pig oviducts and uterine horns after treatment 
with encapsulated microparticles. Representative images from uterine horns treated with: 

(A&B) 10 mg of drug-free fiber microparticles for 30 days; (C) 20 mg of fiber microparticles 
loaded with 70 wt% doxycycline instilled with 0.5 mL of 5% PF for 7 days; (D) 20 mg of fiber 
microparticles loaded with 70 wt% doxycycline instilled with saline for 7 days; (E) 20 mg of 

fiber microparticles loaded with 70 wt% doxycycline instilled with saline for 30 days; (F&G) 20 
mg of fiber microparticles loaded with 30 wt% doxycycline monohydrate instilled with saline for 

30 days; (H) 20 mg of fiber microparticles loaded with 80 wt% phenyl benzoate instilled with 
saline for 7 days; and (I) 20 mg of fiber microparticles loaded with 80 wt% phenyl benzoate 

instilled with saline for 30 days. 
 

The balance between treatment residency and potency was addressed by testing highly 

loaded phenyl benzoate microparticles. Microparticles containing 80 wt% phenyl benzoate 

showed first-order sustained release for approximately 25 days in vitro, likely due to the high 

hydrophobicity and crystalline drug form. Treatment with this formulation elicited acute 

hemorrhage of surrounding tissue at 7 days (Figure 4.6H) followed by long-term inflammation 
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and fibrous encapsulation of remaining lumenal content, ultimately causing modest occlusive 

scar tissue formation at 30 days (Figure 4.6I). These results potentiate polyester phenyl benzoate 

embolization particles as a viable treatment which may cause tubal blockade at later timepoints. 

It is evident that phenyl benzoate is a potent sclerosant, however, it only exerted long term 

effects when formulated into electrospun fibers. This is particularly interesting considering the 

composition of the solid dispersion, which is only 20 wt% polyester blend and 80 wt% drug 

crystal. One might expect only a modest contribution of the polymer matrix based on this ratio. 

The mechanism by which fiber encapsulation causes sustained release and durable action of 

phenyl benzoate remains to be elucidated and may relate to the crystalline state of the drug as it 

is influenced by electrospinning processing parameters. It is also likely that electrospinning with 

such a low polymer concentration relative to drug resulted in electrospraying, which would have 

bound phenyl benzoate crystals into nanocapsules that were compressed together and milled in 

the micronization process [298]. In this case, the polymer matrix would contribute to surface 

area-mediated diffusion of drug into the low-fluid environment. Further investigation into the 

morphology and dissolution characteristics of supersaturated solid dispersions of hydrophobic 

drugs is warranted. This sustained release behavior was used to our advantage in this study, 

wherein phenyl benzoate loaded microparticles were the most promising experimental group. 

This is the first study to use guinea pigs as a model for permanent contraception. In 

contrast to prior studies using polidocanol foam and bolus doxycycline in nonhuman primates, 

our results show a consistently higher threshold of antagonistic action required to elicit chronic 

inflammation and fibrotic tissue formation in guinea pigs [295]. Thus, achieving moderate to 

successful occlusion of a guinea pig uterine horn may imply more robust occlusion in a higher 

order model. Testing this strategy in the more sensitive macaque fallopian tubes may better 
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represent its potential for permanent contraception in humans compared to these trials. Our 

findings that polyester material persists in the oviduct for 30 days, and that fibers themselves 

elicit an inflammatory response and cause fibrous capsule formation, implicates the foreign body 

response in addition to anticipated wound healing mechanisms. As such, this treatment can be 

considered a hybrid method of occlusion that is, in theory, capable of generating collagen 

deposition and scar tissue caused by chemical trauma and fibrotic encapsulation of implanted 

polyester microparticles. Moreover, the foreign body response has been shown to depend 

significantly on the size and shape of macroparticle (> 100 µm) implants [299]. We propose that 

delivery of micronized fiber particles of heterogenous size and shape is an opportune method of 

optimizing a FBR, as it is likely that some population of particles within a delivered dose elicits 

maximum fibrosis with respect to dimensionality. To confirm this conclusion, further research 

must be done to characterize the nature of the immune response to polyester material and 

candidate sclerosing agents in the fallopian tubes. Hernandez et al. recently showed that the 

uterus is a tolerogenic environment that dampens a foreign body response; however, the 

existence of such immune privilege in the immediate utero-tubal junction and the further distal 

fallopian isthmus warrants investigation [300]. Optimization of drug loading and release 

characteristics may better take advantage of the postulated hybrid immune response by 

instigating stronger acute trauma to initiate wound healing and longer chronic inflammation to 

facilitate fibrous capsule formation. 

A limit of this in vivo model is the use of gelatin capsules to isolate particles into the 

target anatomical location, thus eliminating the variable of particle delivery due to species 

anatomy. Though the use of capsules is appropriate to test efficacy in theory, it is not directly 

translatable to a procedure that can be performed in women without a practiced physician, as is 
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the ultimate goal. As such, we conclude that this treatment has significant potential as a 

nonsurgical permanent contraceptive and warrants further investigation to address delivery and 

proximal fallopian tube targeting via transcervical catheterization. In future studies, the safety 

and efficacy of this approach must be rigorously investigated in higher order animals and 

humans. This work potentiates electrospun microparticles as an effective alternative to repeated 

administration of drug in bolus form. 

 

4.5 CONCLUSION 

 In this work, we investigated drug-eluting polyester microparticles as a biomaterial agent 

for nonsurgical permanent contraception. We examined the potential of two candidate FDA-

approved sclerosing agents, doxycycline and phenyl benzoate, to elicit tissue damage and acute 

inflammation in explant rhesus macaque fallopian epithelial tissue. We saw that both drugs 

caused extensive cell infiltration and epithelial trauma which warranted their formulation into a 

biomaterial drug delivery system. Electrospinning proved an effective method of loading both 

physiochemically diverse agents with high encapsulation efficiency into polyester nanofibers, 

thus overcoming limitations of low drug loading seen with other particle formulation strategies. 

The versatility of blending polymers allowed us to design materials with mechanical 

characteristics amenable to processing into micronizable nanofiber mats, thereby permitting 

scalable microparticle production via free-surface electrospinning. Further, we evaluated the 

release profile of candidate sclerosing agents from nanofibers contingent on several tunable 

factors, including drug loading, encapsulated agent hydrophobicity, polymer hydrophobicity and 

crystallinity, ultimately generating bolus and sustained release particles with potential to elicit 

acute and prolonged tissue responses. Finally, we validated a guinea pig uterine horn model for 
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tubal occlusion and evaluated the potential of this approach, observing significant acute tissue 

trauma and sustained inflammation in treatment groups containing nanofibers. We ultimately 

determined that these materials represent an innovative formulation strategy for generating 

tunable polymer microparticles that hold significant potential to elicit fibrotic tissue formation 

and tubal occlusion.
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TABLE 4.3. Guinea pig oviduct/uterine horn acute and long-term treatment outcomes. 
 Acute responses: 7 days (horn/oviduct) Long term responses: 30 days (oviduct) 

Treatment Epithelial 
damage Inflammation Subepithelial 

thickening 
Lumen 
residue 

Capsule 
Inflammation 

Fibrous 
encapsulation 

Occlusive 
scarring 

Empty capsule + 5% PF foam -/- -/- -/- -/-    

Silver Nitrate     ++ ++ ++ 

Phenol  +/+ +/++ +/- -/-  

Phenyl Benzoate +/+ +/++ -/- -/- - - - 

Doxycycline powder + 5% PF 
foam +/- -/- -/- -/-  

Drug-free fibers only  ++ + - 

Bolus release doxycycline 
fibers + 5% PF foam +/++ ++/+++ -/- +/+  

Bolus release doxycycline 
fibers + saline +/++ ++/+++ -/- +/+ + - - 

Sustained release doxycycline 
fibers + saline  + + - 

Phenyl benzoate fibers  ++ + + 
NOTE: Scoring represents the median qualitative score of three animals per treatment group 
Epithelial Damage: Broad area of epithelium stripped off (++); local/acute epithelial detachment (+); no epithelial detachment (-) 
Inflammation: Massive inflammatory cells and exudate in lumen or treated area (++); few inflammatory cells or exudate near treated area (+); no inflammatory 
cell infiltration or exudate (-) 
Subepithelial Thickening: Significant distention of the subepithelial stroma (++); minor distention of stroma (+); no stromal thickening (-) 
Lumen Residue: Presence of non-biologic material in uterine horn lumen (+); no remaining material in uterine horn lumen (-) 
Capsule Inflammation: Significant inflammatory infiltrate surrounding capsule (++); minor to moderate inflammatory infiltrate surrounding capsule (+); no 
inflammatory infiltrate (-) 
Fibrous Encapsulation: Total encapsulation of capsule/microparticles (++); partial or minor encapsulation of capsule/microparticles (+); no fibrous 
encapsulation (-) 
Occlusive Scarring: Total tubal occlusion (++); partial tubal occlusion or some reduction in patency (+); no reduction in patency (-) 
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Chapter 5.  DESIGN AND DEVELOPMENT OF AN ARV-
RELEASING COPPER IUD FOR LONG-ACTING MULTIPURPOSE 
PREVENTION 
 

For the proposed manuscript: Development and Pharmacokinetics of an Antiretroviral Releasing 

Intrauterine Device for Long-Acting Multipurpose Prevention Technology. VanBenschoten H, 

Doan MA, Roberts M, Suydam I, Yao, S, Jensen JT, Woodrow KA. In preparation. 

 

5.1 ABSTRACT 

 Next generation multipurpose prevention technology (MPT) has the potential to address 

unmet needs in family planning and HIV prevention; however, there remains a need for MPT 

that is coitally- and adherence-independent, long-acting, reversible, discreet, and female-

controlled. Here, we design and develop an antiretroviral-releasing copper intrauterine device 

(ARV-IUD) that combines long-term pre-exposure prophylaxis (PrEP) and nonhormonal 

contraception. We demonstrate the effect of thermoplastic polyurethane (TPU) hydrophobicity, 

water uptake, and crystallinity on drug release from monolithic matrix drug delivery systems 

(DDS), as well as the influence of sheath polymer chemistry and thickness on core-sheath 

reservoir DDS. Using iterative in vitro release testing and fitting to first-order, Higuchi, and 

Korsmeyer-Peppas models, we selected optimal matrix and reservoir DDS polymers and 

formulations to achieve tunable durations of sustained release. Combining experimental release 

data with predictive in silico modelling, we designed highly-loaded DDS capable of delivering 

one topical ARV – dapivirine – and three physicochemically distinct ARVs – raltegravir, 

maraviroc, and etravirine – for at least one year at a relevant release rate. Ultimately, this work 

strongly premises investigation of the safety and pharmacokinetics of matrix and reservoir DDS 



 131 

for the ARV-IUD system in a primate uterine model with significant potential for clinical 

translation. 

 

5.2 INTRODUCTION 

Human immunodeficiency virus (HIV) is a major health burden among people with female 

reproductive anatomy as AIDS remains the leading cause of death among women aged 15-49 

[21]. In regions with the highest incidence of HIV, such as sub-Saharan Africa, women are twice 

as likely as men to be living with HIV and accounted for 63% of new infections in 2020 [20]. 

HIV acquisition by people with female genital tracts (FGT) predominately occurs by viral 

transmission in the vaginal mucosa [22]; thus, prevention methods that interfere with vaginal 

HIV transmission are key to alleviating the burden of HIV among this demographic. Currently, 

pre-exposure prophylaxis (PrEP), the administration of antiretroviral (ARV) medication prior to 

a person’s exposure to HIV, is approved as a daily oral pill [4,33]. Daily oral PrEP offers 

systemic protection against HIV if adhered to rigorously; however, even with perfect adherence, 

orally administered ARVs exhibit poor partitioning to tissues in the lower female reproductive 

tract (FRT) [1,2,52]. In addition to challenges of poor adherence due to daily or coitally-

dependent PrEP, barriers such as low acceptance, side effects, cost, access to providers, and 

awareness have prevented widespread PrEP use among the most vulnerable populations [35]. As 

such, there remains a significant need for adherence-independent, long-acting PrEP that can 

reach highly protective levels in the FRT. 

Long-acting reversible contraceptives (LARC), such as intrauterine devices (IUDs) and 

subcutaneous implants, have demonstrated the ability to deliver various active pharmaceutical 

agents (APIs) to the FRT for durations ranging from three to ten years [110,111,301]. IUDs in 
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particular, such as the hormonal levonorgestrel (LNG) releasing IUD, are able to deliver drug to 

target FRT tissue at high levels while minimizing systemic drug concentrations [127]. As such, 

LARC technologies provide a strong premise for long-acting delivery of API locally to the FRT. 

This presents an opportunity to integrate PrEP with contraception in the form of next generation 

multipurpose prevention technology (MPT). MPTs are highly sought-after biomedical 

interventions with potential to revolutionize the global sexual and reproductive health landscape 

by addressing the syndemics of unintended pregnancy and HIV among people who can become 

pregnant. Female and male condoms are currently the only approved and widely used MPT; 

however, end-user studies indicate a preference for female controlled, discrete, and long-acting 

products to prevent HIV and pregnancy [18]. At present, there are 14 MPTs at various stages of 

research and development designed to prevent HIV and pregnancy, including several vaginal 

rings [78–81,83–87,302], vaginal inserts and gels [83,88,89], an oral pill [92], and a microarray 

patch [91]. Two modalities, a long-acting injectable combination of LNG and integrase inhibitors 

[90], and an in-situ forming implant [82], are under investigation and propose to achieve 6-

months of protection. No MPT has been investigated or developed with a duration of use longer 

than 6 months, nor have long-acting, hormone-free MPTs been proposed. 

In order to fill this gap, we aimed to develop an ARV-releasing copper intrauterine 

device that retains its ability to prevent pregnancy via the spermicidal activity of copper ions 

while releasing single or combination ARVs locally to the FRT. We designed the ARV-IUD 

around a novel shape-memory copper IUD (VeraCept) that boasts a 20% smaller wire frame and 

50% less copper surface area than the T380A (ParaGard) [301]. This low-profile frame can 

accommodate the addition of width from an integrated ARV DDS while maintaining the 

contraceptive copper delivery component. We prioritized the formulation of dapivirine (DPV), a 
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non-nucleoside reverse transcriptase inhibitor (NNRTI) with a preponderance of clinical data 

supporting its use as a topical ARV with protective efficacy in the FGT. Indeed, the ASPIRE and 

RING-004 clinical trials showed that DPV delivered via intravaginal ring at a 50 µg/day dose 

resulted in cervicovaginal fluid concentrations nearly 4000-fold above the IC99 [15,63]. It is 

known that administering multiclass ARVs in combination can offer synergistic anti-HIV 

activity and minimize the potential for drug-resistant HIV infection [43]. Therefore, we also 

developed a DDS capable of delivering multiclass ARVs – the integrase inhibitor raltegravir 

(RAL), CCR5 agonist maraviroc (MVC), and NNRTI etravirine (ETR) – drugs that in synergy 

could increase the protective efficacy of this MPT strategy many-fold. 

Here, we investigate two types of long-acting drug delivery systems (DDS) – the 

monolithic matrix and the core-sheath reservoir – to assess their potential to deliver 

physicochemically distinct ARVs. Monolithic matrix DDS consist of drug homogenously 

dispersed or dissolved within a polymer matrix. In these systems, drug release can be modulated 

by the geometry of the device, particularly the surface area to volume ratio [98], polymer 

swelling, porosity, water uptake, and API diffusivity through the matrix [303]. Matrix-based 

delivery systems have been used extensively in controlled release applications, predominately in 

oral formulations, but with a growing role in drug delivery for sexual and reproductive health in 

the form of vaginal films [11,304,305], patches [306–308], microbicidal nanoparticles [309–

311], and intravaginal rings [85,312,313]. Core-sheath reservoir DDS have also been used 

extensively in long-acting drug delivery systems, including vaginal rings [85,86,314], hormonal 

intrauterine devices [111], and hormonal subcutaneous implants [110]. Reservoir DDSs are 

capable of achieving zero-order release for several years given that a drug is loaded in excess – 

above the saturation solubility – within the core polymer [315]. In this case, release is modulated 
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by the diffusion coefficient of drug in the sheath polymer, thickness of the rate-controlling 

membrane, partitioning coefficient of drug between the core and sheath, and dimensions of the 

device [93].  

 For long-acting polymeric DDS, thermoplastic polyurethanes (TPU) have emerged as 

leading candidates due to their versatility, material flexibility, and biocompatibility [316]. TPUs 

are synthetic polymers that consist of linear segmented block copolymers containing carbamate 

(urethane) bonds in their main chains and composed of soft and hard segments [317]. 

Polyurethanes are produced by reacting an isocyanate with a polyol; due to the wide range of 

starting material, the material properties of PUs can be tuned to meet a range of specifications 

and applications. Bio-inert and biodegradable PUs have been used in a variety of medical 

applications including artificial organs [318,319], implants for tissue repair [320], and drug 

delivery [321–323]. In the context of drug delivery using nondegradable PUs, drug release can 

be modulated by controlling the swelling of the polymer matrix, hydrophobicity, and crystallinity 

[324–326]. Johnson et al. demonstrated the use of a water swellable and non-swellable PU to 

deliver dapivirine from a segmented intravaginal ring (IVR); they reported a 50% difference in 

cumulative release of DPV at 30 days between swellable and nonswellable PU [327].  

Physicochemical characteristics of a drug also play a significant role in drug release. The 

drug-polymer interaction, described by the diffusion coefficient and solubility of an API within a 

polymer matrix, as well as drug loading and partitioning can modulate the rate and kinetics of 

drug dissolution [328]. In the segmented IVR, the initial loading of hydrophilic Tenofovir in a 

hydrophilic PU matrix correlated linearly with cumulative drug release over time [327]. 

Verstraete et al. developed a TPU-based IVR for prophylaxis and treatment of bacterial vaginosis 

by simultaneously delivering lactic acid and metronidazole [329]. They found that highly 
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crystalline hydrophobic TPUs were required to offer sustained release of water-soluble lactic 

acid, while hydrophilic TPUs were required to achieve release of metronidazole over the desired 

release period. Due to the variety of tunable properties granted by TPUs, iteration and selection 

of an appropriate polymer characteristic profile for a given API is necessary in the development 

of long-acting drug release systems. 

 In this study, we demonstrate the development an integrated ARV-IUD designed to offer 

protection against HIV in the FGT for at least one and up to three years. We performed rapid 

prototyping of matrix and reservoir DDS loaded with physicochemically distinct ARVs and used 

in vitro characterization methods to probe material and drug release properties of our prototypes. 

We supplemented experimental methods with in silico mechanistic modelling of drug dissolution 

to rationally design optimal devices for long-term use. 

 

5.3 MATERIALS AND METHODS 

5.3.1 Preparation of TPU matrix device prototypes 

 Thermoplastic polyurethanes (PY-PT42DE35, PY-PT83AE35, PY-PT72AE, and PY-

PT87AE, gifted by Lubrizol Life Science) were dissolved overnight at 10% wt/vol in 

chloroform. Micronized Dapivirine (DPV) (International Partnership for Microbicides) dissolved 

in polymer solution at 1% wt. drug/wt. polymer (wt/wt) or 16.6% wt/wt for ³ 6 hours. Etravirine 

(ETR), Maraviroc (MVC) and Raltegravir (RAL) (NIH AIDS Reagent Program) were isolated 

and purified form their pharmaceutical formulations as previously described [330] prior to being 

dissolved in polymer solution at 1% wt. drug/wt. polymer (wt/wt) or 16.6% wt/wt for ³ 6 hours. 

Polymer-drug solutions (40 mL) were poured into a 100 mm x 15 mm glass petri dish and placed 

uncovered in a fume hood for 24 hours. Solvent cast films were placed in a high-vacuum 
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desiccator for ³ 4 hours on each side to remove residual solvent. Films were cut into disks with a 

1-inch diameter die punch; disks were stacked and placed between two pieces of aluminum foil 

and compressed under a metal weight on a 120°C dry bath. Thickness was monitored frequently 

until it measured 3.5 mm with digital calipers calibrated to 0.01 mm. Devices were cut from 

thick films using a custom rectangular 3.5 mm x 13.3 mm die punch.  

 

5.3.2 Preparation of TPU reservoir device prototypes 

 Reservoir DDS prototypes were prepared by Lubrizol Life Sciences using a heated 

coextrusion process. Briefly, core polymer (PY-PT43DE20) was melted and homogenized with 

the appropriate mass of dapivirine to achieve 1 wt% and 30 wt% core polymer loading. Core 

polymer and sheath polymer (PY-PT72AE or PY-PN73AE) were simultaneously extruded at 

170-190°C through a custom crosshead to meet target tube dimensions with a 1.5 mm inner 

diameter (lumen), 3.56 mm outer diameter, a 1.0 mm wall (core + sheath) thickness, and 100 to 

200 µm sheath thickness. The inner crosshead diameter was varied mid-extrusion to generate 

devices with sheath thicknesses ranging from 100 – 200 µm while retaining a constant outer 

diameter. Material was cut to the desired length per device (13.33 mm) and in-spec devices were 

identified based on sheath thickness using brightfield microscopy. Devices were incubated for 

two weeks at 40°C to equilibrate drug in the core and sheath compartments. Reservoirs used for 

in vitro release studies were end-capped with 2 mm thick discs of drug-free sheath polymer 

generated via solvent cast and heated compression methods described in section 6.3.1. 
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5.3.3 Dimensional analysis of IUD frames and prototypes 

 The dimensional specification of the LevoCeptÔ and VeraCeptÒ IUD frames (Figure 

5.1) (generous gift from Sebela Pharmaceuticals Inc.) were analyzed using digital calipers 

calibrated to 0.01 mm. Matrix device prototype dimensions were measured using digital calipers. 

Reservoir device prototype height and outer diameter dimensions were measured using digital 

calipers; sheath thickness was measured using brightfield microscopy couples with image 

analysis. 

 

5.3.4 HPLC Analytical Methods 

 High-performance liquid chromatography (HPLC, Shimadzu Prominence) was used to 

measure DPV independently and RAL, MVC, and ETR in tandem using a diode array detector 

(Shimadzu Prominence SPD-20A) and a C18 column (5 µm, 100 Å, 250 x 4.6 mm, Phenomenex 

Kinetex). For DPV, samples were analyzed at 30°C at a 1 mL/min isocratic flow rate, 10-minute 

run time and 10 µL injection volume. The mobile phase was composed of a 65:35 ratio of 

acetonitrile (ACN) and 10 mM ammonium acetate in water. DPV was detected at approximately 

6.2 minutes with 310 nm detection wavelength with a linear range of 0.1 – 500 µg/mL. RAL, 

MVC, and ETR samples were analyzed at 35°C at a 1 mL/min flow rate, 20-minute run time  

and 10 µL injection volume. The mobile phase was a gradient of 38 – 73% ACN and 25 mM 

monopotassium phosphate in water (KH2PO4); the mobile phases began at a ratio of 38:62 ACN/ 

KH2PO4, increased to 73% ACN over 8 minutes, and returned to 38% ACN by the end of the 20 

minute run. RAL was detected at 7.2 minutes and 300 nm with a linear range of 0.5 – 500 

µg/mL; MVC was detected at 4.5 minutes and 193 nm with a linear range of 1 – 100 µg/mL; 

ETR was detected at 15.2 minutes and 234 nm with a linear range of 0.5 – 500 µg/mL. All 
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HPLC samples were filtered with a 0.22 µm syringe tip filter (Millex Durapore, Millipore) prior 

to sample analysis. 

 

5.3.5 Drug loading in matrix and reservoir devices 

 For matrix and reservoir prototypes, drug content was extracted from 3 devices of each 

formulation. Devices were cut into three equal segments (4.43 mm long), massed, and 

submerged in 10 mL tetrahydrofuran (THF) in a 20 mL glass scintillation vial. Vials were sealed 

and placed on a rotisserie shaker at room temperature for at least 24 hours. THF solutions were 

vortexed and diluted 10X in dimethyl sulfoxide (DMSO) prior to drug content analysis by 

HPLC. 

 

5.3.6 Saturation solubility of water-insoluble drugs in release media 

 The solubility of DPV, MVC, and ETR in candidate in vitro release media was 

determined at physiological temperature (37°C). Release media (2% Cremophor) was prepared 

consisting of phosphate buffered saline (DPBS, no calcium, no magnesium, pH 7.4, 9.55 g/L in 

Millipore Milli-Q water) and 2% wt/vol Cremophorâ A25/Emulginâ B25. 10 mL aliquots of 

2% Cremophor were prepared in triplicate for each drug in 20 mL glass scintillation vials. 10 mg 

of each drug was added to individual aliquots which were sealed and heated to 70°C on a 

ChemX hot plate under constant stirring to accelerate dissolution. After 4 hours, the temperature 

was reduced to 37°C and samples stirred for 24 hours. Saturated solutions were centrifuged for 5 

minutes at 2300 RPM and filtered through a 0.22 µm syringe tip filter prior to analysis on HPLC. 

If drug appeared fully soluble at the original concentration (1 mg/mL), no additional drug was 
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added and samples were diluted 10X with DMSO to bring the sample concentration below the 

upper limit of quantification. 

 

5.3.7 Saturation solubility of DPV in reservoir core polymer 

 Flat solvent cast films of reservoir device core polymer (PY-PT43DE20) were prepared 

according to methods presented in section 6.3.1. 10 thin film disks were cut with a ½ inch 

diameter die punch, massed, and placed in a 24-well plate. Propylene glycol (Sigma Aldrich) 

was selected for its compatibility with PY-PT43DE20 (no solvent uptake, swelling, or 

dissolution) and high saturation solubility of DPV, which was determined according to methods 

presented in section 6.3.6 [331]. Core polymer thin film disks were immersed in 3 mL of a 

solution of propylene glycol saturated with DPV. Films were incubated at 37°C for 5, 10, and 20 

days. After incubation, films were removed from the solution, rinsed briefly in Milli-Q water, 

dried lightly with a Kimwipe, and dried for ³ 6 hours. Dry films were then immersed in 5 mL of 

THF, sealed, and placed on a rotisserie shaker for 24 hours to extract drug. THF solutions were 

diluted 10X in DMSO prior to sample injection and drug content analysis by HPLC. 

 

5.3.8 Swelling and equilibrium water content of matrix device TPUs 

Drug-free matrix devices of each TPU type in triplicate were used to assess swelling and 

equilibrium water content. Initial device length (L0) was measured using digital calipers and 

initial mass (M0) was recorded. Devices were immersed in PBS for 96 hours, then dried lightly to 

remove surface-associated liquid. Device length at equilibrium (Leq) and mass at equilibrium 

(Meq) were recorded. Swelling (%) was calculated according to the change in device length:  

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔	(%) = 	 :!";	:#
:#

× 100     (Eq. 1) 



 140 

 
 

Equilibrium water content was calculated according to the change in device mass: 

𝐸𝑞.𝑊𝑎𝑡𝑒𝑟	𝐶𝑜𝑛𝑡𝑒𝑛𝑡	(%) = 	<!";<#
<#

× 100    (Eq. 2) 

 

5.3.9 In vitro release testing 

 In vitro drug release from matrix and reservoir DDS prototypes was performed in a 

rotating shaker set to 60 RMP and 37°C. All release tests were performed in sink conditions in 

PBS supplemented with 2% w/v Cremophorâ A25/Emulginâ B25. For the first 7-days of drug 

release testing, 1 mL samples were taken daily; following 7 days, samples were taken every 3-4 

days. At all timepoints, bottles were drained and replaced with fresh media following sampling. 

For reservoir DDS prototypes, three replicates of each formulation were end capped and one 

device was tested with no end cap to confirm the integrity of the end cap in preventing 

uncontrolled diffusion form the exposed core. 

 

5.3.10 Statistical analysis 

 All data were presented as mean ± standard deviation. Linear regressions and 

determinations of statistical significance were made using GraphPad Prism (San Diego, CA, 

USA, Version 9). Ordinary one-way ANOVAs multiple comparisons were used to calculate 

significant differences in drug loading, encapsulation efficiency, TPU swelling and equilibrium 

water content. Ordinary two-way ANOVA was used to calculate significant differences in 

prototype surface area to volume ratios with Dunnett’s multiple comparisons test to compare 

matrix devices with reservoir devices. Significant differences were accepted when p value < 

0.05.  
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5.4 RESULTS AND DISCUSSION 

5.4.1 Design of an ARV-releasing polymer sheath for IUD integration 

We analyzed the dimensions of the LevoCept hormonal IUD nitinol wire frame (Figure 

5.1A) and the VeraCept copper (Cu) IUD (Figure 5.1B) to design an API-releasing sheath 

(herein called ARV sheath) amenable to integration onto a modified VeraCept device. Table 5.1 

presents the dimensions of both devices. The LevoCept frame is designed specifically for 

integration of a drug releasing sheath, thus we based several specifications on its dimensions 

with the intention to combine the attributes of the VeraCept and LevoCept into a single IUD. The 

dimensions of the ARV sheath were originally developed for the reservoir DDS and 

subsequently adopted for the matrix DDS. The reservoir DDS cross-sectional diameter 

dimensions were constrained by the following specifications: the inner diameter (lumen) must be 

wide enough for the device to slip over the loop of the LevoCept (Figure 5.1A, dimension B) for 

permanent placement on narrow wire segment (Figure 5.1A, dimension A). The outer diameter 

was constrained by the diameter of the VeraCept inserter, which is 3.65 mm. We therefore 

arrived at 1.4668 mm and 3.556 mm as the inner and outer cross-sectional diameters, 

respectively (Figure 5.1C), to allow for tolerance and assuming some flexibility of the device. 

We designed the reservoir DDS prototypes to have a 100 to 200 µm thick sheath membrane, 

which is reflected in the cross-sectional core diameter (3.156 mm). 

The length of the device must permit integration of copper ferrules at the bottom of the 

Cu-IUD frame, where they are required to maintain contraceptive action. We assumed that one-

third of the total surface area of copper (175 mm3) is maintained by the bottom ferrules. By 

combining the ferrules into a single ferrule that is twice the diameter of the existing ferrules 
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(Figure 5.1B, dimension I), one single long ferrule (5.626 mm) can be incorporated onto the 

bottom of the Cu-IUD frame to maintain the requisite surface area of copper. We assumed that 

the height of the reservoir DDS could occupy the narrow wire segment (Figure 5.1A, dimension 

D) minus the extended copper ferrule height. We therefore calculated 13.33 mm as the ideal 

length of the DDS (Figure 5.1C). As such, the composite design of the ARV-IUD consists of a 

nitinol wire frame with two existing copper ferule segments on the arms and a modified segment 

on the base. Assembly thus involves slipping the reservoir or molding the matrix DDS around a 

straight wire segment (Figure 5.1E). 
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FIGURE 5.1. Design specifications of a combined ARV-IUD. (A) LevoCept IUD nitinol wire 

frame and (B) VeraCept IUD; all labelled dimensions detailed in Table 5.1. Computer aided 
design drawing of the (C) side profile and (D) cross-sectional profile of the reservoir DDS. (E) 
Schematic of the integrated ARV-IUD design with a core-sheath reservoir DDS or a monolithic 

(matrix) DDS. 
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TABLE 5.1. Dimensions of the LevoCept and VeraCept IUD. 

IUD Label Component name Dimension 

LevoCept 

A Width of double wire 0.80 mm 

B Width of loop 1.74 mm 

C Length of entire straight segment 21.71 mm 

D Length of straight segment minus loop 18.96 mm 

E Length of loop 2.78 mm 

VeraCept 

F Copper ferrule height 3.78 mm 

G Length of twisted segment 3.72 mm 

H Length of straight segment minus ferrules 9.72 mm 

I Width of bottom ferrules 3.30 mm 
  

5.4.2 Matrix and reservoir DDS fabrication, dimensional analysis, and drug loading validation 

 Matrix DDS prototypes were fabricated by heated compression of solvent cast films. 

Four Lubrizol Pathway TPUs with distinct attributes were selected for matrix DDS investigation 

as described in Table 5.2. We confirmed that matrix DDS prototype fabrication maintained the 

relative water uptake and predicted swelling behavior of the four TPU candidates by measuring 

the equilibrium mass and dimensional change of drug-free matrix devices soaked in PBS (Figure 

5.2). As expected, TPU1 and TPU2 exhibited significantly greater swelling (Figure 5.2A) and 

equilibrium water content (Figure 5.2B) than hydrophobic TPU3 and TPU4. TPU2 exhibited 

significantly greater swelling and water uptake than TPU1; no differences were observed 

between TPU3 and TPU4. All matrix DDS TPUs were aliphatic polyethers due to their superior 

resistance to hydrolysis and microbial growth compared to polyester-based TPUs. Hardness, 

water uptake and hydrophobicity can modulate the release rate of encapsulated API. Hardness of 

a polyurethane as determined by a shore durometer reflects the ratio of hard to soft segments in 
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the copolymer. Long, low polarity segments are called “soft” while short, high polarity segments 

are characterized as “hard.” The high polarity of hard segments results in greater aggregation and 

crystallization, which can reduce the permeability, water uptake, and/or the diffusion coefficient 

of API within the polymer matrix [316]. Various studies have shown that a decrease in the soft to 

hard segment ratio results in a decrease in the release rate of encapsulated drug [329,332]. Water 

uptake and hydrophobicity are closely related and generally result in an increase in swelling of 

the polymer matrix, which accelerates drug release by increasing the porosity and free volume 

for diffusion [327]. 

 

TABLE 5.2. Summary of matrix DDS prototype attributes. 

Matrix 
ID 

Lubrizol  
TPU 

PU 
Classification 

Durometer 
Hardness 

Water 
Uptake Hydrophobicity 

TPU1 PY-
PT42DE35 

Aliphatic 
Polyether 43D 35% Hydrophilic 

TPU2 PY-
PT83AE35 

Aliphatic 
Polyether 83A 100% Hydrophilic 

TPU3 PY-PT72AE Aliphatic 
Polyether 72D <2% Hydrophobic 

TPU4 PY-PT87AE Aliphatic 
Polyether 87A <2% Hydrophobic 
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FIGURE 5.2. Water uptake properties of TPU matrix DDS prototypes. (A) Swelling 

measured length-wise and (B) water content at equilibrium measured mass-wise of drug-free 
TPU matrix DDS prototypes. Results expressed as the mean ± standard deviation of n=3 devices 

per TPU type. (***) represents p < 0.001. (****) represents p < 0.0001. 
 

Four comparator groups of reservoir DDS devices were designed to assess the effect of 

sheath polymer chemistry and sheath thickness on drug release (Table 5.3). The significance of 

these two properties on drug release from a core-sheath reservoir device is mathematically 

described by Baker and Lonsdale’s derivation of the radial flux of drug from a cylindrical 

reservoir, given by Equation 3 [107]: 

+<
+!
= 0=%>?@$

.$%&%'
       (Eq. 3) 

Where M is the mass of drug that diffuses out of the device, H is the device height, D is the 

diffusion coefficient of drug through the membrane polymer, K is the partition coefficient of 

drug between the core and membrane polymer, cs is the saturation solubility of drug on the core 

polymer, ro is the outer radius (core plus sheath) and ri is the inner radius (core) of the device. 

Evidently, the choice of sheath polymer chemistry affects drug release based on its relationship 
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to drug diffusion (D) and drug partitioning kinetics at the core-sheath interface (K). Because 

radial flux is directly proportional to these parameters, a sheath that is more permeable to API 

and offers more favorable partitioning for a given core polymer will release drug faster. 

Conversely, given a constant outer radius (ro), a thicker sheath membrane implies a smaller core 

radius (ri) and results in in slower drug release due to the inverse relationship of flux with the 

natural log of the ratio of outer to inner radius. This is intuited by the understanding that a sheath 

acts as a rate-controlling membrane (RCM); a thicker or less permeable RCM will slow the 

release rate of a drug to a greater extent than a thinner or more permeable RCM. 

 

TABLE 5.3. Summary of reservoir DDS prototype attributes. 

Reservoir 
ID 

Sheath 
Thickness 

Sheath 
Polymer 

Sheath PU 
Description 

Core 
Polymer 

Core PU 
Description 

R1 100 µm PY-
PT72AE 

Hydrophobic, mid 
HS/SS, polyether 

PY-
PT43DE20 

Hydrophilic, 
high HS/SS*, 

polyether 

R2 200 µm 

R3 100 µm PY-
PN73AE 

Hydrophobic, mid 
HS/SS, polycarbonate R4 200 µm 

* HS/SS refers to the ratio of hard to soft segments, characterized relatively based on shore 
hardness 
 

We prepared TPU matrix DDS prototypes loaded with 1 wt% (low loading) and 16.6 

wt% (high loading) dapivirine (DPV), raltegravir (RAL), maraviroc (MVC) and etravirine (ETR) 

(Figure 5.3A-H). Only TPU4 was used for high drug loading prototypes. Matrix DDS prototypes 

loaded with 1 wt% drug were translucent and showed no apparent drug crystallization. Those 

loaded with 16.6 wt% DPV, RAL, MVC, and ETR showed visible crystal formation and an 

opaque appearance; this is likely the result of drug being above the saturation solubility of the 
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polymer. The observation of large crystal formation implicates Ostwald ripening, the process by 

which small drug crystals dissolve and disperse into a matrix and then redeposit into larger 

crystals, driven by a decrease in total surface free energy [333]. Four comparator reservoir DDS 

prototypes loaded with 1 wt% DPV show consistent translucence and hollow cylindrical 

structure (Figure 5.3I-J). Both matrix DDS and reservoir DDS prototypes were successfully 

integrated onto a nitinol wire IUD frame (Figure 5.3M-N), demonstrating feasibility of both 

fabrication techniques at generating devices amenable to system integration. 
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FIGURE 5.3. Representative images of TPU matrix and reservoir DDS prototypes. Images 

of TPU4 matrix DDS loaded with (A) 1% DPV, (B) 16.6% DPV, (C) 1% RAL, (D) 16.6% RAL, 
(E) 1% MVC, (F) 16.6% MVC, (G) 1% ETR, and (H) 16.6% ETR. Images of TPU reservoir 
DDS consisting of 1% DPV loaded at the core of (I) R1, (J) R2, (K) R3, and (L) R4 device 

configurations; TPU reservoir DDS consisting of 30% DPV loaded at the core of (M) R3, and 
(N) R4 device configurations. (O) Matrix DDS prototype and (P) reservoir DDS prototype 

integrated onto a bare LevoCept nitinol wire frame. 
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 We confirmed the dimensions and specifications of the matrix and reservoir DDS 

(Supplementary Table 5.1, Appendix D). We found no significant differences in the surface area 

to volume ratios of any TPU-type matrix device loaded with any ARV, nor did we find any 

significant differences between matrix DDS and reservoir DDS prototypes SA/V loaded with 

DPV (Supplementary Figure 5.1, Appendix D). The addition of drug had little to no impact on 

device dimensions, thus we expect devices with higher drug loading to maintain the same SA/V 

ratio as low loading devices. The relative standard deviation of SA/V for all devices was below 

2.2, reflecting good uniformity within formulations. It was necessary to ensure that the surface 

area to volume ratio (SA/V) of all devices was consistent to allow for comparison of drug release 

between groups. Indeed, Reynolds et al. showed that increasing the surface area to volume ratio 

of hydroxypropyl methylcellulose (HPMC) matrix tablets of the same geometry resulted in 

accelerated release of encapsulated promethazine HCL [98]. Moreover, they showed that tablets 

of the same shape with different diameters and tablets of different shapes released drug at the 

same rate given that the surface area to volume ratio was held constant. Because we controlled 

for dimensional consistency, we concluded that it was possible to compare the release rate of 

these devices without dimensional confounding. 

We verified the effective drug loading in each DDS prototype and calculated the 

encapsulation efficiency based on the theoretical drug loading (Supplementary Figure 5.2, 

Appendix D). For all low loading matrix DDS prototypes, the average effective loading is 0.91 ± 

0.14 wt% with an average encapsulation efficiency of 91.13 ± 13.38%. Low loading TPU3-

MVC, TPU4-MVC, and TPU4-ETR devices had significantly lower encapsulation efficiency 

than other TPU-ARV formulations. However, this difference is not reflected significantly in the 

effective loading and therefore should not significantly affect drug release. High loading TPU4 



 151 

matrix prototypes had an average effective loading of 16.46 ± 1.12 w% with an encapsulation 

efficiency of 99.12 ± 6.28% and no statistically significant differences among each ARV. 

Reservoir DDS prototypes were effectively loaded with 1.08 ± 0.19% drug in the core which 

translates to an average encapsulation efficiency of 107.85 ± 19.44%. No significant differences 

in effective drug loading or encapsulation efficiency were found between the four reservoir DDS 

groups. 

 

5.4.3 In vitro release testing of single-ARV matrix DDS prototypes 

We investigated the in vitro release kinetics of DPV from four TPU-based matrix DDS 

prototypes (Table 5.2). We used phosphate buffered saline with 2% w/v Cremophor, a nonionic 

surfactant, as dissolution media in order to enhance the solubility of DPV such that it could be 

detected in sink conditions above the lower limit of quantification via HPLC. The saturation 

solubility of DPV in 2% Cremophor was 163.76 ± 9.40 µg/mL; compared to 0018 ± 0.001 

µg/mL in water, this represents a significant enhancement in solubility allowing for reasonable 

release media volumes to be used while maintaining aqueous conditions for physiologically 

relevant swelling behavior of the TPU matrix [337]. Several studies have described the use of 

hydro-organic media, such as isopropanol:water solutions, to facilitate the dissolution of DPV 

from vaginal rings during in vitro dissolution studies [334–336]. However, in a monolithic 

system where drug release is influenced by water penetration into and swelling of the polymer 

matrix, aqueous-based media is a more appropriate selection to recapitulate in vivo release 

kinetics. Indeed, Bao et al. demonstrated artificial acceleration of LNG dissolution from a PDMS 

reservoir device in vitro using various hydro-organic release media solutions; in their study, 

release rates correlated linearly with increased swelling induced by organic media [108]. 



 152 

In vitro release of 1% DPV from TPU matrix devices demonstrated dependence on 

crystalline and water-uptake properties of each polymer (Figure 5.4). The cumulative release 

rates for TPU1 and TPU2, two hydrophilic, water swelling polymers, were not statistically 

different over the 30-day release period (Figure 5.4A). Surprisingly, TPU3, a hydrophobic TPU 

with a higher soft-to-hard segment ratio than the other three TPUs, resulted in the most rapid 

dissolution of DPV, releasing approximately 95% of encapsulated DPV by 30-days. This 

evidences the significance of polymer crystallinity in mediating drug release despite relatively 

limited water uptake and swelling. Having fewer polar, hard segments, TPU3 is less crystalline 

and therefore more flexible allowing for an increase in the free volume available for diffusion of 

permeant molecules [338]. It can be inferred from this data that the diffusion coefficient of DPV 

through a wetted TPU3 matrix is significantly greater than that of the other TPUs assayed here.  

All four TPUs released DPV within a target 10-50 µg/day dose range (Figure 5.4B). The 

release rate per day plot displays a sharp peak at early time points indicating burst release 

followed by a steady decline to near zero-order release by 30-days. A key qualification for 

selecting an optimal TPU for DPV delivery in this application is the time to achieve 50% 

cumulative release of drug. This is based on the standard use time of hormonal IUDs, which in 

practice are removed when about half of the initial load of drug is depleted from the device 

[111]. This is a clinical practice to maintain the integrity of the daily drug dose provided by a 

reservoir-based IUD – once a certain amount of drug is depleted from the core of the device, its 

release is no longer zero-order an begins to decrease over time. Here, we use this standard as a 

benchmark to evaluate the sustained release duration of candidate DDS designs.  

Though the time to release 50% DPV (T50%) is resolved within 30 days of in vitro release 

for three of the four TPUs assessed here, we fit cumulative release data to empirical models of 
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drug release in order to establish methods to predict T50% mathematically. We assessed the fit of 

first-order release kinetics to our data (Figure 5.4C); this equation describes drug release from a 

system where dissolution is dependent on a concentration gradient; it is given by Equation 

4A&B: 

+@
+!
=	−𝑘𝑡     (Eq. 4A) 

or 

𝐿𝑜𝑔(𝐶!) = 𝐿𝑜𝑔(𝐶6) −
)!

0.A6A
     (Eq. 4B)   

Where k is the first order rate constant, Ct is the concentration of drug in solution at time t and C0 

is the initial concentration of drug [101]. We also fit cumulative release data to the Higuchi 

model (Figure 5.4D), which describes the release of drugs from an insoluble matrix based on 

Fickian diffusion and a square-root of time relation given by the simplified expression: 

𝑄 = 𝑘B𝑡1/0      (Eq. 5) 

Where Q is the amount of drug release in time t and kh is the Higuchi release constant [99,101]. 

Here, the square-root of time relation fits the in vitro release data better than first-order release 

kinetics for all TPU types (Table 5.4). Based on the best-fit square-root of time relation, T50% 

was calculated for each TPU. Predicted values for T50% closely matched experimentally observed 

data, indicating that this approach is suitable for predicting device use duration. This is a useful 

method for determining the sustained release duration of devices for which the T50% cannot be 

captured reasonably in in vitro dissolution experiments, such as devices designed for up to 3 

years of use. 

 Korsmeyer and Peppas provided a method for understanding drug release mechanisms of 

swelling and non-swelling polymeric systems, given by Equation 6 [105]: 

<(
<)

= 𝐾𝑡$      (Eq. 6) 
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Where Mt/M¥ is the fraction of drug released at time t, K is the rate constant, and n is the release 

exponent. For a cylindrical polymeric DDS, which we use as an approximation of these 

rectangular prism DDS, the Korsmeyer-Peppas model defines 0.45 < n < 0.89 as anomalous 

transport characterized by both diffusion and matrix relaxation (Table 2.5) [106]. The TPU 

matrices here have release exponents ranging from 0.525 to 0.614. Anomalous release seems an 

appropriate description of the drug release mechanism of these TPUs based on their variable, 

nonzero water uptake and non-erosion properties. Accordingly, in these TPU matrices, the 

diffusion rate and polymer relaxation rate are of the same order of magnitude [339]. 

 This in vitro release data allowed us to screen for the TPU matrix that is most likely to 

achieve sustained release of more highly loaded DPV, ideally reaching T50% at one year or later. 

Here, we observed that TPU4 released drug the slowest, releasing approximately 43% of loaded 

DPV at 16.5 µg/day by 30 days. Though this is not an ideal T50%, cumulative release is relative to 

the initial loading of drug in the matrix; thus, increasing the loading given a constant release rate 

decreases cumulative release and extends T50%. As such, we determined that TPU4 would be the 

most likely matrix to achieve sustained release at the desired timescale and therefore investigated 

its release behavior at higher DPV loading. 
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FIGURE 5.4. DPV Release from TPU matrix DDS prototypes. (A) Cumulative release (%) 
and (B) amount of DPV release per day from four TPUs loaded at 1 wt% drug over 30 days. 

Dashed lines at 10 and 50 µg represent target daily in vivo release. (C) First-order release 
kinetics fit to cumulative release data by plotting the percent of drug remaining in each device 

versus time. (D) Higuchi release kinetics fit to cumulative release data by plotting the fraction of 
drug released (M0 = mass of drug released, M¥ = total mass of drug in each device) versus the 

square root of time. (E) Korsmeyer-Peppas plot of the natural log of the fraction of drug released 
versus the natural log of time, fitted to the first 60% of drug released. Values represent the mean 
of n=3 devices; error bars represent standard deviation. Dark red circles represent TPU1, light 
red squares represent TPU2, dark blue upright triangles represent TPU3, and light blue upside-

down triangles represent TPU4. 
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TABLE 5.4. DPV matrix DDS release parameters and T50% estimation. 

Loading 
(wt%) TPU 

Release Exponent Korsmeyer-
Peppas 

Constant: 
n, R2 

Predicted 
T50% (d) 

 
Actual 

T50% (d) 
Higuchi: 

kH (%/h1/2), 
R2 

First-Order: 
k (h-1),  

R2 

1% 

TPU1 0.029, 0.996 0.002, 0.995 0.525, 0.994 12 12 

TPU2 0.027, 0.996 0.002, 0.992 0.549, 0.996 13.5 12 

TPU3 0.038, 0.996 0.004, 0.978 0.662, 0.997 7 7 

TPU4 0.017, 0.999 0.0007, 0.981 0.614, 0.993 36 - 

16.6% TPU4 0.014, 0.995 0.0005 0.964 0.674, 0.976 53.5 - 
 

 After screening for the optimal TPU matrix DDS for DPV release, we loaded TPU4 with 

16.6 wt% DPV. This loading was selected as it would allow a device to release at least 10 µg of 

DPV per day for at least one year while retaining at least 50% of its initial drug loading. We 

found that at high loading in TPU4, DPV release in vitro was similar to that of the low loading 

condition (Figure 5.5). Indeed, the TPU4 matrix DDS released approximately 33.5% of loaded 

DPV after 30 days (Figure 5.5A) at a final release rate of approximately 62.56 µg/day (per each 

1/3 segment of the device) (Figure 5.5B). Despite an increase in the daily release rate, a smaller 

percentage of DPV was released over the in vitro dissolution period than the 1 wt% DPV-TPU4 

device. This demonstrates the trade-off between high loading and cumulative release.  It is often 

held that higher drug loading in a matrix system results in more rapid drug release due to the 

more amorphous and potentially porous architecture of a polymer matrix with a higher relative 

drug content and due to the higher chemical gradient at the diffusion front [101]. Here, we 

observed that daily flux did increase, but this did not account for an increase in the cumulative 

release rate due to the daily flux being a smaller fraction of drug relative to the total drug 

loading. 
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The significance of this trade-off for DDS development is emphasized in the predicted 

T50%. First-order and Higuchi release models were fit and, once again, the square-root of time 

dependence was most closely correlated with in vitro release data (Figure 5.5C&D, Table 5.4). 

The Higuchi model predicted that T50% would be reached at 53.5 days; this is significantly less 

than the one-year target, but greater than T50% for 1 wt% DPV in TPU4. The exponent of the 

Korsmeyer-Peppas model confirms that anomalous release remains the driving drug release 

mechanism in this device (n = 0.674) (Figure 5.5E, Table 5.4). Because the release mechanism 

was the same as the 1 wt% DPV-TPU4 device, we propose that the crystallinity of DPV in the 

16.6 wt% DPV-TPU4 device drove its relatively slower release. Because only soluble drug is 

available for diffusion in a monolithic polymer matrix, DPV must first dissolve and partition out 

of its crystalline form before it can diffuse through the matrix device [93]. Therefore, this rate-

limiting step likely slowed release from the TPU4 matrix DDS. Despite slower release, it is 

evident that a highly load TPU4 matrix DDS does not sufficiently sustain the release of DPV to 

achieve one-year of dissolution. 
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FIGURE 5.5. High loading DPV release from TPU4 matrix DDS. (A) Cumulative release (%) 
and (B) amount of DPV release per day from TPU4 loaded with 16.6 wt% DPV over 30 days. 
Dashed lines at 3.3 and16.6 µg represent target daily in vivo release, adjusted for analyzing a 

one-third segment of a DDS prototype. (C) First-order release kinetics fit to cumulative release 
data by plotting the percent of drug remaining in each device versus time. (D) Higuchi release 
kinetics fit to cumulative release data by plotting the fraction of drug released (M0 = mass of 

drug released, M¥ = total mass of drug in each device) versus the square root of time. (E) 
Korsmeyer-Peppas plot of the natural log of the fraction of drug released versus the natural log 

of time, fitted to the first 60% of drug released. Values represent the mean of n=3 device 
segments; error bars represent standard deviation. 

 

5.4.4 In vitro release testing of triple-ARV matrix DDS prototypes 

We investigated the potential of TPU matrix DDSs to deliver multiple physicochemically 

distinct drugs in order to probe the sensitivity of matrix release kinetics to API properties. We 



 159 

selected three antiretrovirals – raltegravir (RAL), maraviroc (MVC), and etravirine (ETR) – that 

represent a synergistic anti-HIV combination. The physicochemical and antiviral properties of 

these agents are described in Table 5.5. 

 

TABLE 5.5. Physicochemical characteristics of combination ARVs [340]. 

ARV Drug Class IC50 
(ng/mL) LogP Molecular Weight 

(g/mol) 
Water Solubility 

(mg/mL) 

Raltegravir 
(RAL) 

Integrase 
Inhibitor 8.94 1 444.4 53.9 

Maraviroc 
(MVC) 

CCR5 
Agonist 3.07 4.3 513.68 0.011 

Etravirine 
(ETR) NNRTI 0.61 >5 435.3 0.00397 

 

Screening the release of 1 wt% RAL, MVC and ETR from TPU2, TPU3 and TPU4 

matrices showed significantly distinct release rates (Figure 5.6A). We excluded TPU1 in this 

iteration as we did not believe it was necessary to test two similar hydrophilic, water-swellable 

polymers. TPU2 released approximately 50% of encapsulated RAL and MVC within the first 24 

hours of dissolution and reached 100% release by day 7 and 13, respectively. TPU3 also released 

approximately 50% of encapsulated RAL in the first 24 hours but then showed more sustained, 

first order release behavior with cumulative release reaching 100% at one month. TPU4 offered 

sustained and consistent dissolution of all ARVs; it released 31.71% RAL, 33.83 % MVC, and 

27.70% ETR by 30-days. Release of all ARVs within the target dose per day window was only 

achieved by TPU3 at 30 days (Figure 5.6B).  

Release data fit to first order release kinetics (Figure 5.6C), Higuchi release kinetics 

(Figure 5.6D) and the Korsmeyer-Peppas Model (Figure 5.6E) are summarized in Table 5.6. 
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First order release was a superior fit to Higuchi release for RAL in TPU2 and TPU3 and MVC in 

TPU3. First-order and Higuchi models are generally less able to predict T50% when it occurs upon 

burst release or at very early timepoints, such as the case of RAL in TPU2 and TPU3 (first-order) 

and MVC in TPU2 (Higuchi). TPU4 offered the most favorable sustained release profiles for all 

ARVs as T50% was 109 days, 68 days, and 90 days for RAL, MVC, and ETR, respectively. 

Interestingly, RAL, the most hydrophilic ARV, was released the slowest from the hydrophobic 

TPU4 matrix. Korsmeyer-Peppas modelling for RAL in TPU3 and 4 indicates Quasi-Fickian 

drug transport wherein drug release is mediated by non-swellable matrix diffusion. Thus, the 

diffusion coefficient of RAL in each polymer is a significant mediator of dissolution. It is likely 

that RAL, being highly hydrophilic, is less compatible with hydrophobic TPU4 than the other 

hydrophobic ARVs and therefore exbibits slower diffusion through the matrix. 
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FIGURE 5.6. RAL, MVC, and ETR release from TPU2, TPU3, and TPU4 matrix DDS. (A) 
Cumulative release (%) and (B) amount of RAL, MVC, and ETR release per day from TPU2, 

TPU3, and TPU4 loaded with 1 wt% drug over 30 days. Dashed lines at 10 and 50 µg represent 
target daily in vivo release. (C) First-order release kinetics fit to cumulative release data by 

plotting the percent of drug remaining in each device versus time. (D) Higuchi release kinetics fit 
to cumulative release data by plotting the fraction of drug released (M0 = mass of drug released, 
M¥ = total mass of drug in each device) versus the square root of time. (E) Korsmeyer-Peppas 

plot of the natural log of the fraction of drug released versus the natural log of time, fitted to the 
first 60% of drug released. Values represent the mean of n=3 device segments; error bars 

represent standard deviation. Circles represent RAL, squares represent MVC, and triangles 
represent ETR. Red markers represent TPU2, dark blue markers TPU3, and light blue markers 

represent TPU4. 
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TABLE 5.6. 3-ARV matrix DDS release parameters and T50% estimation. 

ARV Loading 
(wt%) TPU 

Release Exponent Korsmeyer-
Peppas 

Constant: 
n, R2 

Predicted 
T50% (d) 

Actual 
T50% (d) Higuchi: 

kH (%/h1/2), 
R2 

First-Order: 
k (h-1),  

R2 

RAL 

1% 

TPU2 0.052, 0.959 0.016, 0.982 - 2 < 1 

TPU3 0.023, 0.987 0.004, 0.992 0.201, 0.999 7 1 

TPU4 0.010, 0.999 0.0004, 0.979 0.333, 0.995 109 - 

16.6% TPU4 0.006, 0.998 0.0002, 0.970 0.455, 0.999 251 - 

30% TPU4 0.005, 0.998 0.0002, 0.98  363 - 

MVC 

1% 

TPU2 0.125, 0.986 0.013, 0.984 - 1 2.5 

TPU3 0.037, 0.978 0.003, 0.992 0.890, 0.960 7.5 7 

TPU4 0.012, 0.973 0.0005, 0.928 0.793, 0.886 68 - 

16.6% TPU4 0.007, 0.995 0.0002, 0.976 0.529, 0.993 221 - 

30% TPU4 0.003, 0.942 0.0001, 0.985  737 - 

ETR 
1% 

TPU2 0.026, 0.995 0.002, 0.989 0.484, 0.997 15.5 13 

TPU3 0.030, 0.997 0.002, 0.995 0.585, 0.995 12 13 

TPU4 0.011, 0.999 0.0004, 0.975 0.535, 0.998 90 - 

16.6% TPU4 0.003, 0.998 0.0001, 0.985 0.599, 0.999 857 - 
 

Due to its durable release of all three ARVs at low loading, TPU4 was selected to 

investigate dissolution at high drug loading. RAL, MVC, and ETR were independently loaded at 

16.6 wt% into TPU4 matrix DDSs. We observed significant sustained release behavior of all 

ARVs from TPU4 matrix DDS (Figure 5.7). After 30-days of in vitro dissolution, approximately 

18% of RAL and MVC were released while only 8.5% of total ETR was released (Figure 5.7A). 

The release rate of all three ARVs remained at or above the target dose per day for 30-days 

(Figure 5.7B), leveling off around 22, 16, and 14 µg/day (per each 1/3 segment of the device) of 

RAL, MVC, and ETR, respectively. The Higuchi model most closely fit in vitro release data 
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from all ARVs (Figure 5.7D) in comparison to first order release kinetics (Figure 5.7C, Table 

5.7). The Korsmeyer-Peppas model indicates that anomalous, non-Fickian drug transport 

characterizes the matrix relaxation and diffusion-driven drug release mechanism present in these 

matrix DDSs (Figure 5.7E). Using the best-fit in vitro release model, we predicted that T50% 

would be reached at 251, 221, and 857 days for RAL, MVC, and ETR, respectively (Table 5.6). 

This represents a range from 0.60 to 2.34 years of sustained release with ETR exceeding our 

target of a one-year duration of action.  

FIGURE 5.7. High loading RAL, MVC, and ETR release from TPU4 matrix DDS. (A) 
Cumulative release (%) and (B) amount of RAL, MVC, and ETR release per day from TPU4 

loaded with 16.6 wt% drug over 30 days. Dashed lines at 3.3 and16.6 µg represent target daily in 
vivo release, adjusted for analyzing a one-third segment of a DDS prototype. (C) First-order 
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release kinetics fit to cumulative release data by plotting the percent of drug remaining in each 
device versus time. (D) Higuchi release kinetics fit to cumulative release data by plotting the 

fraction of drug released (M0 = mass of drug released, M¥ = total mass of drug in each device) 
versus the square root of time. (E) Korsmeyer-Peppas plot of the natural log of the fraction of 

drug released versus the natural log of time, fitted to the first 60% of drug released. Values 
represent the mean of n=3 device segments; error bars represent standard deviation. Circles 

represent RAL, squares represent MVC, and triangles represent ETR. 
 

5.4.5 In silico modelling and rational design of matrix DDS prototypes 

 In order to understand and more efficiently select drug loading targets for ARV release 

from matrix DDS prototypes, we fit in vitro release data to theoretical models of drug dissolution 

from monolithic solutions and monolithic dispersions. Drug release at early timepoints (Mt/M¥ < 

0.4) from a cylindrical matrix in which drug exists as a monolithic solution, meaning it is 

molecularly soluble and below the saturation solubility, can be described by Equation 7: 

<(
<)

= 4` >!
=C*

a
1/0

− >!
C*

     (Eq. 7) 

Where Mt/M¥ is the fraction of drug released at time t, D is the diffusion coefficient of drug in 

the polymer matrix, and R is the radius of the matrix. Drug release from a cylindrical monolithic 

dispersion at late timepoints (Mt/M¥ > 0.6) can be described by Equation 8: 

<(
<)

= 1 − D
0.D69*

exp	 `− 0.D69*>!
C*

a   (Eq. 8) 

Where Mt/M¥, D, and R are as described above. Our matrix DDS prototypes can be 

approximated to a cylindrical device using the width as the dimensional equivalent of the 

diameter of a cylinder. We fit the first seven consecutive timepoints of in vitro release data from 

TPU matrix DDS loaded with 1 wt% ARVs to the appropriate dissolution equation (Equation 7 

or 8) in order to determine the diffusion coefficient parameter for each ARV-TPU combination 

(Figure 5.8, A-D). Subsequently, we used the diffusion coefficient for each ARV-TPU 
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combination to fit and predict dissolution from a saturated matrix DDS. Dissolution from a 

cylindrical monolithic dispersion is given by the implicit Equation 9: 

 
<(
<)

+	`1 −	 <(
<)
a 𝑙𝑛 e1 − <(

<)
f = 	 D>

C*
∙ 	 3$
3'+'

∙ 𝑡  (Eq. 9) 

 

Where Mt/M¥, D, and R are as defined above, cs is the saturation solubility of drug in the matrix 

polymer, and cini is the initial concentration (loading) of drug in the matrix. This equation is valid 

for all time. Using the diffusion coefficient for each ARV in TPU4 determined by their 

corresponding dissolution from a monolithic solution (Equation 7 or 8), we fit 30-days of in vitro 

release data for TPU4 loaded with 16.6 wt% of each ARV to Equation 9 for monolithic 

dispersions (Figure 5.8 E&F). This allowed us to determine cs for each drug in TPU4, thereby 

fully parametrizing the dissolution equation for a monolithic dispersion.  
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FIGURE 5.8. In vitro release of ARVs from matrix DDS prototypes fit to drug dissolution 
equations. (A) DPV, (B) RAL, (C) MVC, and (D) ETR dissolution from unsaturated TPU 

matrix DDS prototypes composed of TPU1 (dark red, DPV only), TPU2 (light red), TPU3 (dark 
blue), and TPU 4 (light blue). Circles represent the mean of n=3 data points taken from in vitro 
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release studies. (E) DPV and (F) 3-ARV dissolution from saturated TPU matrix DDS prototypes 
composed of TPU4 (light blue). Circles represent the mean of n=3 data points taken from in vitro 

release studies of DPV (E) and ETR (F); crosses represent RAL (F); and stars represent MVC 
(F). Solid lines represent optimized early- or late-time monolithic solution and monolithic 

dispersion equations fit to experimental data. 
 

 We used the saturation solubility of each ARV in TPU4 derived from Equation 9 as an 

approximation for the saturation solubility in the remaining TPUs tested for each ARV in order 

to assess the ability of any drug-polymer dispersion to achieve at least one year of sustained drug 

release. The diffusion coefficient was derived from Equation 7 or 8 for each TPU-ARV 

combination. We plotted the fraction of drug released at a constant time, one year, as a function 

of drug loading; this allowed us to determine which TPUs could release 50% or less of 

encapsulated drug in the target time period (Figure 5.9). These curves represent drug dissolution 

from a monolithic dispersion; therefore, we plotted a range from 5 to 50 wt%, the lower bound 

representing an approximation of the saturation solubility of the ARVs and the upper bound 

indicating the highest loading that we assume would be practically feasible to manufacture. Here, 

the intersection of each curve with the dashed line at Mt/Mtotal = 0.5 indicates the requisite drug 

loading at which T50% equals one year for that device. We found that no TPU is capable of 

releasing DPV for one year at any loading (Figure 5.9A). Only TPU4 can offer sustained release 

of RAL and MVC for one year, requiring 25.21 wt% and 24.28 wt% of each ARV, respectively 

(Figure 5.9B&C). All TPUs tested for ETR are able to deliver the drug for at least one year with 

loading within the target window – TPU2 at 49.40 wt% ETR, TPU3 at 42.47 wt% and TPU4 at 

5.22 wt% (Figure 5.9D). This data validates the selection of TPU4 as the leading candidate for 

delivery of all ARVs and offers insight into necessary loading targets to achieve the target drug 

release duration for the 3-ARV combination. We also see that a matrix DDS within this design 
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space of polymer type and geometry are not capable of delivering DPV for a sustained period. 

This strongly motivates the development of a reservoir-based delivery system for DPV. 

 
FIGURE 5.9. Predicted drug dissolution at one year from TPU monolithic dispersions as a 

function of drug loading. Predicted release of (A) DPV, (B) RAL, (C) MVC, and (D) ETR from 
TPU1 (DPV only, dark red line), TPU2 (light red line), TPU3 (dark blue line), and TPU4 (light 

blue line) monolithic dispersions. Curves plotted for t = 8760 hours (1 year), D (diffusion 
coefficients) derived from the fit of each ARV released from each TPU as a monolithic solution, 
R = 1.75 mm, representing the radius of cylinders with  a diameter equivalent to the matrix DDS 
prototypes tested, and cs (saturation solubilities) derived from each ARV released from TPU4 as 

a monolithic dispersion. 
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 As it was clear that for all ARVs, TPU4 was the leading candidate for offering sustained 

release for at least one year, we modelled the release of each ARV from TPU4 for one, two, and 

three years to determine the required drug loading to achieve an extended duration of use (Figure 

5.10). This model confirms that no drug loading up to the theoretical 50 wt% maximum is 

capable of offering one year of release of DPV (Figure 5.10A). The requisite loading for one 

year of sustained release of RAL, MVC, and ETR agree with those demonstrated in the previous 

model (Figure 5.9). RAL and MVC can achieve two years of sustained release if loaded at 50.34 

wt% and 48.62 wt%, respectively, with RAL slightly exceeding the maximum theoretical 

loading of 50 wt% (Figure 5.10B&C). Neither RAL nor MVC can reach three years of sustained 

release within the loading maximum defined here. ETR loaded at approximately 10.46 wt% and 

15.70 wt% can achieve two and three years of release, respectively (Figure 5.10D). We know 

that these are only estimations, as in vitro release data showed that a TPU4 matrix DDS with a 

theoretical 16.6 wt% ETR loading – which equated to a 15.32 wt% actual loading – resulted in 

approximately 2.35 years of sustained release. Rather than extracting a precise relationship 

between drug loading and duration of release, it may be more appropriate to consider these 

predictions estimates of loading thresholds. For instance, in order to achieve greater than one 

year of release of RAL and MVC, this modelling tells us to load greater than approximately 25 

wt% for each drug. 
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FIGURE 5.10. Predicted drug dissolution at one, two, and three years from TPU4 
monolithic dispersions as a function of drug loading. Predicted release of (A) DPV, (B) RAL, 
(C) MVC, and (D) ETR from TPU4 monolithic dispersions for t = 8760 hours (one-year, solid 
line), t = 17520 hours (two years, dashed line), and t = 26280 hours (three years, dotted line). 
Curves plotted with D (diffusion coefficients) derived from the fit of each ARV released from 
TPU4 as a monolithic solution, R = 1.75 mm, and cs (saturation solubilities) derived from each 

ARV released from TPU4 as a monolithic dispersion. 
 

5.4.6 In vitro release testing of matrix DDS with model-informed ARV loading  

 As determined by in silico modelling of ARV release from cylindrical monolithic 

dispersions, RAL and MVC must be loaded above approximately 25 wt% in TPU4 in order to 

achieve at least one-year of sustained release (Figure 5.9). As such, we fabricated very highly 

loaded TPU4 matrix DDS containing 30 wt% RAL and MVC to optimize the probability of 
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predicting T50% > 1 year. We conducted in vitro dissolution testing for 30 days and observed 

slower cumulative release than 16.6 wt% loaded RAL and MVC in TPU4 DDS (Figure 5.7A). 

Indeed, 30 wt% TPU4-RAL release approximately 15.7% of encapsulated drug at 30 days, while 

30 wt% TPU4-MVC released even less, approximately 7.1% of encapsulated drug (Figure 

5.11A). The release rate of RAL and MVC remained above the target dose per day by study 

terminus at 41.1 ug/day and 27.7 ug/day, respectively (per each 1/3 segment of the device) 

(Figure 5.11B). The release of very highly loaded RAL was described best mathematically by the 

Higuchi, square-root of time relation (Figure 5.11C), whereas MVC dissolution was described 

best by the first-order equation (Figure 5.11D), as presented in Table 5.6. The best-fit release 

exponents were used to predict T50% for RAL and MVC, which was 363 days and 737 days, 

respectively.  
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FIGURE 5.11. RAL and MVC release from TPU4 with model informed loading. (A) 

Cumulative release (%) and (B) amount of RAL and MVC release per day from TPU4 loaded 
with 30 wt% drug over 30 days. Dashed lines at 3.3 and 16.6 µg represent target daily in vivo 

release, adjusted for analyzing a one-third segment of a DDS prototype. (C) First-order release 
kinetics fit to cumulative release data by plotting the percent of drug remaining in each device 

versus time. (D) Higuchi release kinetics fit to cumulative release data by plotting the fraction of 
drug released (M0 = mass of drug released, M¥ = total mass of drug in each device) versus the 
square root of time. Values represent the mean of n=3 device segments; error bars represent 

standard deviation. Circles represent RAL and squares represent MVC. 
 

This analysis suggests that RAL loaded at 30 wt% in a TPU4 matrix DDS can offer 

durable release for approximately one year and MVC loaded at 30 wt% in TPU4 can achieve 

approximately two years of release, similar to ETR loaded at 16.6 wt%. As such, we have 

demonstrated the ability to fabricate monolithic dispersions of three physicochemically distinct 
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ARVs in the same TPU that can release each drug for at least one year and up to nearly 2.5 years. 

Given a modular device in which each drug is incorporated into an independent matrix DDS 

segments, this device would be duration-limited by the dissolution of RAL. This is unsurprising 

given that RAL is much more water soluble than MVC and ETR. However, this work remains 

significant as it demonstrates the potential to deliver multiclass ARVs for the targeted window of 

protection using a simple matrix DDS fabrication process and modular device integration 

approach.  

 

5.4.7 In vitro release testing of single-ARV reservoir DDS with a nonconstant activity source 

 We investigated four designs of core-sheath reservoir DDSs for sustained release of DPV 

(Table 5.3); groups included two sheath polymer chemistries combined with two sheath 

membrane thicknesses. The in vitro release profile of DPV loaded at 1 wt% from the reservoir 

formulations corresponded with predicted relative release rates based on sheath thickness – 

reservoirs with 100 µm sheaths (R1 & R3) released drug faster than 200 µm reservoir devices 

with the same respective sheath polymers (Figure 5.12A). Both polyether sheath reservoirs (R1 

& R2) released DPV faster than polycarbonate sheath reservoirs (R3 & R4). It can be concluded 

from this data that DPV exhibits slower diffusion through a TPU with polycarbonate chemistry 

than a polyether. All reservoir formulations released DPV within the target dose of 10-50 

µg/day, ranging from 11.7 µg/day to 15.7 µg/day at 30 days (Figure 5.12B). In order to 

understand the drug release kinetics of these low-loading reservoir devices, we determined the 

saturation solubility of DPV in the core polymer to determine if these reservoirs contained a 

constant or a non-constant activity source. We found that the saturation solubility of DPV in a 

PY-PT43DE20 core is 5.46 ± 0.93 wt%. Thus, with DPV loaded at 1 wt% which is below the 
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saturation solubility, these reservoirs contain a nonconstant activity source. Pursuant to the 

behavior of reservoirs with a nonconstant activity source, these reservoirs released drug 

following first-order release kinetics (Figure 5.12C) [93]. Despite this expectation, drug release 

from all four reservoir devices was described slightly better by a square-root of time dependence 

(Figure 5.12D). Similar to the matrix DDS, the best-fit release profile, here the square-root of 

time dependence, was used to calculate the predicted T50% of each reservoir (Table 5.7). These 

predictions were generally less accurate than those made for the matrix DDS, with an average 

error relative to experimental data of 19.7%. 

 
FIGURE 5.12. DPV Release from low loading TPU reservoir DDS prototypes. (A) 

Cumulative release (%) and (B) amount of DPV release per day from four TPU reservoirs loaded 
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at 1 wt% drug over 30 days. Dashed lines at 10 and 50 µg represent target daily in vivo release. 
(C) First-order release kinetics fit to cumulative release data by plotting the percent of drug 

remaining in each device versus time. (D) Higuchi release kinetics fit to cumulative release data 
by plotting the fraction of drug released (M0 = mass of drug released, M¥ = total mass of drug in 
each device) versus the square root of time. Values represent the mean of n=3 devices; error bars 
represent standard deviation. Dark red circles represent R1, light red squares represent R2, dark 

blue upright triangles represent R3, and light blue upside-down triangles represent R4. 
 

 

TABLE 5.7. DPV reservoir DDS release parameters and T50% estimation. 

 

5.4.8 In silico modelling and rational design of reservoir DDS prototypes 

 In order to obtain more accurate predictions of reservoir DDS behavior and design high-

loading reservoirs capable of releasing drug for at least one year, we fit in vitro release data to 

mechanistic equations for drug dissolution from reservoirs with constant and non-constant 

activity sources (Figure 5.12). The equation for drug dissolution from a core-sheath reservoir 

with a nonconstant activity source, meaning that drug exists in the core polymer below its 

saturation solubility, is given by Equation 10: 

<(
<)

= 1 − exp g− (C'%F	C&%F0C'C&)>?!
C'
*%(C&;C')

h  (Eq. 10) 

Where Mt/M¥ is the fraction of drug released at time t, Ri is the inner radius (radius of the core), 

Ro is the outer radius (radius of the core + sheath), H is the height, D is the diffusion coefficient 

Loading 
(% w/w) Reservoir 

Release Exponent 
 Predicted 
T50% (d) 

Actual  
T50% (d) Higuchi: 

kH (%/h1/2), R2 
First-Order: 

k (h-1), R2 

1% 

R1 0.025, 0.998 0.001, 0.993 16 19 

R2 0.024, 0.999 0.001, 0.992 18 22 

R3 0.024, 0.999 0.001, 0.996 18 24 

R4 0.020, 0.997 0.0008, 0.997 26 >30 
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of drug through the sheath, and K is the partition coefficient of drug between the core and sheath. 

Equation 9 was fit to the first 30 days in in vitro release of DPV from each of the four reservoir 

DDS prototypes (Figure 5.13A) in order to determine the product of the diffusion and 

partitioning coefficient, given by the parameter DK.  

With DK known for each formulation and the experimentally determined value for the 

saturation solubility of DPV in the core polymer, we were able to parameterize the expression for 

drug release from a reservoir with a constant activity source, given by Equation 11: 

𝑀! =	
0=%>?3$
HI	J,&,'

K
∙ 𝑡     (Eq. 11) 

Where Mt represents the amount of drug released at time t, cs represents the saturation solubility 

of drug in the core polymer, and Ri, Ro, H, D, and K are as defined above. Using Equation 11, we 

simulated the release of DPV from each reservoir DDS prototype to determine the final mass of 

drug released at one year (Figure 5.13B). As expected, a reservoir with a constant activity 

source, in which drug is loaded above the saturation solubility of the core polymer, gives drug 

release with zero-order release behavior. From these predictions we determined the mass and 

loading of DPV required to make T50% equal to one year for each reservoir, given by double the 

total amount of drug released in one year (Table 5.8). We also calculated the dose of drug 

released per day by each reservoir, given by the slope of each release prediction. 
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FIGURE 5.13. DPV dissolution models from reservoirs with nonconstant and constant 

activity sources. (A) DPV dissolution from reservoir DDS prototypes with nonconstant activity 
sources (loaded with 1 wt% DPV). Circles represent the mean of n=3 data points taken from in 
vitro release studies. Solid lines represent Equation 9 fit to experimental data. (B) Predictions of 

DPV dissolution over one year from reservoir DDS prototypes with constant activity sources 
(loaded above cs). R1 is represented by dark red, R2 by light red, R3 by dark blue, and R4 by 

light blue. 
 

TABLE 5.8. Predicted loading and release rate for highly loaded reservoir DDS prototypes. 

Reservoir 
DDS 

Total DPV release 
in one year (mg) 

Target DPV 
loading (mg) * 

Core loading 
(%wt) ** 

Daily release 
rate (µg/day) 

R1 29.00 58.00 52.76% 79.2 

R2 19.32 38.64 35.15% 52.8 

R3 22.2 44.40 47.41% 60.0 

R4 12.34 24.68 26.35% 33.6 
* To retain 50% of loaded drug after 1 year of release 
** Calculated using the core volume for each sheath thickness and average TPU density (1.215 
g/cm3) 
 
 In accordance with experimental observations, R1 was expected to release the most drug 

over one year and R4 the least. Interestingly, R3 surpassed R2 in its cumulative release from a 

saturated reservoir despite its slightly slower release from the unsaturated reservoir (Figure 

5.13A). This suggests that in reservoirs with nonconstant activity sources, sheath polymer 



 178 

chemistry plays a more significant role in mediating drug release than in reservoirs with constant 

activity sources. In the latter condition, sheath polymer thickness played a dominant role as the 

two reservoir DDS prototypes with 100 µm thick sheaths (R1 & R3) released drug the fastest. 

Here, we show that ultimately all reservoir devices are theoretically capable of releasing drug for 

one year with characteristics that match or are relatively similar to our initial design 

specifications. All reservoirs except R1 can be loaded below a theoretical 50 wt% loading target. 

However, the relevance of this cutoff is perhaps less significant for a reservoir DDS than a 

matrix DDS, as total device loading is lower than the core polymer loading and the sheath 

polymer can provide mechanical stability that a highly loaded core may lack. Indeed, based on 

mass of drug loaded, 58 mg of DPV loaded in R1 is similar to the 52 mg of LNG loaded into a 

Mirena IUD [111]. All of the highly loaded reservoir DDS prototypes would release drug above 

the 10 µg/day minimum, with R1, R2, and R3 exceeding the 50 µg/day target. As this 

specification is only a rough estimation of the drug release required to provide protection in the 

lower FRT based on the DPV ring ASPIRE clinical trial, we believe it would be suitable to test 

DDS that release drug at a slightly higher rate [15]. 

 

5.4.9 In vitro release testing of highly loaded reservoir DDS prototypes 

 Informed by our predictions of DPV release from TPU reservoirs loaded above the core 

polymer saturation solubility (section 5.4.10), we loaded the leading candidate reservoir 

formulation, R4, with 30 wt% DPV in the core polymer. We selected this loading as it 

approximates that of the predicted 26.35 wt% to achieve one year of DPV release at 33.6 µg/day 

(Table 5.8). We also included a comparator reservoir formulation, R3, loaded with the same wt% 

DPV in the core. We conducted in vitro release for 30 days in sink conditions and observed 
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minimal difference in cumulative release between the two formulations. DPV exhibited a more 

rapid release rate during the first week of in vitro release (Figure 5.14A) compared to the average 

release for the duration of the 30-day period (Figure 5.14B). This is likely due to burst effects 

caused by equilibration of DPV across the core and membrane polymer that results in the 

reservoir initially behaving as a matrix device, as described by van Laarhoven et al. [109] and 

demonstrated computationally by Clark et al. [86]. Indeed, devices were incubated post-

fabrication for 2 weeks at 40°C in order to achieve DPV equilibration as described and prevent 

the opposite early-time phenomena called “lag-time” effects. Lag-time effects occur right after 

dosage form preparation when the sheath membrane is devoid of drug, requiring time for drug 

diffusion and resulting in a slower initial drug release rate [93].  

Despite a decrease in the release rate after the initial burst period, the equilibrium dosage 

fell well within the target dose per day with R3 (full device) releasing an average of 24.23 

(±3.79) µg/day for and R4 (full device) releasing 22.08 (±3.75) µg/day at day 30 (Figure 5.14C). 

Averaged over the entire 30-day period, R3 released an average dose of 51.76 µg/day and R4 an 

average dose of 41.66 µg/day; these dosages are similar to those estimated by our predictions 

indicated in Table 5.9, where R3 was expected to release 60.0 µg/day and R4 33.6 µg/day given 

a core loaded with a constant activity source. We further validated our modelling predictions by 

fitting a zero-order line through the full 30-day IVR dataset for each reservoir and predicting the 

time it would take for each device to reach T50% (Table 5.9). We found that R3 would take 

approximately 424 days to reach T50% and would release 43.07% of its initial cargo in one year, 

while R4 would take 436 days to reach T50% and would release only 41.90% of its cargo in one 

year. These results are largely consistent with our initial predictions, especially given the slight 

variance in the actual amount of DPV loaded into the core of R3 and R4 (30 wt%) compared to 
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the model-informed loadings generated by our initial T50% predictions (47.41% and 26.35%, 

respectively). Ultimately, this data shows that highly loaded TPU reservoirs of various sheath 

thicknesses (100-200 µm) are capable of releasing DPV in vitro on durable timescales greater 

than one year while providing consistent drug release per day. This data also validates our 

approach of screening low loading reservoir formulations to inform DDS formulation parameters 

using a semi-empirical model for drug release from reservoir devices.  

 
 

FIGURE 5.14. DPV release from high loading TPU reservoirs. Cumulative release (%) of 
DPV from two TPU reservoirs loaded at 30 wt% drug in the core over (A) 7 days and (B) 30 
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days. Dark and light blue solid lines represent linear regressions through IVR data from R3 and 
R4, respectively. (B) Amount of DPV release per day from highly loaded TPU reservoirs over 30 

days. Dashed lines at 3.3 and 16.6 µg represent target daily in vivo release, adjusted for 
analyzing a one-third segment of a DDS prototype. Plotted values represent the mean of n=3 

devices; error bars represent standard deviation. Dark blue triangles represent R3 and light blue 
triangles represent R4. 

 

TABLE 5.9. Estimated duration of use of highly loaded DPV reservoirs. 

Reservoir DDS Zero-Order 
Slope R2 Cumulative release (%) 

at 1 year 
T50% (days) 

 

R3 0.0049 
(0.0094) 

0.961 
(0.987) 

43.07 
(88.16) 

424.45 
(218.52) 

R4 0.0047 
(0.0084) 

0.987 
(0.990) 

41.90 
(73.66) 

436.25 
(247.10) 

 

In vitro dissolution testing is useful for understanding drug release mechanisms and 

comparatively evaluating DDS formulations; however, it is limited in its ability to recapitulate in 

vivo release kinetics. Conditions of in vitro release simulate the in vivo environment by 

controlling parameters such as temperature, pH, sink conditions, and aqueous conditions. 

Simulated conditions do not account for the low-flow environment in vivo, dynamics of protein 

binding, or metabolic effects. We used a non-ionic surfactant to increase the solubility of DPV, 

MVC, and ETR in release media to ensure sink conditions. Drug solubility in dissolution media 

is directly proportional to particle dissolution; as such, in vitro dissolution testing conditions here 

may have accelerated drug release [341]. Indeed, Baoa et al. observed a two-fold acceleration in 

levonorgestrel (LNG) dissolution from a PDMS reservoir when dissolution media was 

supplemented with 0.25% SDS compared to “real time” dissolution in pure aqueous media [108]. 

However, the two-fold acceleration in release determined by Baoa et al., which equates to 

approximately 20 µg/day, matches the 20 µg/day in vivo release rate of the Mirena IUD, as 

determined by clinical studies [111]. In a clinical pharmacology review by the Center for Drug 
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Evaluation and Research, an in vitro-in vivo correlation (IVIVC) was described for the Mirena 

IUD in which the dissolution profiles of LNG tested in vitro and in vivo (ex vivo) correlated with 

a slope of 1.165, indicating a nearly directly proportional relationship [342]. The in vitro 

dissolution conditions were not described. Based on these reports, it appears possible that 

“accelerated” in vitro dissolution due to increased solubility does not necessarily preclude 

interpretation of data with regard to in vivo performance. This in vitro release data and 

consideration for previously reported in utero release kinetics allows us to conclude that we have 

developed matrix and reservoir DDS that are promising for delivery of physicochemically 

distinct ARVs for several months to years. It remains necessary to evaluate the dissolution of 

leading matrix and reservoir DDS candidates in utero for a more exact understanding of the 

duration and kinetics of drug release. 

 

5.5 CONCLUSION 

 We successfully developed both matrix and reservoir drug delivery systems for sustained 

release of multiclass, physicochemically distinct antiretrovirals in an integrated ARV-IUD 

design. We showed that a hydrophobic, highly crystalline TPU matrix can release RAL, MVC, 

and ETR for over one year while retaining 50% of its original drug, thus offering a consistent, 

theoretically protective dose of the triple drug combination. Moreover, we demonstrated a 

method for evaluating reservoir devices with low drug loading and showed that sheath thickness 

and sheath polymer chemistry play significant roles in mediating drug release. Ultimately, we 

selected a candidate reservoir formulation for high DPV loading and found that it exceeded our 

target duration of release and achieved and optimal daily release rate to meet our clinical 

specification. Our in vitro and in silico data strongly premise further evaluation of both matrix 



 183 

and reservoir ARV-IUDs in an in vivo nonhuman primate reproductive tract model. Once fully 

realized, this work has tremendous potential to motivate clinical translation of a novel long-

acting MPT device which could alleviate the incidence unintended pregnancy and HIV among 

people with FRTs in regions where both public health challenges are endemic. 
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Chapter 6.  SAFETY AND PHARMACOKINETICS OF 
ANTIRETROVIRAL DRUG DELIVERY TO THE UPPER FEMALE 
REPRODUCTIVE TRACT 
 

For the proposed manuscript: Development and Pharmacokinetics of an Antiretroviral Releasing 

Intrauterine Device for Long-Acting Multipurpose Prevention Technology. VanBenschoten H, 

Doan MA, Roberts M, Suydam I, Yao, S, Jensen JT, Woodrow KA. In preparation. 

 

6.1 ABSTRACT 

 Human immunodeficiency virus (HIV) resulting in acquired immunodeficiency 

syndrome (AIDS) is the leading cause of death among women of reproductive age, a burden that 

is exacerbated in settings where the virus is endemic. Daily oral pre-exposure prophylaxis (PrEP) 

with antiretroviral (ARV) medication is an effective HIV prevention modality if adhered to 

rigorously. However, achieving perfect adherence is a significant challenge that, coupled with 

other barriers to use, makes oral PrEP insufficient to meet the demands of at-risk women 

globally. Integrating ARV delivery with existing long-acting drug delivery modalities, such as 

long-acting reversible contraception (LARC), has the potential to ameliorate challenges with 

adherence and bolster the acceptability and prevalence of both contraception and PrEP. The 

intrauterine device (IUD) has a long history of safe and effective delivery of active agents to the 

female reproductive tract (FRT); incorporating an ARV delivery component onto an IUD frame 

could offer local delivery of microbicides to the female reproductive tract (FRT). However, it is 

not known if and how transport of intrauterinely delivered drug to the lower FRT occurs. As 

such, we assessed the safety and pharmacokinetics of intrauterine ARV delivery in a nonhuman 

primate model by assaying drug concentrations in systemic circulation, upper- and lower-FRT 

tissue, and vaginal secretions. This work serves as a foundation for further research on uterine-
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to-vaginal drug transport and evidences the potential of an ARV-releasing IUD to protect against 

HIV for long-acting multipurpose prevention. 

 

6.2 INTRODUCTION 

 HIV/AIDS is the leading cause of death globally among women of reproductive age and 

exerts a disproportionate burden on marginalized populations and women in regions with 

endemic disease such as sub-Saharan Africa [21]. The WHO estimated that 19.3 million women 

were living with HIV in 2020 [19]; in sub-Saharan Africa, women account for 63% of new 

infections and are twice as likely as men to become infected with HIV [20]. The situation is more 

dire for individuals who face multiple forms of discrimination; indeed, the incidence of HIV 

among female sex workers is 10-times higher than the general population. Widespread 

adaptation of strategies to prevent HIV transmission is critical to alleviating this global burden of 

disease. One such approach is pre-exposure prophylaxis (PrEP), which is the administration of 

antiretroviral (ARV) medication to an individual prior to exposure to HIV. Two PrEP 

medications are currently approved and have seen widespread adoption as over 70 countries have 

expanded normative recommendations for their use since 2019 [4,33,34]. Despite its potential for 

stemming the spread of HIV, PrEP use is limited by significant barriers including dosing 

frequency and adherence, cost, inefficient service delivery modalities, and lack of awareness 

[35]. Less than 500,000 people globally were estimated to have initiated PrEP as of 2019, 

representing a significant deficit in prevalence [36]. 

 PrEP is conventionally formulated as a once daily oral tablet; this dosing modality must 

be adhered to near-perfectly to achieve sufficient partitioning to female genital tissue, the site of 

HIV infection in women and people with FRTs [1–3]. This adherence requirement has been 
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identified as the most prohibitive challenge preventing widespread use of PrEP and clinical 

studies show that women have as low as 40% adherence to daily oral PrEP [50]. A Phase 4 

clinical study of oral PrEP among young African women found adherence as low as 9% at 12 

months [343]. Decreasing the dosing frequency of PrEP has been the object of alternative 

delivery systems such as vaginal gels and films that offer on-demand, peri-coital protection 

against vaginal HIV transmission, vaginal rings that can be worn for 4-13 weeks, and long-acting 

injectables that require injections every 8 weeks. Issues of adherence and acceptance remain with 

all existing modalities and no ultra-long-acting ARV delivery system has thus far been 

developed. 

 Long-acting reversible contraception (LARC) is a promising example of technology that 

offers sustained, user-independent, and discreet drug delivery that targets the FRT. Local 

delivery of contraceptive agents via intrauterine device (IUD) result in high local tissue 

concentrations without the need for partitioning to the FRT [127] and protection against 

unwanted pregnancy for three to twelve years [111,301]. The possibility to integrate an ARV 

delivery component onto an existing IUD design potentiates a promising long-acting 

multipurpose prevention technology (MPT) that could prevent unwanted pregnancy and HIV 

simultaneously. This design would rely on ARV delivery into the intrauterine space and transport 

to the lower FRT where it must reach effective levels in genital tissue to prevent HIV infection. 

The feasibility of local, directional transport from the upper to the lower FRT is not known nor 

does any pharmacokinetic data on the concentration of intrauterinely delivered drugs in vaginal 

tissue or secretions exist. These gaps in knowledge pose a barrier to developing long-acting MPT 

using existing LARC technology. 
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 Though the existence and mechanics of uterine-to-vaginal drug transport remains 

unstudied, the anatomy and physiology of the FRT suggests the possibility of a local transport 

system. Indeed, the human uterus is connected to the vagina by the cervical canal, an elliptical 

cavity that is fused circumferentially to the vaginal exocervix and uterine endocervix [344]. 

When properly placed, the body of an IUD sits directly superior to the endocervix at the uterine 

isthmus; thus, any pharmaceutical agent released from the body of an IUD is directly exposed to 

tissue and fluid adjacent to the cervical canal. In addition to transport through the cervical canal, 

direct absorption of IUD-delivered drugs by uterine tissue and redistribution through systemic 

circulation could contribute to uterine-to-vaginal drug transport. Other mechanisms of transport, 

such as direct diffusion through tissue and counter current exchange between the uterine venous 

plexus and vaginal artery, are also substantiated by basic anatomical parameters [122]. Despite 

the theoretical possibility of uterine-to-vaginal transport of active pharmaceutical agents, the 

therapeutic potential of intrauterine drug delivery systems for vaginal targeting is constrained by 

a dearth of pharmacokinetic evidence. 

 To address this gap in knowledge as well as a clinical demand for long-acting MPT, we 

used a nonhuman primate model to investigate the local and systemic pharmacokinetics of 

intrauterine delivery of the antiretroviral drug dapivrine. Dapivirine (DPV) is a nonnucleoside 

reverse transcriptase inhibitor (NNRTI) that displays improved activity against wild-type HIV-1 

and strains with NNRTI-resistant mutations compared to other ARVs of the same class [345]. It 

has shown promise as a candidate for vaginal PrEP in safety and pharmacokinetic trials of 

intravaginal rings, wherein it is formulated to provide one-month of protection against HIV 

[15,63]. Here, we compared two candidate drug delivery systems for long-acting PrEP, the 

monolithic matrix and core-sheath reservoir, using a novel intrauterine device frame. Evidence of 
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local drug transport in the FRT is supported by assaying drug concentrations in several FRT 

compartments, including endometrial, cervical, and vaginal tissue as well as vaginal secretions. 

We show that dapivirine partitions favourably into the lower FRT at concentrations that 

potentiate viral inhibition while resulting in minimal systemic drug levels. Moreover, we 

measured residual drug content in devices placed in baboons for one month to validate the design 

of matrix and reservoir drug delivery systems (DDS) for long-acting in vivo release of ARV for 

up to one year. This study supports the development of long-acting MPT that leverages 

intrauterine drug delivery to target lower FRT tissue for durable, discreet, and user-independent 

protection against unwanted pregnancy and HIV. 

 

6.3 MATERIALS AND METHODS 

6.3.1 Materials and reagents 

Micronized dapivirine was acquired from the International Partnership for Microbicides. 

Dapivirine internal standard (2H4-dapivirine, d4) was purchased from Aurora Fine Chemicals 

LLC (San Diego, CA, USA). Chloroform was purchased from Cambridge Isotope Laboratories 

(Andover, MA, USA), tetrahydrofuran (THF) was purchased from Sigma Aldrich (St. Louis, 

MO, USA), and Optima-LC/MA grade acetonitrile (ACN) and methanol (MeOH) were 

purchased from Thermo Fisher Scientific (Waltham, MA, USA). Ultrapure water was obtained 

using a Milli-Q UF Plus Apparatus (Millipore, Burlington, MA, USA). Thermoplastic 

polyurethane (PY-PT87AE) was a generous gift from Lubrizol Corporation (Wickliffe, OH, 

USA). 

 

6.3.2 Preparation of integrated ARV-IUDs 
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 Solvent cast matrix and co-extruded core-sheath reservoir DDS loaded with DPV were 

prepared as previously described in section 5.3.2. In brief, matrix DDS were prepared by 

dissolving PY-PT87AE (TPU4) at 10% wt/vol in chloroform. Micronized DPV was added at 

16.6% wt/wt (drug/polymer) to the polymer solution and stirred for at least 6 hours until fully 

dissolved. Polymer-drug solution (40 mL) was poured into a glass petri dish and placed in a 

fume hood to evaporate overnight and subsequently in a desiccator to remove residual solvent. 

Films were cut into 1-inch diameter disks, disks were stacked and compressed under a metal 

weight in a 120°C dry bath until desired thickness, 3.5 mm, was reached. Matrix devices were 

cut from thickened disks using a 3.5 mm x 13.3 mm die punch. A 21-gauge stainless steel needle 

was inserted longitudinally through the rectangular device which was then rolled on a ceramic 

hot plate to form a hollowed, cylindrical monolithic matrix. Matrix devices were pushed onto the 

sheath of mini-Cu-IUD frames and situated above the retrieval thread loop. Polypropylene 

sutures were tied to the retrieval thread loop and frame arms were cut to measure approximately 

14 mm across. All integrated ARV-IUDs underwent ethylene oxide sterilization prior to in vivo 

insertion. 

Core-sheath reservoirs were prepared by melting PY-PT43DE20 and homogenizing with 

dapivirine to achieve 30 wt% core loading. Core polymer-drug solutions and sheath polymer, 

PY-PN73AE, were coextruded at 170-190°C through a custom crosshead. Target dimensions 

were set to 1.5 mm inner diameter (lumen), 3.56 mm outer diameter, a 1.0 mm wall (core + 

sheath) thickness, and 100 to 200 µm sheath thickness. Devices were cut to 13.33 mm in length 

and subsequently incubated for two weeks at 40°C to equilibrate drug in the core and sheath 

polymer. Reservoirs were pushed onto the mini-Cu-IUD frames, situated above the retrieval 

loops, and ends sealed with Loctite cyanoacrylate glue. Several studies have demonstrated the 
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use of acrylate glue (Loctiteâ 4011, Henkel, Düsseldorf, Germany) to prevent longitudinal 

diffusion from exposed reservoir cores in in vitro release studies [22,23]. To both integrated 

matrix and reservoir IUDs, polypropylene sutures were tied to the retrieval thread loop and frame 

arms were cut to measure approximately 14 mm across. All integrated ARV-IUDs underwent 

ethylene oxide sterilization prior to in vivo insertion. 

 

6.3.3 Insertion and removal of ARV-IUDs in baboon uteri 

 Sterilized ARV-IUDs were loaded into a 12 Fr polypropylene insertion tube or medical 

grade stainless steel insertion tube measuring 4.4 mm to 5.15 mm outer diameter. Six 

reproductive aged (9-18 years old) female, parous Anubis baboons were used in a crossover 

study design. Prior to insertion, Misoprostol (400 µg) was administered to each animal to soften 

the cervix. Animals were sedated with ketamine, intubated endotracheally, and anesthetized with 

isoflurane. A speculum was inserted into the vaginal canal for visualization of the cervix and 

ARV-IUDs were implanted transcervically with ultrasound guidance. Devices were placed for 28 

days and then removed with animals under the same sedation, intubation and atheization protocol 

as described for insertion. Following removal, females underwent a “wash-out” period of 5 

weeks prior to placement of a second device constituting the second study arm.  

 

6.3.4 Biological sample collection 

Plasma samples were collected prior to ARV-IUD insertion, at hours 24, 48 and 72 after 

insertion, and weekly thereafter until removal. K2 EDTA-treaded tubes were used to collect 5 

mL of plasma drawn from the medial saphenous vein at each timepoint. Tubes were centrifuged 

for 5 minutes at 2500 RCF, plasma was aspirated and deposited into a microcentrifuge tube. 
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Secretion samples were collected prior to insertion and weekly thereafter until removal; vaginal 

secretions were obtained by insertion of Weck-Cel cellulose sponges (Beaver Visitec 

International, Waltham, MA) for 5 minutes into the vaginal tract. Vaginal biopsies were taken 

prior to insertion, at 7 days post-insertion, and upon device removal. Cervical biopsies were 

taken prior to insertion and upon device removal. Vaginal and cervical pinch biopsies were taken 

with a Kevorkian Biopsy device (Monarch Medical Supply, Cumming, GA). Endometrial tissue 

was retrieved prior to insertion and immediately after IUD removal using a vacuum aspirator. All 

samples were stored at -80°C until analysis. 

 

6.3.5 Safety assessment and histology 

 Animals were monitored for signs of discomfort including decreased appetite, lethargy, 

and hunched posture. Tissue biopsies for histological analysis were fixed in 4% 

paraformaldehyde, dehydrated in alcohol, and embedded in paraffin. Cross sectional samples (5 

µm) were taken and stained with hematoxylin and eosin (H&E) stain. 

 

6.3.6 LC-MS/MS instrumentation and acquisition parameters 

 A liquid chromatography system was equipped with an I-Class Acquity UPLC (Waters 

Corporation, Milford, MA, USA); separation was achieved using a Waters Acquity BEH c18, 50 

x 2.1 mm UHPLC column with a 1.7 mm particle size maintained at ambient temperature. 

Mobile phase A was composed of water with 0.1% formic acid and mobile phase B was 

composed of 50:50 ACN:MeOH with 0.1% formic acid. The mobile phase gradient was as 

follows: holding at initial conditions of 98% A:2% B for 1 min, ramping to 100% B by 6 min, 

holding for 2 min, and then transitioning back to initial conditions over 1.5 min. The flow rate 
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was 0.5 mL/min with an injection volume of 10 mL. Detection of dapivirine (DPV) was 

performed by a Waters Xevo TQ-S tandem quadrupole mass spectrometer with a Micromass 

Zspray™ Atmospheric Pressure Ionization Source. Data was acquired and analyzed using 

MassLynx® software (version 4.2). The mass spectrometer was operated in positive ion mode 

with the following ionization parameters: capillary voltage of 3.0 kV, source temperature of 

150°C, cone gas flow of 150 L/h, desolvation gas flow of 1000 L/h, and collision gas flow of 

0.15 mL/min. The selected m/z transitions were 330.4>158.3 and 334.5>159.1 for DPV and its 

isotopically labeled internal standard (2H4-dapivirine, d4-DPV), respectively. All species were 

analyzed at a cone voltage of 96 V (DPV) or 86 V (d4-DPV) and collision energy of 34 V (DPV) 

or 36 V (d4-DPV). Typical retention time for both analytes was 4.21 minutes.  

Stock solutions of dapivirine and its isotopically labeled internal standard (d4-DPV) were 

prepared at 1 mg/mL in LC-MS-grade acetonitrile. We prepared working stocks containing 

unlabeled DPV in ACN at concentrations ranging from 30 to 22500 ng/mL. Calibration 

standards contained 10 ng/mL of internal standard and 0.1, 0.25, 0.5, 1, 2.5, 5, 10, and 50 ng/mL 

concentrations of unlabeled DPV. Quality control samples were prepared fresh for each sampling 

batch by spiking < 1 µL of 22500 ng/mL DPV in ACN into neat or baseline biological samples 

before or after extraction to achieve final concentrations within the linear range of the standard 

curve.  

 

6.3.7 Preparation of plasma, vaginal secretions, and tissue biopsy samples for LC-MS/MS 

Thawed plasma samples were precipitated with cold ACN, vortexed thoroughly, and 

centrifuged for 10 minutes at 10,000 RPM. Supernatant was filtered using a 0.22 µm PVDF 

syringe tip filter into a 200 µL glass autosampler vial. Solvent was removed by placing uncapped 
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samples in a desiccator overnight. After solvent was completely evaporated, analytes were 

resuspended in an equal volume of ultrapure water and ACN containing internal standard (d4-

DPV). Tissue samples were screened for quality; samples with excess blood or negligible mass 

(<1 mg) were not included in analysis. Thawed tissue samples were precipitated with cold ACN 

containing internal standard (d4-DPV) and homogenized in an Eppendorf tube containing 640 mg 

of 1.4 mm and six 2.8 mm zirconium oxide ceramic beads on a Precellys® 24 tissue 

homogenizer (Precellys, Bertin Corporation, Rockville, MD, USA) at 6,500 RPM for three 

cycles of 20 seconds. Samples were then centrifuged for 10 minutes at 10,000 RPM and 

supernatant filtered using a 0.22 µm PVDF syringe tip filter into a 200 µL glass autosampler vial 

containing an equal volume of ultrapure water. Vaginal secretion samples were thawed, diluted 

in 300 µL of phosphate buffered saline (PBS), and incubated for 1 hour at 4°C. Sponge and 

buffer were placed in Spin-X centrifuge tubes containing 0.45 µm cellulose acetate filters 

(Corning Inc., Corning, NY, USA) and precipitated with cold ACN containing internal standard 

(d4-DPV), vortexed thoroughly, and centrifuged for 10 minutes at 10,000 RPM. Supernatant was 

filtered using a 0.22 µm PVDF syringe tip filter into a 200 µL glass autosampler vial containing 

an equal volume of ultrapure water. For quantification, the volume of vaginal secretion collected 

per samples was presumed to be 17.3 µL according to published data on vaginal mucosal volume 

collected by the Weck-Cel method [346]. 

 

6.3.8 Residual drug analysis and quantification by HPLC 

 Drug delivery systems were removed from previously implanted ARV-IUDs and cut into 

three equal segments. Segments were massed and submerged in 10 mL of tetrahydrofuran (THF) 

in glass scintillation vials. Vials were sealed and incubated at 37°C for at least 24 hours until 
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devices were fully dissolved. THF solutions were vortexed, diluted in acetonitrile (ACN), and 

filtered with a 0.22 µm syringe tip filter (Millex Durapore, Millipore) prior to drug content 

analysis by high-performance liquid chromatography (HPLC). HPLC methods for detecting 

DPV were used as previously described in section 5.3.4. Briefly, samples were analyzed using a 

C18 column (5 µm, 100 Å, 250 x 4.6 mm, Phenomenex Kinetex) with 30°C column temperature 

at a 1 mL/min isocratic flow rate, 10-minute run rime and 10 µL injection volume. A 65:35 ratio 

of ACN and ultrapure water with 10 mM ammonium acetate was used as the mobile phase. The 

linear range of DPV was 0.1 – 500 µg/mL and the retention time was approximately 6.2 minutes. 

 

6.3.9 Animal care and ethics statement 

Female baboons were treated with oral contraceptives (0.15 mg levonorgestrel and 0.03 

mg ethinyl estradiol) daily throughout the study and beginning at least two weeks prior to initial 

IUD insertion to suppress cyclicity and maintain tissue homogeneity. Prior to all sampling 

timepoints, animals were sedated with ketamine; for tissue biopsy samples, biopsy areas were 

treated with silver nitrate to stop bleeding. The following medications were administered as 

needed for pain management throughout the study: Meloxicam (1.5 mg/mL), Buprenorphine (0.3 

mg/mL), topical lidocaine (4%), Carprofen (50 mg/mL), and Ondansetron (2 mg/ml) for anti-

nausea. Animal procedures were approved by the Institutional Animal Care and Use Committee 

(IACUC) at the Oregon National Primate Research Center (ONPRC). Animal husbandry was 

provided by ONPRC in accordance with the National Institutes of Health Guidelines for Care 

and Use of Laboratory Animals. 

 

6.3.10 Statistical methods 
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All statistical analyses were conducted using GraphPad Prism (Version 9.5.0). 

Comparison between drug concentrations were performed using Mann-Whitney rank comparison 

tests. Differences in residual drug analyses were assessed using a parametric, unpaired t-tests. 

Graphical results were expressed as the mean of each replicate ± standard deviation. 

 

6.4 RESULTS AND DISCUSSION 

6.4.1 Integrated ARV-IUDs can be placed non-surgically in the baboon uterus 

In order to investigate the pharmacokinetics of ARV delivered to the intrauterine space, 

we integrated matrix and reservoir DDS onto a miniature copper IUD frame (without copper 

wire) (Figure 6.1A&D). The delivery systems were situated on the vertical body of the IUD 

frame such that insertion into baboon uteri with standard polypropylene or custom stainless steel 

12-14 French insertion tubes was feasible. The baboon model was selected for PK evaluation of 

the DDS because baboons have reproductive anatomy that is similar to humans with short 

rectilinear cervical canals that allow for nonsurgical, transcervical IUD implantation [347]. 

Compared to macaques, baboons have a larger uterus that accommodates a human-sized IUD 

with minimal modification, permitting us to recapitulate the biomechanics and positioning of 

human IUD placement [348]. We confirmed placement of the ARV-IUDs via fluoroscopy 

(Figure 6.1B&E) and ultrasonography (Figure 6.1C&F). Indeed, ARV-IUDs situated evenly 

within the uterine cavity with the body containing DDS positioned superior to the cervical canal. 
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FIGURE 6.1. Integration and placement of matrix and reservoir ARV-IUDs in Anubis 
baboon uteri. Monolithic matrix DDS (A) integration with mini-Cu-IUD frame, (B) 

fluoroscopic image of placement in a baboon uterus, and (C) transverse ultrasound image of a 
baboon uterus with IUD position indicated by white arrow. Core-sheath reservoir DDS (D) 

integration with mini-Cu-IUD frame, (E) fluoroscopic image of placement in a baboon uterus, 
and (F) transverse ultrasound image of a baboon uterus with IUD position indicated by white 

arrow. Fluoroscopic and sonographic images taken immediately after placement of ARV-IUDs. 
 

6.4.2 ARV-releasing IUDs are well tolerated in upper FRT of Anubis baboons 

Histological assessment of vaginal, cervical, and endometrial tissue after one month of 

ARV-IUD instillation indicated minimal impact of this device on tissue microenvironment. 

Vaginal tissue biopsies taken pre-insertion and 28-days post-insertion show characteristic 

features of healthy a vaginal epithelium, including a multilayered stratified squamous epithelium 

consisting of enucleated cells, a densely nucleated basal cell layer, and an inconspicuous lamina 

propria (Figure 6.2A&B, white arrows) [349]. Importantly, vaginal tissue biopsied 28-days post 
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insertion has an intact stratified squamous epithelium that measures approximately 200 µm thick. 

This non-keratinized, multilayered structure is a key feature of innate mucosal immunity; indeed, 

a weakened vaginal epithelium is a characteristic pathway by which HIV and other STI virions 

can invade the genital mucosa [350]. Cervical biopsies were expected to contain tissue from the 

endocervix and the exocervix. The former is characteristically lined by a single columnar 

epithelium while the latter is lined by a stratified squamous epithelium consistent with that of the 

vaginal mucosa. Both pre-insertion and 28-days post-insertion cervical biopsies contain regions 

of a single columnar epithelium (Figure 6.2C&D, white arrows), while the underlying cervical 

stroma is composed of densely vascularized, fibromuscular tissue. The 28-day post-insertion 

cervical biopsy contains a thick stratus corneum of the exocervix (Figure 6.2D, white arrow); the 

epithelium overlays a prominent lymphoid aggregate (Figure 6.2D, white circle), a feature of 

mucosa-associated lymphoid tissue (MALT) in the type I mucosa of the endocervix and uterus 

[351]. The adjacency of the stratus corneum with lymphoid aggregates in the lamina propria 

suggest this biopsy is taken near the transformational zone. Some cellular atypia is notable as a 

few epithelial cells display irregular nuclear membranes and perinuclear halos. The pre-insertion 

endometrium consists of a columnar epithelium that forms tubular glands (Figure 6.2E, white 

arrow) overlaying a thick vascular stroma. An increase in mononuclear cells is notable 

throughout the stroma of the 28-day post-insertion endometrial biopsy along with some epithelial 

erosion (Figure 6.2F, white arrow); this is indicative of an inflammatory response and contact 

with a foreign body. 
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FIGURE 6.2. Histological images of endometrial, cervical, and vaginal tissue prior to and 
after ARV-IUD insertion. Representative hematoxylin and eosin (H&E) stained histology 

images of: vaginal tissue biopsied (A) prior to ARV-IUD placement and (B) 28 days after ARV-
IUD placement; cervical tissue biopsied (C) prior to ARV-IUD placement and (D) 28 days after 
ARV-IUD placement; and endometrial tissue biopsied (E) prior to ARV-IUD placement, (F) 28 

days after ARV-IUD placement. 
 

The results of this histological assessment are in accordance with our expectations 

regarding insertion and use of a standard IUD. IUD placement involves necessary infliction of 

trauma on the cervical canal due to dilation and transcervical passage of an insertion tube. 

Moreover, IUD placement in the uterine cavity invariably results in morphological and cellular 
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changes to the uterine mucosa and endometrium. The IUD is a foreign body; when in contact 

with the endometrium, the mucosa becomes flattened, atrophic, and eroded and a nonspecific 

inflammatory response is elicited that consists of focal inflammatory infiltrate and increased 

local vascularization, as noted in our histological analysis [352]. Typically, vaginal tissue 

morphology is unaffected by the presence of an IUD, whereas cervical tissue often contains 

inflammatory cells and squamous abnormalities, consistent with our findings [352]. These anti-

implantation effects, particularly in the endometrium, are essential to the contraceptive function 

of the IUD, and are therefore not considered safety concerns of IUD use. The histological 

responses noted in this study agree with expected changes to tissue morphology upon foreign 

body implantation. 

The IUD frame used in this study, the Mona Lisa NT Cu380 Mini, is composed of 

bioinert polyethylene polymer and has a long history of safety and use in non-US markets [353]. 

The primary safety concern associated with Cu380 Mini is perforation of the uterine corpus or 

cervix; this most often occurs during insertion; however, the incidence of occurrence is low (1 

per 1000 insertions) and similar to that of other IUD types [354]. Therefore, in the context of this 

study, the IUD frame itself is not expected to contribute to aberrant safety concerns. Similarly, in 

a safety and pharmacokinetic trial of dapivirine delivery to the vaginal tract by way of an 

intravaginal ring, no treatment-emergent adverse events were observed in women exposed 

intravaginal dapivirine for one month [355], nor does dapivirine exert any toxicity on ex vivo 

polarized cervical tissue at concentrations up to 1 mM (0.33 mg/mL) [356]. Direct administration 

of antiretroviral agents to the uterine cavity is the only unique intervention implicated in this 

delivery system that has not yet been investigated insofar as safety. The toxicity of DPV on 

endometrial tissue explants should be evaluated directly in future study. However, there is cause 
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to assume DPV would be tolerated in the endometrium at similar concentrations to the tolerance 

of cervicovaginal tissue. Given that histological examination of endometrial, cervical, and 

vaginal tissue did not deviate from anticipated effects of IUD placement, we conclude that 

intrauterine delivery of dapivirine is likely safe and well-tolerated in baboons.  

 

6.4.3 Intrauterine DPV results in high drug partitioning to local tissue and vaginal secretions 

 We quantified DPV concentrations in tissue biopsies taken from multiple locations in the 

upper and lower female reproductive tracts. Vaginal tissue biopsies were taken at day 7 and 28 

during the study period while cervical and endometrial biopsies were taken at day 28 only (in 

addition to baseline samples). No quantifiable drug was measured in baseline tissue samples 

taken 1 hour to 1 week prior to IUD insertion. One-week post-insertion of ARV-IUDs, vaginal 

tissue samples measured an average DPV concentration of 78.1 (±80.5) ng/mL; this value 

declined slightly but not statistically significantly to 61.1 (±25.6) ng/mL at device removal 

(Figure 6.3B, Table 6.1). By comparison, reservoir ARV-IUDs resulted in vaginal tissue samples 

with an average DPV concentration of 54.5 (±39.0) ng/mL at one week. In the cervix, matrix 

ARV-IUDs resulted in an average DPV concentration of 65.6 (±31.5) ng/mL at device removal, 

while reservoir ARV-IUDs resulted in 124.6 (±72.5) ng/mL of DPV in the cervix (Figure 6.3C, 

Table 6.1). Endometrial DPV concentrations were high for both matrix and reservoir ARV-IUDs 

at device removal, measuring 759.7 (±443.2) ng/mL and 2380.0 (±1028) ng/mL, respectively 

(Figure 6.3D, Table 6.1). The highest measured endometrial DPV concentration remains nearly 

100-fold below the maximum tolerable DPV concentration tested on cervicovaginal tissue (0.33 

mg/mL). The differences in tissue DPV concentrations for all biopsy locations were not 

statistically significant between matrix and reservoir DDS. For all biopsy locations, we 
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confirmed that tissue concentrations returned to baseline prior to reinsertion of devices in the 

second study arm (data not shown). 

 
 
FIGURE 6.3. Female reproductive tract tissue DPV concentrations in baboons with ARV-

IUDs. (A) Tissue biopsy sampling timeline for matrix and reservoir DDS ARV-IUD study arms. 
DPV concentrations in (A) vaginal, (B) cervical, and (D) endometrial tissue at 7-days (vaginal 
only) and 28-days (all tissue types). Values represent the mean ± standard deviation of biopsies 

from n=2-6 animals per DDS. 
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TABLE 6.1. DPV concentrations in baboon FRT tissue. 

Tissue Type 
Time 
(hr) 

[DPV] (ng/mL) (SD) Significance 
(p-value) Matrix Reservoir 

Vaginal 
168 78.06 (80.5) 54.5 (39.0) NS (0.841) 

672 61.1 (25.6) 43.16 (14.94) NS (0.343) 

Cervical 672 65.6 (31.5) 124.56 (72.48) NS (0.132) 

Endometrial 672 759.7 (443.2) 2380.0 (1028) ** (0.004) 

Values represent the mean ± standard deviation of n=6 animals for matrix devices and n=2 
animals for reservoir devices. Statistical significance is determined as any p-value < 0.05. 
 

The vaginal and cervical tissue concentrations measured here are the most relevant with 

respect to the prophylactic potential of this drug delivery modality. In an ex vivo viral inhibition 

model, dapivirine inhibited productive infection of ectocervical tissue at concentrations as low as 

0.1 nM (0.033 ng/mL), while 99% of provirus formation was inhibited at 1 nM (0.33 ng/mL) 

[356]. At 10 nM (3.3 ng/mL), dapivirine prevented 90% of infection caused by dissemination of 

HIV-1 by CD4+ dendritic cells, a necessary inhibition mechanism to prevent HIV infection. This 

inhibitory potency was retained in the presence of biological fluids such as cervicovaginal mucus 

and whole semen; thus, the IC90 of DPV in cervicovaginal tissue is taken to be 3.3 ng/mL. It is 

worth noting that this IC90 value reflects the concentration of DPV with which tissue explants 

were treated, not the measured intracellular concentration of DPV; thus, the intracellular IC90 in 

tissue may be even less. Here, matrix and reservoir DDS ARV-IUDs resulted in cervical tissue 

DPV concentrations that were, on average, nearly 20 and 40 -times this IC90, respectively. 

Similarly, vaginal tissue measured up to 19-times the cervicovaginal IC90, thus suggesting 

protective potential of this MPT. Given variation in anatomical length scales and mucosal 

physiology between female baboons and humans, we cannot expect the concentration of drug in 
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cervicovaginal tissue measured here to perfectly recapitulate human pharmacokinetics. However, 

the general anatomical and physiological similarities in FRT’s permits speculation that similar 

partitioning will likely occur in humans and will result in comparable, high levels of DPV in 

human cervicovaginal tissue upon ARV-IUD instillation. 

 We measured DPV concentrations in vaginal secretions weekly after insertion of matrix 

and reservoir ARV-IUDs (Figure 6.4A). Matrix ARV-IUDs resulted high vaginal secretion 

concentrations 7-days post-insertion, averaging 1073.24 (± 1376.87) ng/mL. This concentration 

was durable out to 28-days, where DPV measured 933.68 (± 799.76) ng/mL. Similarly, reservoir 

DDS ARV-IUDs resulted in DPV concentrations of 1037.44 (±46.41) ng/mL and 3536.51 ng/mL 

in vaginal secretions at day 7 and day 28, respectively. At IUD removal, matrix and reservoir 

DDS ARV-IUDs resulted in vaginal secretion concentrations were approximately 283 times and 

1072 times the IC90 determined in ex vivo cervicovaginal tissue culture (3.3 ng/mL) [356]. 
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FIGURE 6.4. Vaginal secretion DPV concentrations in baboons with matrix and reservoir 
ARV-IUDs. (A) Vaginal secretion sampling timeline for matrix and reservoir DDS ARV-IUD 
study arms. (B) Concentration of DPV in vaginal secretions over time in baboons treated with 

matrix and reservoir DDS ARV-IUDs. Plotted values represent the mean ± standard deviation of 
measured vaginal secretion DPV concentration in n=3 animals. 

 

In a pharmacokinetic study of a DPV intravaginal ring (IVR), Nel et al. reported that after 

28 days of use in humans, the IVR resulted in DPV vaginal fluid concentrations that exceeded 

the IC90 3900-fold. The discrepancy between the vaginal secretion concentrations measured in 

our study and that of the IVR trial likely relates to interspecies variability, but could also be 

explained by the distance between DDS placement and fluid sampling location. Nel et al. 

sampled vaginal fluid at three locations – near the ring, at the cervix, and at the introitus – and 

found that vaginal fluid concentrations correlated with distance from the DDS, with the highest 

concentration of DPV measured at the site of the ring and the lowest at introitus. Given that our 
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ARV-IUDs were placed in the uterus and vaginal secretion samples were collected between the 

cervix and the introitus, DPV would have had to travel through the internal OS, endocervical 

canal, and external OS to reach the nearest possible sampling location. The cervix is the most 

active site of mucus production in the female reproductive tract; as such, dilution of DPV-

containing luminal fluids upon passage through the cervix may explain relatively lower secretion 

concentrations measured in this study compared to the IVR [357].  

Not only was the concentration of DPV measured in vaginal secretions significantly 

higher than the minimum concentration for protection against HIV for matrix and reservoir DDS, 

it was higher than the concentrations measured in vaginal, cervical, and endometrial tissue 

biopsies at day 28 for respective study arms, the latter of which were taken directly adjacent to 

the DDS implantation site. This could indicate a greater propensity for transport of small 

molecules from the upper to lower FRT via the cervical lumen, rather than by direct diffusion 

through tissue or by direct or countercurrent venous or lymphatic circulation, as suggested by 

Cicinelli and De Ziegler [122]. The dominance of this transport pathway is supported in theory 

by anatomy and physiology of the female reproductive tract. Indeed, it is known that, by way of 

myometrial contractions and cervical peristalsis, uterine contents can travel inferiorly through the 

cervical lumen. This is demonstrated by the processes of menstruation and childbirth [125]. 

These pharmacokinetic findings could inform DDS design for other small molecules or biologics 

for which transport from the uterus to the vaginal tract may have prophylactic or therapeutic 

potential. Uterine to vaginal drug delivery warrants further investigation, for example by organ 

explant open perfusion studies such as those which elucidated the reverse vaginal-to-uterine first 

pass effect, to identify precise biophysical mechanisms responsible for pharmacokinetic 

outcomes. 
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6.4.4 Intrauterine delivery of ARV results in low systemic drug concentrations 

 We measured the concentration of DPV in plasma for the first three days after IUD 

insertion and once a week thereafter until study terminus (Figure 6.5A). For matrix DDS ARV-

IUDs, a quantifiable plasma DPV concentration was measured at the first sampled timepoint, 24 

hours after IUD insertion, in only one of six baboons (658.71 pg/mL) (Figure 6.5B). The 

remaining five animals had individual plasma DPV concentrations near or below the lower limit 

of quantification (LLOQ) for this assay (250 pg/mL), collectively averaging a plasma DPV 

concentration of 137.53 pg/mL. Thereafter throughout the 28-day study period, each baboon 

exhibited two to three DPV plasma concentrations that were above the LLOQ, ranging from 

304.14 – 749.11 ng/mL with an average Cmax of 539.4 (±221.1) pg/mL. Within this range of 

values, the individual tmax per animal occurred at hours 48, 72, 336, 504 and 672 equating to a 

median tmax of 420 hours (17 days). While all plasma samples measured a DPV concentration 

were above the lower limit of detection (LLOD), suggesting that they do contain some 

concentration of DPV, the arithmetic and geometric means of aggregated plasma DPV 

concentrations for the duration of the study are consistently below or very close to the LLOQ 

(Figure 6.5B). This pharmacokinetic pattern suggests that matrix ARV-IUDs largely do not 

contribute to meaningful systemic concentrations. 

 Reservoir DDS ARV-IUDs resulted in more significant, quantifiable plasma 

concentrations of DPV (Figure 6.5C). Plasma DPV concentrations increased from insertion to 

day 3, reaching a peak of 744.75 (±698.89) pg/mL three-days post-insertion (tmax). A trough at 14 

days post-insertion, which measured 295.37.78 (±147.16) pg/mL, was followed by another peak 

in concentration at 21 days post-insertion of 768.36 (±389.98) pg/mL. Upon device removal, the 
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average DPV concentration in plasma measured 192.30 (±88.43) pg/mL. Reservoir ARV-IUDs 

resulted in a more consistent pattern of DPV distribution in systemic circulation compared to 

matrix ARV-IUDs; however, neither delivery system resulted in plasma DPV concentrations that 

were comparable in magnitude to those measured in FRT tissue or secretions. 

 
FIGURE 6.5. Plasma DPV concentrations in baboons with matrix and reservoir ARV-IUDs. 
(A) Plasma sampling timeline. (B) Concentration of DPV in plasma over time in baboons treated 
with ARV-IUDs. Pink circles represent the measured plasma DPV concentration for individual 



 208 

animals at each timepoint (n=6); each shade of pink corresponds to one animal. (C) 
Concentration of DPV in plasma over time in baboons treated with reservoir DDS ARV-IUDs. 

Maroon circles represent the measured plasma DPV concentration for individual animals at each 
timepoint (n=2); each shade of maroon corresponds to one animal. The dotted line represents the 
geometric mean, and the dashed-dotted line represents the arithmetic mean of all animals at each 

the given sampling timepoint. The dashed vertical line represents the lower limit of 
quantification (LLOQ) for the DPV detection assay for the given sample batch; here, 250 pg/mL. 
 

The plasma DPV concentrations measured after instillation of matrix and reservoir ARV-

IUDs were consistent in order of magnitude with reported values of ARV and hormone in human 

plasma upon intravaginal ring and hormonal IUD use, respectively. In a clinical trial of DPV 

vaginal rings in women, authors Nel et al. found that plasma concentrations upon vaginal DPV 

delivery had a Cmax of 355 pg/mL. They noted that this is well below the concentration required 

to reduce viral load by oral DPV administration, which is on the order of 100-200 ng/mL, and is 

a concentration that is unlikely to cause viral DPV-specific resistant mutations [63]. This is not 

unlike findings reported by Nilsson et al. upon measuring plasma levonorgestrel (LNG) 

concentrations after administering LNG-IUDs to women [127]. Nilsson found that IUD delivery 

resulted in plasma LNG concentrations of 202 ± 102 pg/mL, whereas oral LNG dosing with the 

drug Cyclabil resulted in plasma LNG concentrations of 559 ± 209 pg/mL. While we did not 

include an oral control in this nonhuman primate study, we would expect oral DPV to have 

resulted in comparatively higher plasma drug levels than the ARV-IUD study arms. Given high 

tissue and vaginal secretion concentrations of DPV, our data suggests that ARV delivered into 

the uterine space preferentially partitions to local mucosal and tissue compartments while 

resulting in low systemic exposure. We therefore conclude that DPV delivered in the uterus 

follows non-systemic routes of transport to distribute in lower FRT tissue, thereby further 

substantiating the theory of direct uterine-to-vaginal drug transport. 
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6.4.5 Residual drug analysis suggests long-acting potential 

 We quantified the amount of residual DPV in each DDS upon 28 days of in utero 

instillation order to predict the duration of action of matrix and reservoir delivery systems. 

Matrix ARV-IUDs retained an average of 81.78% (±5.44%) of their initially loaded DPV; thus, 

matrix DDS released approximately 18% of their DPV after 28 days in utero (Figure 6.6A, Table 

6.2). By comparison, reservoir ARV-IUDs retained on average 95.84% (±2.93%) of initial DPV 

and released approximately 4.2% of their initial drug load after 28 days. The difference in 

percent of drug released between matrix and reservoir DDS was statistically significant (p = 

0.0002). Assuming a constant release rate, matrix DDS had a daily release rate of 80.97 (±29.28) 

µg/day, while reservoir DDS released approximately 101.75 (±60.23) µg/day of DPV (Figure 

6.6B. Table 6.2); this difference in daily dose was not significant (p = 0.4648). Upon 

extrapolation, matrix DDS would release 50% of their total drug loading after 76.85 days of use 

(T50%); reservoir DDS would reach T50% after 303.58 days (Figure 6.6C, Table 6.2). 

FIGURE 6.6. Residual drug in matrix and reservoir DDS upon removal from baboon uteri 
at 28 days post-insertion. (A) Amount of DPV (µg) released per day based on total mass of 

dapivirine released from devices over 28-day time period. (B) Percent of initially loaded DPV 
released per device. Plotted points represent individual devices from n=2-6 animals in each study 

arm; horizontal bars represent the mean. (C) Linear extrapolation of the time until 50% of 
initially loaded DPV is released from each device type. Plotted points represent the mean ± 

standard deviation of devices from n=2-6 animals; dashed line represents linear extrapolation 
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between 100% drug remaining (i.e., initial loading), to the percent of drug remaining at 28 days. 
Pink points represent matrix DDS, maroon points represent reservoir DDS. 

 
 

TABLE 6.2. Residual drug analysis from removed ARV-IUD DDS. 

DDS Initial DPV loading 
(mg) (wt%) 

Total DPV 
released (mg) 

Average dose 
(µg/day) 

T50% 
(days) 

Matrix 12.3 (16.0) 2.67 80.97 76.85 

Reservoir 25.4 (18.8) 2.94 101.75 303.58 

 

As expected, reservoir DDS are poised to offer DPV release on a more sustained 

timescale compared to matrix DDS and our predictions nearly meet the one-year target proposed 

in the design of this MPT. Moreover, these devices achieved sustained release at a target that 

exceeds the anticipated daily dose (50 µg/day) required for protection against HIV, as 

benchmarked by the DPV intravaginal ring trial [15]. The higher daily dose of DPV released by 

reservoir DDS likely explains pharmacokinetic differences between matrix and reservoir ARV-

IUDs; indeed, reservoir devices resulted in higher endometrial, vaginal secretion, and plasma 

concentrations of DPV. In order to extend the duration of release, a higher initial drug loading is 

a promising approach. The quantity of DPV loaded into these reservoirs (25.40 mg) was less 

than half of the initial API loaded into the Mirena IUD, for example, which contains 52 mg of 

levonorgestrel [111]. Given that the drug loading assessed here already exceeded the saturation 

solubility of the core TPU, there is no reason to assume a higher mass fraction of drug would 

inhibit device fabrication or alter release kinetics. Other strategies, such as altering sheath 

polymer chemistry or thickness, could be explored to extend device duration; however, these 

would likely lower the daily DPV release rate. Ultimately, while this estimation of T50% 
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potentiates device viability for up to a year, the actual duration of use must be rigorously 

evaluated in subsequent clinical trials. 

 

6.5 CONCLUSION 

 We tested the in vivo performance two drug delivery systems, monolithic matrix and 

core-sheath reservoir, as candidates for long-acting delivery of a clinically relevant dose of the 

NNRTI dapivirine upon intrauterine instillation via an intrauterine device. We showed that 

matrix and reservoir DDS can be effectively integrated with an IUD system, termed ARV-IUDs, 

and safely inserted trancervically into adult female baboons. ARV-IUDs were well tolerated with 

limited histological evidence of drug or DDS-mediated adverse effects on local tissue. 

Intrauterine DPV delivery resulted in high concentrations of drug in the endometrium, cervix, 

and vagina, and both delivery systems resulted in high vaginal secretion DPV concentrations that 

measured approximately 300 to 1000-fold the IC90 of DPV in cervicovaginal fluid. Low systemic 

DPV concentrations were detected, suggesting that systemic circulation plays a small role in the 

transport of drug from the upper to lower FRT upon uterine delivery; this is the first evidence of 

a uterine to vaginal “first-pass” effect. Lastly, both matrix and reservoir DDS offered durable 

release of DPV in vivo suggestive of up to a year of drug release and protection against HIV in 

the vaginal tract.  

This work is the first to exploit the IUD as a drug delivery modality for purposes beyond 

contraception. Our findings represent a promising development towards long-acting 

multipurpose prevention technology and elucidates the potential of the uterus as an implantation 

site for drug delivery systems targeting both the upper and lower FRT. Given the tunable and 

modular design of our matrix and reservoir DDS ARV-IUDs, this work potentiates formulation 
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of various prophylactic and therapeutic small molecules, alone and in combination, for long-

acting delivery to the FRT.  
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APPENDIX B: SUPPLEMENTARY MATERIAL FOR CHAPTER 3 

Search Strategy: PubMed/MEDLINE 

# Concept Searches Results 
1 SRHR focus areas: 

• Abortion 
• Contraception 
• IPV/GBV 
• STIs/HIV 

 

Abortion, Induced [Mesh] OR Abortion, Spontaneous 
[Mesh] OR miscarriage* [TW] OR abort* [TW] OR 
“termination of preg*” [TW] OR “pregnancy 
termination*” [TW] OR Pregnancy, unplanned [Mesh] 
OR Pregnancy, unwanted [Mesh] OR “Unplanned 
preg*” [TW] OR “Unwanted preg*” [TW] OR 
“Unintended preg*” [TW] OR contracept* [TW] OR 
Contraception [Mesh] OR family planning services 
[Mesh] OR “family planning” [TW] OR Gender-based 
violence [Mesh] OR Intimate partner violence [Mesh] 
OR “Gender-based violence” [TW] OR “Intimate partner 
violence” [TW] OR “violence against women” [TW] OR 
“dating violence” [TW] OR Sexually Transmitted 
Diseases [Mesh] OR “Sexually transmi*” [TW] OR HIV 
Testing [Mesh] OR “HIV test*” [TW] OR “HIV 
Diagnos*” [TW] OR “HIV prevent*” [TW] OR 
“prevention of HIV” [TW] OR Pre-Exposure 
Prophylaxis [Mesh] OR Post-Exposure Prophylaxis 
[Mesh] OR “Pre-Exposure Prophylaxis” [TW] OR “Post-
Exposure Prophylaxis” [TW] OR Antiretroviral 
therapy, Highly active [Mesh] OR “Antiretroviral 
therapy” [TW] OR “HIV therapy” [TW] OR “HIV treat*” 
[TW] OR “HIV care” [TW] OR “HIV Services” [TW] 

619,001 

2 COVID-19 COVID-19 [Mesh] OR “2019 novel coronavirus” [TW] 
OR  “2019-nCoV” [TW] OR “COVID” [TW] OR 
“COVID-19” [TW] OR “COVID19” [TW] OR “SARS 
coronavirus 2 infection” [TW] OR “SARS-CoV-2” [TW] 
OR “SARS-CoV2” [TW] OR “SARSCoV2” [TW] OR 
“Wuhan coronavirus” [TW] OR “coronavirus disease 
2019” [TW] OR “nCoV 2019” [TW] OR “novel 
coronavirus 2019” [TW] OR “novel coronavirus disease 
2019” [TW] OR “novel coronavirus infection 2019” [TW] 

144,286 



APPENDIX C: SUPPLEMENTARY MATERIAL FOR CHAPTER 4 

SUPPLEMENTARY TABLE 4.1. Puncture Testing of Polyester Blends. 

Fiber Blend Burst Load 
(N) 

Puncture Strength 
(N/mm2) 

Elongation 
Fraction 

Relative puncture 
strength (N/mm2) 

80:20 
PLGA/PCL 

5.856 
(0.562) 

0.5871 
(0.056) 

.2032 
(1.313) 

2.886 
(0.119) 

PLLA 4.969 
(0.103) 

0.6228 
(0.129) 

.5595 
(10.73) 

1.138 
(0.254) 

80:20 
PLLA/PLGA 

7.810 
(1.258) 

0.9788 
(0.158) 

.3785 
(2.725) 

2.587 
(0.373) 

50:50 
PLLA/PLGA 

9.172 
(1.270) 

1.149 
(0.159) 

.3699 
(1.703) 

3.122 
(0.535) 

20:80 
PLLA/PLGA 

0.7938 
(0.097) 

0.1990 
(0.025) 

.2126 
(4.020) 

0.962 
(0.195) 

80:20 
PLLA/PCL 

5.577 
(0.701) 

0.6989 
(0.088) 

.5255 
(3.208) 

1.335 
(0.195) 

Note: Data represents the mean of n=5 samples (± standard deviation) 
 

SUPPLEMENTARY TABLE 4.2. Glass and Melting Transition Temperature of Polyesters. 

Polyester Tg (°C) Tm (°C) References 

PLGA 40 260 [47] 

PLLA 59 190 [48, 49] 

PCL  - 60 60 [31, 40] 
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SUPPLEMENTARY FIGURE 4.2. Tensile adhesion of polyester blends shows mucoadhesive 
potential. (A) Loading force (mN) plotted against extension and (B) maximum adhesive force of 
drug-loaded polyester fiber blends to rehydrated porcine mucin. Results presented as a the mean 
± standard deviation of at least n=3 individual fiber samples per condition. One-way ANOVA 

performed for maximum loading of nanofibers determined that no formulation was significantly 
less adhesive than PVA (significance defined as p < 0.05). 
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APPENDIX D: SUPPLEMENTARY MATERIAL FOR CHAPTER 5 

SUPPLEMENTARY TABLE 5.1. Dimensional analysis of matrix and reservoir DDS 
prototypes. 

Matrix DDS 

Drug Matrix ID Mass (mg)* Surface Area 
(mm2)* 

Volume 
(mm3)* 

SA/V 
(mm-1)* 

DPV 

TPU1 177.14 ± 1.87 206.42 ± 4.86 155.53 ± 
6.75 

1.22 ± 
0.05 

TPU2 180.07 ± 1.72 165.38 ± 2.99 213.5 ± 2.15 1.14 ± 
0.02 

TPU3 163.08 ± 1.28 163.01 ± 0.00 211.8 ± 0.00 1.16 ± 
0.00 

TPU4 166.42 ± 2.92 161.04 ± 7.07 210.38 ± 
5.09 

1.18 ± 
0.05 

RAL 

TPU2 182.20 ± 0.52 166.56 ± 1.36 214.35 ± 
0.98 

1.13 ± 
0.01 

TPU3 174.26 ± 3.26 165.38 ± 2.89 213.50 ± 
2.08 

1.14 ± 
0.02 

TPU4 180.82 ± 1.21 167.15 ± 3.54 214.78 ± 
2.55 

1.13 ± 
0.02 

MVC 

TPU2 181.52 ± 2.98 170.89 ± 2.73 217.47 ± 
1.96 

1.11 ± 
0.02 

TPU3 169.43 ± 2.36 164.78 ± 1.18 213.08 ± 
0.85 

1.15 ± 
0.01 

TPU4 171.42 ± 3.34 165.38 ± 8.18 213.50 ± 
5.89 

1.14 ± 
0.06 

ETR 

TPU2 191.71 ± 1.99 164.19 ± 2.36 212.65 ± 
1.70 

1.15 ± 
0.02 

TPU3 172.95 ± 1.53 164.98 ± 1.78 213.21 ± 
1.28 

1.15 ± 
0.01 

TPU4 183.27 ± 0.90 163.80 ± 2.73 212.37 ± 
1.96 

1.15 ± 
0.02 

Reservoir DDS 

Drug Reservoir 
ID 

Sheath 
thickness 

(µm)* 
Mass (mg)** 

Surface 
Area 

(mm2)** 

Volume 
(mm3)** 

SA/V 
(mm-1)** 
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DPV 

R1 119 ± 15 128.26 ± 2.72 147.61 ± 
0.00 

130.26 ± 
0.00 

1.13 ± 
0.00 

R2 219 ± 22 127.31 ± 4.48 148.86 ± 
0.00 

132.49 ± 
0.00 

1.12 ± 
0.00 

R3 86 ± 6 129.69 ± 5.15 149.92 ± 
0.00 

134.18 ± 
0.00 

1.12 ± 
0.00 

R4 175 ± 9 129.55 ± 2.52 148.44 ± 
0.01 

131.74 ± 
0.00 

1.13 ± 
0.00 

All values reported as the mean ± standard deviation of *n=3 devices and **n=20 devices 

 
 

 
SUPPLEMENTARY FIGURE 5.1. Surface area to volume ratio of matrix and reservoir 

DDS prototypes. Plotted values represent the mean ± standard deviation of n=3 matrix devices 
and n=80 reservoir devices. (**) represents p < 0.01. 
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SUPPLEMENTARY FIGURE 5.2. Loading and encapsulation efficiency of ARVs in matrix  
and reservoir DDS. (A) Effective loading (% wt/wt) and (B) encapsulation efficiency (%) of 
ARVs in matrix DDS prototypes composed of different TPUs. Values represent the mean ± 
standard deviation of n=3 segments of matrix material taken from three different devices per 

formulation. (C) Effective loading (%wt/wt) and (D) encapsulation efficiency (%) of DPV in the 
core polymer of reservoir DDS prototypes. 
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