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Abstract

Nanomaterial Strategies to Enhance Antiretroviral Efficacy for Vaginal Drug Delivery

Emily Anne Krogstad

Chair of the Supervisory Committee:
Professor Kim Woodrow
Bioengineering

HIV continues to infect millions of people worldwide, and without an effective vaccine or cure
available, there is need for new methods to prevent infection. Women are disproportionately
impacted by HIV due to biologic vulnerabilities and social inequalities, and are especially at risk
in places with high HIV incidence like sub-Saharan Africa. Topical microbicides are products in
development that can be vaginally administered to prevent HIV infection. Since microbicides are
a female-initiated product, they would fill an important gap in the array of currently available
prevention options that are targeted toward men such as circumcision and condoms.
Unfortunately, only one topical microbicide to date has demonstrated modest efficacy in clinical
trials, with an overall 39% reduction in HIV acquisition. New strategies are needed to improve
the effectiveness of topical microbicides.

In this work, we explored several nanomaterials including nanoparticles, nanofibers, and
nanoparticle/nanofiber composites as novel drug delivery platforms for topical microbicides. We

hypothesized that by engineering nanocarriers to deliver multiple drugs in combination, provide



sustained release, and have tailored interactions with cervicovaginal mucus, nanomaterials
would allow for more effective delivery of antiretroviral drugs to vaginal tissue. We also explored
nanofibers as a delivery vehicle for both drugs and nanoparticles and evaluated their ability to
enhance vaginal retention relative to liquid-based dosage forms.

We found that both nanoparticles and nanofibers offer much potential for enhancing drug
delivery to vaginal tissue. Nanoparticles were developed to load several different antiretroviral
drugs and show enhanced efficacy against HIV-1 in vitro compared to free drug alone.
Nanofibers were demonstrated to be able to load many agents relevant to vaginal drug delivery
at remarkably high levels (up to 60% by mass), provide both quick and sustained drug release,
release active drug with action against HIV-1, and act as a physical and chemical barrier to
sperm. Finally, nanoparticle/nanofiber composites were found to dramatically enhance
nanoparticle and drug retention in the reproductive tract of mice, providing proof-of-concept for a
new platform for the vaginal administration of nanoparticles that is both solid-state and practical
to administer. We expect that results from this work will be impactful not only for the microbicide
field, but also for other applications, including the prevention and treatment of other sexually

transmitted infections, mucosal vaccination, and topical drug delivery to mucosal sites.
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SUMMARY OF RESEARCH AIMS

Developing an effective topical microbicide for the prevention of sexually transmitted HIV-1
has been a significant but elusive research goal for the past two decades. Despite dozens of
microbicides entering clinical trials, there has been only a singular clinical success, which
resulted in a 39% reduction in HIV-1 infection in women. While these results were important in
establishing proof-of-concept that microbicides can prevent HIV-1 infection, efficacy remains a
limiting factor. Current microbicide formulations, which deliver free drugs such as tenofovir or
dapivirine, depend on the drug half-life to determine the frequency of dosing required. Frequent
repeated application of these products is necessary to establish drug concentrations required
for efficacy, making the product dependent on high levels of adherence not achievable in low-
resource settings. Thus, there is need for a microbicide formulation that provides long-acting,
sustained protection against HIV. In this dissertation, we aim to enhance microbicidal efficacy by
developing nanomaterial platforms for vaginal drug delivery that can simultaneously deliver
multiple agents with different physicochemical properties and extend the length of drug release
and retention in the vaginal tract. In Aims 1 and 2, we explore nanoparticles and nanofibers for
their potential as antiretroviral drug delivery platforms. In Aim 3, we combine nanoparticles and
nanofibers into a single composite platform that we hypothesized would provide enhanced

vaginal retention of nanoparticles.

AIM 1: Explore ARV-loaded nanoparticle-mediated delivery as a strategy to enhance drug
efficacy against HIV-1. We selected drugs based on previous studies demonstrating their
potency and synergy with other agents (e.g., tenofovir and efavirenz). ARVs suitable for
intracellular delivery were encapsulated in poly(lactic-co-glycolic acid) nanoparticles using
emulsion or precipitation techniques. Particles were characterized for size, surface charge, drug
loading, toxicity, and release kinetics, as well as HIV-1 inhibitory activity using a TZM-bl reporter

assay.

AIM 2: Demonstrate versatility of nanofibers for quick release vaginal drug delivery and
scalability. Polymers of interest for vaginal drug delivery including poly(vinyl alcohol) (PVA),
poly(L-lactic acid), and poly(ethylene oxide) were electrospun into fiber meshes and
characterized for physical properties. Antiretroviral agents of differing classes and aqueous
solubilities were electrospun into fibers as proof-of-concept of the amenability of electrospinning
to vaginal drug delivery. Fibers were characterized for size, drug crystallinity, dissolution time,

drug release kinetics, toxicity, and bioactivity. Manufacturing scale-up potential was evaluated

Vii



by comparing properties of tenofovir-loaded PVA fibers electrospun using small scale versus

production scale instruments.

AIM 3: Evaluate nanoparticle/nanofiber composite materials as platform for enhancing
vaginal retention of nanoparticles in vivo. Composite fiber meshes were synthesized using
PEG-coated mucus-penetrating PLGA nanoparticles and two different mucoadhesive polymers
for fibers. Composite materials were characterized for their ability to encapsulate and release
intact nanoparticles that maintain their size and surface charge after dissolution in vitro. Fiber
composites were then evaluated as a practical method for the vaginal delivery of nanoparticles
using a murine model. Equivalent doses of fluorescent nanoparticles were administered
intravaginally to mice in either aqueous suspensions or composite fibers. Tissue retention and
biodistribution of fluorescent nanoparticles from 1h — 7d were evaluated using Xenogen imaging
and tissue homogenization methods. Similar studies were repeated with etravirine-loaded
nanoparticles to evaluate the pharmacokinetics after administration in either aqueous

suspensions or composite fibers.
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1 Introduction: Nanomaterial strategies for vaginal drug delivery.

Portions adapted from: Krogstad E, Rathbone MJ, Woodrow KA (2014) Vaginal Drug Delivery. In: Domb
AJ, Khan W, editors. Focal Controlled Drug Delivery. Advances in Delivery Science and Technology.
Springer US. pp. 607-651.

1.1 SIGNIFICANCE. Highlighting the need for female-initiated HIV prevention methods.

HIV has infected nearly 70 million people and caused an estimated 35 million deaths since
the beginning of the epidemic in 1981". Sub-Saharan Africa has been disproportionately
impacted by this pandemic, accounting for 69% of the 34 million people currently living with HIV
worldwide'. Even though the HIV pandemic continues to be a clear global health priority, it
remains without a cure. The best available treatment, highly active antiretroviral therapy
(HAART), does not completely eradicate the virus from the body? and an effective vaccine
against HIV remains to be developed. Furthermore, while HAART has dramatically improved
outcomes for many of those infected with HIV, it is an expensive and lifelong therapy, rendering
it unfeasible for the majority of HIV-infected persons who live in low-income settings. With the
lack of a vaccine or effective cure for HIV, practical strategies are needed to prevent more
people from becoming infected with HIV.

Importantly, women bear a disproportionate burden of those infected with HIV in sub-Saharan
Africa, accounting for 58% of those infected in 2011°. Because the majority of HIV infections are
sexually transmitted, early prevention efforts have focused on condom use and behavioral
modifications, termed the “ABC” approach (Abstain, Be faithful, use Condoms). Unfortunately,
women in these areas often lack power to negotiate condom use or their partner’s faithfulness,
and this approach has had limited success®. With three times more women than men ages 15-
24 in sub-Saharan Africa infected with HIV, there is particular need for female-controlled
methods for prevention of sexual HIV transmission®.

Microbicides are agents that can be applied topically to the vaginal mucosa or rectum to
prevent sexual transmission of HIV. There has been extensive research to develop topical
microbicides, resulting in over 73 preclinical trials and 45 clinical trials®. Some of the first
microbicides contained drugs with nonspecific mechanisms of action such as surfactants,
polyanions, dendrimers, and buffering gels’. These microbicides interfered with binding of HIV
to CD4 cells by interfering with envelope glycoproteins, or were aimed at keeping the pH of the
vagina low to reduce the infectivity of pathogens®. One of these early microbicides that reached
clinical trials contained the surfactant nonoxynol-9. Disappointingly, after testing in Africa and
Thailand, it was shown to cause an increase in susceptibility to HIV infections®. Polyanion-based

microbicides included Carraguard, cellulose sulfate, and PRO 2000. These products showed



better in vitro inflammatory and toxicity profiles compared to nonoxynol-9, but did not show any
improvement over placebo in reducing HIV infection in clinical trials™. Vaginal milieu protectors
such as BufferGel were designed to maintain vaginal pH and subsequently inactivate virus, but
also failed to be effective in clinical trials'".

Despite over a decade of research and dozens of products reaching clinical trials, there has
been only a singular success in the HIV microbicide field to date. The CAPRISA 004 trial
provided the first proof of concept that topical microbicides can prevent HIV-1 infection in
humans'. In this trial, vaginal gel containing a reverse transcriptase inhibitor (1% tenofovir) was
shown to reduce HIV-1 infection in women by 39% compared to placebo gel. This trial shifted
the paradigm for designing microbicides from acting nonspecifically against HIV toward acting
specifically through use of antiviral drugs. Ongoing microbicides in clinical trials include vaginal

gels that delivering ARVs including dapivirine and UC781™

, and continuing trials testing
tenofovir gel. Vaginal rings have also emerged as a promising dosage form for providing
sustained microbicide release, and may be a more acceptable option for some populations.
Dapivirine and maraviroc vaginal rings are in ongoing clinical trials®. Recently, the 1% tenofovir
vaginal gel arm of the VOICE trial was halted early due to lack of efficacy’. Lack of adherence
to daily gel use, different dosing regimens (daily vs. before and after sex), and different study
populations may have contributed to differences between the VOICE and CAPRISA 004 ftrials.
These conflicting results highlight the need for a more effective microbicide that provides longer
lasting protection. Dosage forms are needed that result in greater user adherence to meet
diverse preferences of women.

In this work, we study the potential of nanomaterials to provide sustained drug release and
enhance antiviral efficacy for next-generation microbicides. Three nanomaterial platforms are
presented: (1) nanoparticles, (2) nanofibers, and (3) nanoparticle/nanofiber composites. By
facilitating intracellular delivery and sustaining release of drug, we hypothesize that a single
vaginal administration of drug-loaded nanoparticles can result in more effective protection
against HIV-1 than free drug. Nanofibers are explored as a novel dosage form for vaginal drug
delivery that provides versatility for combination drug delivery, flexibility in product geometry,
and potential for manufacturing scale-up. Finally, nanoparticle/nanofiber composites are
explored as a single material that can provide both a method for practical vaginal administration
enhanced retention of nanoparticles for pericoital and sustained release HIV prevention

applications.



1.2 BACKGROUND. Engineering nanomaterials for vaginal drug delivery.

1.2.1 Vaginal anatomy and physiology

While the human vagina has great potential as an administration route for drug delivery,
several challenges remain due to its variable nature and innate barriers. Of primary importance,
the conditions of the vaginal environment vary greatly among women and change with age,
menstrual cycle, and sexual activity. Besides HIV prevention, overcoming barriers in vaginal
drug delivery would have implications for sexually transmitted infection (STI) prevention and
treatment, bacteriovaginosis, yeast infections, delivery of mucosal vaccines, contraception, and

other reproductive health applications.

Anatomy

The vagina is a fibromuscular, expandable S-shaped tube approximately 6-10 cm in
length™'°. It can be divided into four major areas: the posterior fornix, anterior fornix, and two
lateral fornices. The vaginal wall is comprised of four layers, the outer epithelial layer, lamina
propria (or tunica), muscle layer, and areolar connective tissue'®. The epithelial layer contains
nonsecretory stratified squamous epithelial cells and is generally 200-300 um thick (25 layers),
depending on the menstrual cyclem’”. The lamina propria contains collagen and elastin and rich
supply of vascular and lymphatic channels'®. The muscle layer is made of smooth, elastic fibers
in both circular and longitudinal directions. The vagina has a large surface area available for
drug delivery that is provided by microridges and rugae, or traverse muscular folds, at its

surface™.

Physiology

Besides the anatomical advantage of a large surface area for vaginal drug delivery, the
vagina also has the physiologic advantage of an abundant network of vasculature. The blood
supply enters from uterine and pudental arteries and leaves via the internal iliac veins'*?°—
bypassing liver metabolism and the “first pass effect” encountered through oral administration'®.
Normal microflora of the vagina include a mix of anaerobic microbes, mainly different strains of
Lactobacillus that can vary with ethnicity (L. crispatus, L. iners, L. gasseri, and L. jensenii are
among the most common)?'. Lactobacilli help to maintain normal vaginal pH, and some strains
produce hydrogen peroxide to regulate bacterial growth™. Without population of the vagina by
commensal bacteria, the vagina is at increased risk of colonization by opportunistic pathogens.

A variety of vaginal enzymes are also present that pose a barrier to peptide delivery'®%.



Though the vagina itself does not possess secretory glands, it is typically coated in a thin film
of secretions present from cervical secretions, cervical mucus, and transudation from blood
vessels'®. Vaginal fluid is composed of carbohydrates, enzymes, enzyme inhibitors, alcohols,
hydroxyl ketones, amino acids, aliphatic acids, immunoglobulins, and aromatic compounds'®?*.
Cervical mucus varies in its rheological properties and can provide a barrier for drug diffusion
into vaginal epithelium. It can be characterized by viscoelasticity, spinnbarkeit (stretchability),
hydration, and pH24. Vaginal pH varies with the menstrual cycle and physical location in the
vagina, with the pH being lowest near the anterior fornix and highest near the cervix'*?*. The
normal pH range is 4-5 for vaginal fluid and 7-9 for cervical mucus®®?'. The commensal bacteria
Lactobacillus helps maintain vaginal pH by converting glycogen from sloughed epithelial cells
into lactic acid®® The volume of vaginal secretions is variable, with women of reproductive age
documented to discharge 3-4 g per 4 h, while menopausal women produced 1.5-2 g per 4 h%.
The variability in volume and composition of vaginal secretions will affect the dissolution of

various dosage forms, absorption of drugs, and rate of flow out of the vagina.

1.2.2 Early stages of HIV-1 infection

Human immunodeficiency virus (HIV-1) is a retrovirus of subclass lentivirinae and is
responsible for causing acquired immunodeficiency syndrome (AIDS)%®. Heterosexual
transmission of HIV infection occurs primarily through the female genital tract”. HIV-1 infection
is established through semen or other biologic fluids that penetrate the vaginal epithelium or
cervical tissue to reach immune target cells including CD4+ T cells, dendritic cells, and
macrophagesze. While the exact mechanism of HIV-1 infection is unknown, several proposed
mechanisms include transcytosis through epithelial cells, transmigration of epithelial cells,
uptake by Langerhans cells or CD4+ cells, and virus transport through physical abrasions of the

epithelium?®2®

. Besides free virus, there is also potential for HIV to be transmitted through cell-
associated virus from HIV-infected donor cells®. SIV has been shown to penetrate the

cervicovaginal epithelium within 30-60 minutes in macaque models®®. The challenge of
developing a microbicide to prevent HIV-1 infection is to ensure protective levels of antiviral

drug in all of these potential targets over time scale of HIV persistence.

1.2.3 Drug targets in the HIV lifecycle

HIV-1 first enters cells through interactions with the viral membrane glycoproteins gp41 and
gp120 and the cell membrane receptor CD4 and CXC chemokine receptor type 4 (CXCR4) or
CC chemokine receptor type 5 (CCR5)*". Next, the HIV enzyme reverse transcriptase converts

single stranded viral RNA to double stranded cDNA, which is then transported into the nucleus.



During integration, the HIV enzyme integrase incorporates viral DNA into the cellular genome, at
which point the virus is designated a “provirus”. Upon cellular activation, viral DNA is transcribed
into mMRNA along with human DNA, and translated to protein in the cytoplasm. Finally, new viral
assembly, budding, and maturation occur via the organization of viral mRNA and proteins with
the assistance of the HIV enzyme protease. New virus particles are then able to bud off the cell

and infect new cells®".

1.2.4 Selecting antiretroviral drugs for HIV prevention

Antiretroviral (ARV) drugs have been designed to interfere at each stage in the virus lifecycle
and have been classified according to their mechanism of action. The main classes of ARVs
include entry or fusion inhibitors, reverse transcriptase inhibitors, integrase inhibitors, and
protease inhibitors. Most of the ARVs available were designed for therapy for those already
infected with HIV, but many may also have application for HIV prevention. The physicochemical
properties and pharmacokinetics must be carefully considered in selecting drug candidates for

topical application and choosing an appropriate dosage form. Parameters including solubility,
ionization state, molecular weight, partition coefficient, and permeability greatly influence drug
distribution both locally and systemically. Properties and structures of several ARVs of interest
to our research are listed in Appendix A and B. The biopharmaceutics classification system
(BCS) is used to classify therapeutic agents as Class | (high solubility, high permeability), Class
Il (low solubility, high permeability), Class Il (high solubility and low permeability), and Class IV
(low solubility and low permeability)®. Solubility is a thermodynamic parameter that refers to the
concentration of a molecule presented to solution, whereas permeability is a kinetic parameter
describing the rate that molecules can cross membrane barriers*>. ARVs from all BCS classes
have been considered, but many drugs fall under class Il and therefore are limited by solubility®.
Dosage forms including nanoparticles as proposed here may facilitate greater intracellular
concentrations for such drugs with low aqueous solubility.

Pharmacokinetic properties must be also considered individually for each drug, as effective
concentrations must be maintained at the site of HIV transmission in the presence of virus.
These include absorption (affected by diffusion, pKa, logP), distribution (Vd, protein binding),
metabolism (drug half life), and excretion. ARVs will transport differently based on these
properties, route of administration, and varying conditions within the vagina. For example,
tenofovir (TFV) is a BCS Class | nucleoside reverse transcriptase inhibitor (NRTI) with high
aqueous solubility. It achieves 100-fold greater concentrations in cervicovaginal fluid and genital

33,34

tissue when administered vaginally compared to orally™". In contrast, tenofovir disoproxil



fumarate (TDF) is a prodrug version of TFV with greater lipophilicity and permeability that can
achieve 1000-fold higher intracellular concentration of tenofovir diphosphate than the TFV

parent drug35. Drug diffusion across the vaginal epithelium occurs primarily by three pathways:
(1) diffusion through transcellular route by the presence of a concentration gradient, (2) diffusion
between cells via paracellular transport, and (3) vesicular or receptor-mediated transport'®.
Pharmacodynamic properties such as toxicity and potency (IC50) are also key considerations.
An ideal ARV for HIV prevention will have high solubility at vaginal pH (4-5), high potency (IC50
in micro or nanomolar range), and long half-life (>24h). Delivery platforms that utilize
nanomaterials to alter drug pharmacokinetics and solubility may allow for enhanced activity of

some drugs.

1.2.5 Current products for vaginal drug delivery

Vaginal drug delivery systems can be categorized into three groups based on physical state:
liquids, semi-solids, and solids (tablets, rings, films). Each dosage form has unique constraints
in terms of shape, volume, excipients, manufacturability, storage requirements, and

acceptability. See Table 1-1 for comparison and examples of these categories.

Table 1-1 Comparison of current dosage forms for vaginal drug delivery

STRATEGY | EXAMPLES ADVANTAGES DISADVANTAGES
Vaginal ring . E f aoplicati
Film . CZSZ;t afp;pr :L?slt(;ri]ned * Mechanical requirements
Sponge relgasey of vaginal rings limit drug
Solid Tablet «  Long shelf life selection
Capsule . Mi 9 | kadi e Must be hydrated for drug
Suppository inimal packaging release
Diaphragm * Controllable geometry
: :):iig dbr?egﬁlselgannedd for * Limited retention time
Gel rheological properties : Ili/'lesfts,lgeshs, Ie.ak'Tlge
Semi-Solid | Cream * Large area of initial Imitec chemica
Ointment coverage cqmpatlbmty with drugs
* High user acceptability in \év(')tlzg)iﬁfr aqueous
sub-Saharan Africa y
«  Can be designed for * Very limited retention time
Foam bioadhesive and : Ili/'lesfts,lges;, Ie.ak'Tlge
Liquid Spray rheological properties imite t'g'l'?mlc'?h d
Douche * Large area of initial compatibiiity with drugs
coverage with poor aqueous
solubility




Liquids

Examples of liquid dosage forms are foams and douches. Liquids have the advantage of
superior coverage and control over rheological properties. However, they are limited by
leakage, messiness, and inadequate retention. For these reasons, the microbicide field has

moved away from liquid dosage forms as vaginal microbicides.

Semi-solids

Semi-solid intravaginal delivery systems include vaginal gels and ointments. Similar to liquid
dosage forms, semi-solid dosage forms can also be designed to have specific osmolarity,
rheological properties, and bioadhesive properties. Appropriate osmolarity is critical in
maintaining microbicide safety, since a hyperosmotic gel can cause irritation and an
inflammatory response. Vaginal gels should be targeted to be less than 1000 mOsm/kg®®.
Typical specific viscosity values for gels and films have been reported as 80 Pass and
0.01 Pares, respectively, and can inform designing future products for maximum spreading and
retention®”*. Although semi-solids provide better retention than liquids, they are still limited by
short residence times in the vagina. Natural polymers such as chitosan and carrageenan and
high molecular weight poly(ethylene glycol) have been investigated as materials that promote
bioadhesion®. Concerns have been raised about the ability of semi-solids to maintain API

bioactivity for long-term storage and packaging costs*®.

Solids

The most common solid dosage forms currently available for vaginal delivery include vaginal
tablets, intravaginal rings (IVRs), drug-eluting diaphragms, suppositories, and vaginal films.
Solid dosage forms have been prioritized in the field due to their stability, controllable
geometries, and potential for sustained release.

Drug-eluting diaphragms and IVRs are both dosage forms that can provide sustained drug
release and potentially overcome barriers with adherence. Major et al recently reported on a
dapivirine-eluting SILCS diaphragm that would provide protection against both HIV and
unwanted pregnancy4°. They found that mechanical properties were maintained with 10% drug
loading and controlled drug release for 6 months. IVRs have received growing interest in the
last decade, with at least five IVRs already on the market for contraception and estrogen
replacement therapy and several in clinical trials as microbicides*'. IVRs have been formulated
to deliver dapivirine, maraviroc, acyclovir, and tenofovir either alone or in combination*'*3. One

of the main advantages of IVRs is their ability to provide sustained release on the order of



months with zero order release kinetics. Rings can be designed as matrix rings, with drug
incorporated throughout the ring polymer, or as reservoir rings with rate-controlling membranes.
Challenges facing translation of IVRs are limitations on types of drugs that can be formulated
due to manufacturing requirements, and potential safety issues with long-term drug exposure**.
Films and tablets represent dosage forms that may be more appropriate for pericoital
applications, where quick drug release is desirable. Examples of microbicide films in
development include dapivirine*’, 1QP-0528*, and polystyrene sulfonate’’. Advantages of
vaginal films include minimal packaging, discreetness, and limited product leakage. However,
films have a limited maximum capacity for drug loading (up to 40 mg)* and can be messy and
sticky during insertion*’. Vaginal tablets can be scaled up easily and inexpensively and are
simple to insert. For both films and tablets, more research is required to understand how such

dosage forms will dissolve and distribute in the vagina in limited (and variable) volumes of fluid.

1.2.6 Design considerations for the ideal microbicide
Safety considerations

Of primary importance in designing a microbicide is that it is safe to tissue. Given the history
of microbicide clinical trials outlined earlier where some products were actually found to
increase the risk for HIV-acquisition®, it is imperative that safety be rigorously studied as part of
preclinical development. A microbicide should not interfere with normal vaginal microflora and
should cause minimal irritation and inflammation®. Finally, a microbicide should be non-

abrasive and have no sharp edges to prevent the creation of breaches in the epithelium.

Reaching target cells and tissue

For an effective microbicide, it must provide sufficient concentrations of ARV in target cells
and tissue for the duration of risk for HIV. Nonhuman primate studies with high dose challenges
of simian immunodeficiency virus (SIV) or simian-human immunodeficiency virus (SHIV) show
that cellular targets of HIV are distributed throughout the epithelium and stroma of vagina,
ectocervix, and endocervix***°. Thus, a drug delivery system or ARV drug must be able to
penetrate both the mucus and tissue barriers of the vagina to reach target cells. Cervicovaginal
mucus is produced at the rate of 2-8 mL/day and cleared every 6-17 hours®'. Strategies to
penetrate this barrier will be discussed in more detail later in this chapter. As HIV-1 has potential
to be transmitted through infected cells that may be present in semen®®, a microbicide must be

able to target both free virions and cell-associated virions. Finally, it must be effective in highly



variable vaginal conditions, particularly changes in vaginal pH and fluid volume due to

intercourse, menstrual cycle, or infection.

Providing complete coverage of the cervicovaginal tract

Another feature of an ideal microbicide is that it provides protective concentrations of drug
along the entire cervicovaginal tract. Inadequate coating of vaginal rugae has been associated
with incomplete protection against STIs*2. Protecting the cervix is also desirable, as first cellular
targets for HIV have been observed in endocervial epithelium®. Thus, dosage forms that can
coat the entire cervicovaginal surface area will be crucial for establishing protection.
Microbicides are also prone to dilution from vaginal and seminal secretions, and forces during

coitus can reduce retention of product®

. Therefore, one important consideration in designing
next-generation microbicides is to provide high retention and complete coverage of the

cervicovaginal tract.

Delivery of multiple agents in combination

HIV-1 is known to mutate rapidly and develop into strains that are resistant to ARVs. There
has been concern that the benefits of preventing new HIV cases with PrEP may be offset by
increase in resistant strains of HIV and loss of principle treatment options®. Preventing HIV at
several stages in its life cycle by delivering a combination of agents with different mechanisms
of action will have the greatest likelihood of increasing efficacy and reducing development of

resistant strains®*%.

However, delivering multiple agents with diverse physicochemical
properties simultaneously is a challenge for many currently available dosage forms. Vaginal
gels are best suited for delivering hydrophilic compounds and stability of some APIs is a major
concern®. Vaginal rings are also limited by the manufacturing process and mechanical

properties required for insertion*'.

Practical for use in low-resource settings

Finally, it is important to recognize that many people currently infected with HIV-1 live in low-
resource settings, with two-thirds of those infected living in sub-Saharan Africa’. A microbicide
meant for translation to these settings must be inexpensive and easily scaled up for
manufacturing. Solid dosage forms may be best for tropical climates in Africa and Asia, as they

offer longer shelf lives and greater stability at high humidity and temperature.



Designing products for high user adherence

Clinical trials for both oral and vaginal pre-exposure prophylaxis (PrEP) have shown that high
user adherence is key in achieving high efficacy. Unfortunately, adherence to different dosage
forms has been widely variable across different trials and study demographics. In the CAPRISA-
004 trial, the 1% TFV gel arm resulted in an overall reduction of HIV-acquisition of 39%".
Further analyses showed that those who reported use of gel in 80% or more of sex acts had a
54% lower risk of HIV acquisition, and those who had more than 1000 ng/mL of tenofovir in
cervicovaginal secretions had a 74% lower risk of HIV*°. Although the overall reduction of 39%
was modest, a clear adherence-efficacy relationship is seen from the results. Three randomized
controlled trials tested the efficacy of daily oral emtricitabine/TFV among different study
populations and also found increasing efficacy with increasing adherence (iPrEX, TDF2,
Partners PReP)**®2. The results of these clinical trials provide convincing scientific evidence
that biologically, the use of ARVs for prevention reduces risk for HIV infection if the ARVs
actually used.

However, adherence remains a significant challenge for oral and vaginal PrEP in sub-
Saharan Africa. To date there has only been one clinical trial for vaginal microbicides that has
shown a protective effect. The CAPRISA-004 trial showed 39% efficacy in preventing HIV-1
infection for women assigned to use a 1% TFV vaginal gel relative to placebo gel'’. The
subsequent FemPREP (oral ARV tablets) and VOICE clinical trials (oral TFV tablets and 1%
TFV vaginal gel arms) were halted early due to inefficacy, with low adherence cited as a primary
reason'>®®. FACTS-001 was a follow-up trial to CAPRISA-004 using the same pericoital dosing
regimen, but it also failed to show efficacy, likely attributable to low adherence®.

Reasons for poor adherence in these trials are complex. Product use has been found to
depend not only on desirable or undesirable characteristics of the specific vaginal product itself
(which vary from woman to woman), but also factors that may apply to all vaginal dosage forms
in general. These factors include fears of safety or product harm, stigma of using ARV-
containing products, preferences of the male partner, societal pressures, and interactions with
the research study team®®®. Many of these reasons given for product use or non-use apply to
all vaginal dosage forms and cannot be addressed by making changes in product design. It is
important to recognize that addressing the social or educational reasons for non-use may not be
possible through an engineered solution. Instead, it highlights the need for increased
collaboration between scientists, product developers, and behavioral scientists, clinicians, and

educators in the development and introduction of a new microbicide product.
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The lack of adherence in recent clinical trials also demonstrates the need for a variety of
dosage forms for women with diverse ranges of needs and preferences. Some of the key
considerations in designing a vaginal dosage form for increased adherence include ease of
insertion, the degree of lubrication, and external leakage/messiness®’. Organoleptic properties
including color, taste, odor, and texture are also important factors that impact acceptability.
Many women prefer to be able to use a product discreetly without their partner’'s knowledge, so
a microbicide that is colorless, odorless, and tasteless would be preferred. Time for product
dissolution or spreading and the use of applicators or type of packaging can also contribute to a
woman’s ability to use a product discreetly. Cultural and personal preferences also vary
widely®®, so preferences of women in relevant populations should be taken into consideration
during the design of a microbicide.

Another factor that will likely affect user adherence is the dosing frequency and regimen that
is required (e.g., 1x/day, pericoital, sustained release). For example, vaginal films have been
designed to hydrate and dissolve in 4-20 minutes and release drug quickly during that time**“®.
Such a product could be applied shortly before intercourse to provide protective levels of drug
and used pericoitally as needed. In contrast, vaginal rings have been designed to provide
sustained release over the course of weeks to months. Zero-order release kinetics have been
reported up to 90 days for vaginal rings delivering TFV and levonorgestrel®®. Due to variable
needs and preferences of women, there is need for both pericoital and sustained release
microbicides. However, given the challenges of low user adherence observed with once-daily or
pericoital dosage forms in clinical trials, the microbicide field has shifted toward prioritizing
sustained release dosage forms, primarily intravaginal rings’®"".

The decision of whether to use a product or not is affected by more than the preclinical safety
and efficacy data. End user perspectives and cultural context are crucial to consider during early
stages in the development of a new microbicide platform. Woodsong and Holt have reviewed
the acceptability and preferences for vaginal dosage forms intended for prevention of HIV and
define important concepts related to end users®’. Acceptability refers to a person’s willingness to
try or use a product, while adherence refers to a person’s compliance with all product
requirements and product use regimens®’. User preferences are the product characteristics that
are most desired out of a range of options. A conceptual framework describes broader
involvement of multiple spheres of influence, including culture, economics, politics, family, and
partner support”. In Table 1-2 below, three vaginal dosage forms that have been studied in
clinical trials (gels, films, rings) are compared in terms of user preferences, actual acceptability

and adherence in clinical trials, and feasibility based on technical constraints.
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Table 1-2 Comparison of user preferences, feasibility, and acceptability of vaginal dosage forms in
microbicide clinical trials.

Vaginal gel

Vaginal film

Intravaginal ring

Dose and Duration

1-4.5 mL gel, inserted once
daily or pericoitally (BAT-24
regimen)

1x2 cm or
1x1 - 2x2 inch film;
inserted pericoitally

1 ring that provides
continuous drug levels for
28d, 3 months, or 1 year

User preferences:
positive attributes

-Increased lubrication
(reported as both positive and
negative)

-Increased “wetness” / leakage
(reported as both positive and
negative, depending on study)

-Product discreetness
-Minimal leakage

-Quick absorption

-Amount of lubrication
provided (reported as both
positive and negative)

-No applicator required
-Easy to insert (reported as
both positive and negative)
-Minimal waste disposal
required, other than
packaging

-Hypothesized increased
user adherence due to less
frequent user action (ongoing
clinical trials)

-Less frequent insertion
required (less privacy
needed)

-Continuous drug levels
provide protection for those
at risk for unplanned or
unwanted sex

User preferences:
negative attributes

-Increased lubrication
-Leakage/discharge

-Visual appearance when
discharged

-Messiness due to leakage,
clumping

-Ability to use without partner’s
knowledge (“discreet use”
depends on partner)
-Frequent privacy required for
daily or BAT-24 insertion
-How/where to dispose of used
single-use applicators

-Sharp edges

-Minimal lubrication
-Difficult to insert due to
stickiness (reported as both
positive and negative)

-Many users initially skeptical
of size, shape, but
uncertainty usually dissipates
after first use

-Discreetness? 25% of male
partners can feel rings in US
and African studies

-Ring expulsions: rate of ~8%
(in US and African studies)
-Removal of ring for menses
or for cleaning (potentially
before indicated removal)
-How to dispose of used
rings; need to return to clinic?

Technical
constraints
(feasibility of
addressing user
preferences)

-Limited capacity to provide
continuous sustained release
-Formulating agents with
diverse physicochemical
properties in aqueous dosage
form

-Need for applicators
-Shelf-stability of aqueous
dosage form

-Limited capacity to provide
continuous sustained
release

-Low reported drug loading
capacity (<2 %w/w)
-Excipients needed to
achieve desired mechanical
properties for insertion

-Need mechanical design
optimization to prevent ring
expulsions

-Modifications in product
design or regimen to allow for
removal / cleaning

Acceptability and
adherence in
clinical trials

-Overall mixed results

-DUET cervical barrier/gel
study showed high
acceptability (Montgomery et
al 2010)

-HTPNO35 showed high
acceptability (Karim et al 2011)
-CAPRISA 004 showed high
acceptability (97.4%) but
variable adherence; increasing
efficacy with increasing
adherence (Karim et al 2010,
Kashuba et al 2015)

- VOICE trial showed low
adherence overall (<40% of
users had detectable TFV in
plasma (Dai et al 2015)
-FACTS 003 showed low
adherence (Rees et al 2015)

-Overall high acceptability -
89% of film users in 3-
country African study liked
it, 87% would use again
(Nel et al 2011)

->80% liked N-9 film
(Cameroon) (Visness et al
1998)

-Overall very high
acceptability, especially once
women try them (initial
reactions negative)

-100% of users in one study
reported they would use IVR
if found effective (Van der et
al Straten 2012)

-Very high adherence in
another study (82-95%)
(Montgomery et al 2012)
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Male partner -85% of male partners who High acceptability by male High acceptability by male
feedback (*not as knew about product use were partners; only 7% reported partners (Van der Straten et
widely studied, supportive (Minnis et al 2013) disliking film (Nel et al al 2012)
small sample -Overall high support for 2011)
sizes) Carraguard gel in South
African study (Kelly 2015 et al)
References Woodsong and Holt 2015, Woodsong and Holt 2015, Woodsong and Holt 2015,
Karim 2010, Kashuba 2015, Visness 1998, Nel 2011, Van der Straten 2012,
Karim 2011 Dai 2015, Rees Garg 2010, Morrow 2014, Montgomery 2012
2015, Minnis 2013, Kelly 2015, | Akil 2011
Montgomery 2010
References for table: vaginal gels ' ">%*®""*"%: yaginal films *°*>°"%%7""% intravaginal rings ">

1.2.7 Literature Review: nanomaterials for vaginal drug delivery

Here we present a review of literature pertaining to nanoparticles and nanofibers for vaginal
drug delivery, the focus of the completed and proposed work presented in this document.
Figure 1-1 highlights rationale for why nanomaterials are of interest for HIV prevention and other

vaginal drug delivery applications.

NANOPARTICLES NANOFIBERS

Solid dosage
form

Potential for

N Easy to handle
sustained release

Intracellular delivery

Diverse polymer and

Targeting capability mechanical space

Co-formulation of

Mucus-penetrating diverse agents

potential Flexible processing

parameters

Figure 1-1. Rationale for novel nanomaterial strategies for vaginal drug delivery.

1.2.8 Nanoparticles for vaginal drug delivery

1.2.8.1 Nanocarriers for drug delivery: overview
Nanocarriers have been widely investigated for many drug delivery applications due to their
potential for intracellular delivery, sustained release, formulating a diverse range of agents, and

targeting capabilities. Nanocarriers are identified by their size of 10-1000 nm and include
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carriers such as nanoparticles, liposomes, micelles, dendrimers, nanotubes, and nanolipogels.
They have been studied as delivery vehicles to the cardiovascular, pulmonary, and central
nervous systems for applications such as cancer therapy, hormone delivery, and vaccination,
and many have advanced to clinical trials®'. Many extensive reviews on nanocarriers for drug
delivery have been published® 4,

One advantage that nanocarriers facilitate compared to other delivery systems is their ability
to deliver contents intracellularly, which may allow for greater concentrations of drug to reach
their targets. Submicron-sized particles have been shown to have greater cell uptake and better
submucosal penetration than microparticles®®. Nanocarriers have been documented to enter
cells via endocytic pathways, pinocytosis, receptor-mediated transport, and facilitated

transport®

. The small size of nanocarriers that enables intracellular delivery is an attractive
feature of this system, particularly for agents with intracellular sites of action.

Nanocarriers also provide a strategy to sustain the release of agents over time, decreasing
the need for frequent administration. Poly(lactic-co-glycolic acid) (PLGA) particles have been
show to escape the endosomal compartment and remain in the cytoplasm for extended periods
of time®. Animal studies using PLGA nanoparticles for gene delivery have shown sustained
levels of tissue gene expression for at least four weeks after administration®”. Additional studies
have shown that nanoparticles can extend the period of drug delivery from 3 days to 2 weeks or
longer compared with free drug in solution®®%,

Besides providing intracellular delivery and sustained release of agents, nanocarriers enable
versatility in the types of agents that can be delivered. Nanocarriers can be made from polymers
with varying rates of degradation, chemical and physical properties. They have been used to
deliver a diverse range of agents including hydrophilic drugs®, hydrophobic drugs®, DNA¥,
siRNA*®' and proteins®. For many of these agents, encapsulation within nanocarriers provides
protection from degradation due to surrounding environment. This is particularly true for drugs
and proteins that are susceptible to enzymatic or hydrolytic degradation®.

Both synthetic and natural materials have been used to create nanocarriers®. PLGA has
been one of the most widely used synthetic polymers for nanoparticles, due to its controllable
degradation rate and biocompatibility, and it is already being used in humans for sutures, bone
screws, and contraceptive implants®. Other synthetic materials such as poly(lactic acid)
(PLA)®, poly(caprolactone) (PCL)%, and poly(acrylates)®” have also been used as materials for
nanoparticles. Synthetic materials offer the advantage of providing greater control over the
molecular weight distribution and side chain identity compared to natural materials. Some

natural polymers that have been used for fabricating nanocarriers include chitosan, alginate,
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collagen, and gelatin®. Natural polymers often possess reactive sites that can be crosslinked or
modified with ligands, and they are generally cytocompatible, although some concerns have
been raised about their immunogenicity®.

Several fabrication methods have been used to synthesize nanoparticles, including single
and double emulsion techniques®, nanoprecipitation'®, spray drying, and electrospraying’.
Concerns have been raised with the ability to scale-up emulsion and nanoprecipitation
techniques, and spray-drying can result in reduced product yields®®. After fabrication, particles
are generally characterized for their size and zeta potential using dynamic light scattering,
morphology with scanning electron microscopy, and drug loading and release using
chromatographic methods. Various assays are used to confirm that agents retain their activity
after encapsulation into particles and are biocompatible, depending on the application.

Despite all the potential advantages that nanocarriers offer for enhanced delivery, several
barriers exist that have prevented nanocarriers from advancing towards clinical application.
First, a trade-off exists between enhanced uptake and controlled release. While the small size of
nanocarriers enhances tissue penetration and intracellular uptake, this comes at a cost of a less
controllable release profile due to their large surface area. Smaller nanoparticles generally
display significant burst release, while larger particles display more controlled release but have
reduced uptake®®. Second, depending on surface properties, nanoparticles can have poor
colloidal stability and problems with aggregation'®'%. Third, low drug encapsulation efficiencies
have been observed for some agents'™, likely due to drug partitioning into the aqueous phase
during formulation. Finally, nanocarriers have been shown to either stimulate or suppress
immune responses, and methods to characterize potential adverse immunologic responses are
not yet well established'®. Immunoglobulins and complement proteins C3, C4, and C5 are
capable of binding to the surface of some nanoparticles, making them detectable by the

% New

mononuclear phagocytic system and preventing them from reaching their targets
approaches are needed to address these concerns and more extensively evaluate the immune
response to nanoparticles. For instance, modifying particle surface chemistry to prevent
aggregation may enhance colloidal stability and reduce interactions with the immune system,
and higher encapsulation efficiencies may be obtained using electrospraying technology for

particle synthesis

1.2.8.2 Nanocarriers that overcome barriers vaginal drug delivery
Due to their ability to be rationally designed for specific environments, nanocarriers are a

promising platform to overcome barriers associated with mucosal delivery routes including to
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the vaginal and cervical epithelium. Nanocarriers are being developed that can penetrate the

107198 and respond to pH changes within the vagina'®'"® for optimal delivery. Local

mucus layer
administration of nanocarriers to the vagina also allows for the bypass hepatic first pass
metabolism, higher local drug concentrations at the site of infection, and reduced side effects
compared to systemic delivery. This is especially beneficial for diseases that are transmitted
sexually like HIV, in which the initial cellular targets of viral infection are the immune cells of the
vagina and cervix. Additionally, the cervicovaginal tract offers a large area for nanocarrier
delivery because the surface is comprised of numerous folds called rugae. Several helpful
reviews on nanoparticles for mucosal drug delivery have been published® """, Here we will
focus on nanomaterials engineering strategies that have been used to overcome specific

barriers related to vaginal drug delivery (Figure 1-2).

1.2.8.3 Overcoming the mucus barrier

Although local delivery offers many advantages, one particularly challenging aspect of
vaginal delivery is that of the mucus barrier produced by mucus-secreting cervical cells.
Cervicovaginal mucus is a crosslinked viscoelastic hydrogel composed primarily of water with
approximately 2-5% mucin by weight'". The composition, pH, and rheological properties are
highly variable, depending on the menstrual cycle and health and reproductive status of the
woman. The presence of semen (pH 7-8) also influences mucus properties'™. The pore size of
cervicovaginal mucus has been estimated to be 340 nm on average, with a range of 50-1800
nm'"®. Notably, cervicovaginal fluid is a discontinuous layer, with some areas along the
cervicovaginal tract having no mucus and some areas having a mucus layer that is several
millimeters thick''®. Because mucus is shear-thinning, it is able to maintain an unstirred layer of
mucus called the adherent layer that lies directly underneath the more rapidly cleared luminal
layer**'"®. The mucus barrier must be crossed in order for nanoparticles to reach the underlying
target cells, but its variable properties make it challenging to characterize.

Nanoparticles are being designed to overcome this barrier by controlling the surface
properties and size of particles to modulate their interaction with the mucus layer®®'3"4117,
Particle size in the range of 200-500 nm has been found to be optimal for diffusion through
mucus''®. Large particles (>1000 nm) are too large to penetrate porous mucus network, but
small particles (100 nm) can become physically entrapped within the tortuous polymer
network'™®. The hydrophobicity of the particle surface also appears to greatly impact particle

diffusivity. PEGylation of particles has been shown to increase transport in mucus''>"'¢1"?
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Further, surface charge has been shown to greatly influence particle diffusion through mucus.
Negatively charged particles are able to move more quickly through mucus than positively
charged particles, likely due to electrostatic repulsion between particles and negatively charged
functional groups on mucin''®. The effect of electrostatics on transport through mucus has been
demonstrated with HIV virions themselves. The production of lactic acid in cervical mucus has

been shown to neutralize the negative surface charge of the HIV virion and significantly slow its
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Figure 1-2. Strategies to overcome barriers in vaginal drug delivery.
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diffusion compared to cervicovaginal mucus at pH 6-7, in which HIV can maintain its negative
charge'®.

Mucoadhesive particles and mucoevasive particles have proposed as two strategies to
overcome the mucosal barrier. Mucoadhesive particles are typically fabricated with a positively
charged surface that will electrostatically bind to the negatively charged carboxyl and sulfate
groups on mucin®®. These particles are designed to remain in the mucus, slowly releasing their
contents that can then diffuse through the mucus layer into underlying cells. Chitosan has been
used as a material for mucoadhesive particles for nasal siRNA delivery®® and vaginal drug
delivery’® because of its cationic nature resulting from protonated amine groups. In addition to
surface charge, another determinant of mucoadhesion is size. Meng et al studied the effect of
particle size on mucoadhesion and encapsulation efficiency of the microbicidal drug candidate
tenofovir'®. They found that 188 nm particles demonstrated a 2-fold increase in mucoadhesion
to porcine vaginal tissue compared with 900 nm particles. However, the smaller particles only
resulted in 5% encapsulation efficiency compared with 20% for the larger particles, so the
authors concluded that the larovger-sized particles were most optimal for delivery of tenofovir.
One must consider the balance between size and diffusivity in designing mucoadhesive
particles. While smaller particles have increased surface area that leads to greater
mucoadhesion, they may also have increased diffusivity in mucus compared to larger particles.

A contrasting approach to mucoadhesive particles is to create mucus-penetrating particles
that are able to reach the underlying cells in the submucosa by penetrating the mucus layer.
Since particle retention is also limited by the periodic sloughing of the mucus layer, particles that
are trapped within this layer may be expelled before reaching their cellular targetsSS. As such,
several groups have designed the surface properties of nanoparticles so that they can better
penetrate the negatively charged mucus layer'®'"*"¢"8 ' One of the more successful strategies
has been to mimic viral strategies for mucus penetration by creating hydrophilic, net neutrally
charged surface to minimize adhesion-causing hydrophobic and electrostatic interactions® "3,

The density of poly(ethylene glycol) (PEG) surface coating and molecular weight of PEG
were found to greatly influence transport, as demonstrated by Wang et al ''°. A highly dense
surface coating of PEG was found to result in faster transport due to minimized hydrophobic
interactions with mucin. Low molecular weight PEG was also found to enhance transport, with 2
kDa and 5 kDa PEG resulting in much faster transport than 10 kDa PEG. The authors
suggested that high molecular weight PEG may result in entanglements with mucin polymer
chains, preventing diffusion’®. Using this strategy, Lai et al modified the surface of polystyrene

nanoparticles with a high density of low molecular weight (2 kDa) PEG to create a net-neutrally
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charged, hydrophilic surface''®. They found transport rates in human mucus were enhanced by
three orders of magnitude for 200 and 500 nm particles. Mert et al have also shown that a
dense coating of low molecular weight PEG is optimal for mucus penetration''®. They report that
Vitamin E / 5kDa PEG (VP5k)-coated PLGA nanoparticles better penetrate human
cervicovaginal mucus than poly(vinyl alcohol) or 1kDa PEG—coated particles, and that VP5k
allowed for controlled release of paclitaxel over 4 days. They attributed this difference to the
denser PEG coating and more neutral surface charge for 5kDa PEG-coated particles compared
with the 1kDA PEG particles.

Conferring a negative surface charge to nanoparticles also appears to enhance their ability to
penetrate mucus. Das Neves et al have studied the influence of surface charge on rate of
transport in simulated vaginal fluid containing mucin adjusted to pH 4.2 and 7.0'"°. They
evaluated dapivirine-loaded PCL particles with three different surface coatings: poloxamer 338
NF (PEO), sodium lauryl sulfate (SLS), and cetyltrimethylammonium bromide (CTAB). They
found that all PCL particles were mildly mucoadhesive on their own, likely due to hydrophobic
interactions between the PCL polymer and mucin. However, they reported that nanoparticles
with negatively charged surfaces (modified with PEO or SLS) were able to move through mucus
simulant by subdiffusive transport at rates that may be appropriate for microbicide delivery. In
contrast, transport of nanoparticles with positively charged surfaces (CTAB-modified) was
impaired, likely from electrostatic interactions with mucin. This work highlights the importance of
considering surface charge in engineering nanoparticles with mucoevasive properties.

There is emerging evidence that conventional (i.e., uncoated) polymeric nanoparticles may
be unable to penetrate cervicovaginal mucus to reach the underlying target cells. For example,
Yu et al report that PLGA particles were slowed by 12,000-fold in human cervicovaginal mucus
compared to water, whereas particles made from the diblock copolymer PLGA-PEG were
slowed only 8-fold in human cervicovaginal mucus compared to water '%. Cu et al have studied
the distribution of PEG-modified (mucus-penetrating), avidin-modified (mucoadhesive), and
unmodified PLGA nanoparticles following intravaginal administration in mice'"’. They found that
that surface properties significantly impact their ability to penetrate tissue. Approximately five
times greater vaginal retention was observed for both the mucus-penetrating PEG particles and
the mucoadhesive avidin-modified particles over 24 h compared to unmodified PLGA particles.
However, significantly more PEG-modified PLGA particles remained in tissue extracts up at to 6
hours following administration, leading the authors to conclude that the mucus-penetrating
modification was most effective for intravaginal delivery. Ensign et al developed mucus-

penetrating 5 kDa PEG-conjugated polystyrene particles loaded with acyclovir that were able to
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prevent herpes simplex virus 2 (HSV-2) in mice'®. The acyclovir mucus-penetrating particles
protected 53% of mice against HSV-2 challenge compared to 16% of mice receiving soluble
drug. In addition, they found over a nearly three-fold improvement in tissue coverage (from 30 to
87%) and longer tissue retention provided by mucus-penetrating particles compared with
conventional (carboxyl-modified polystyrene) particles.

While the improved mucus penetration and tissue retention attained by mucus-penetrating
particles represents an important advance in vaginal drug delivery, some challenges remain.
Particularly, the effect of modifying surface properties for mucus penetration on intracellular
uptake has yet to be determined. Particles with a net neutral charge may be optimal for
penetrating mucus, but there may be a trade-off with lower levels of intracellular uptake. Size,

material composition, and surface chemistry have been shown to affect cell uptake'®'~'%.

Specifically, PEG modification has been shown to reduce phagocytosis in macrophages'?"'?.
Studies that pair mucus penetration capabilities of nanoparticles with their intracellular uptake,
such as those performed by das Neves et al, would provide valuable insight into this potential
setback®'"®. Balance between ability of nanoparticles to penetrate the mucus layer and deliver
their payload intracellularly may best be achieved by evaluating particle transport, intracellular

uptake, and cytotoxicity in parallel for all formulations.

1.2.8.4 Overcoming variations in vaginal pH

Another challenge unique to vaginal drug delivery is the varying pH present in the
reproductive tract. Normal physiologic pH in the vagina ranges from 4-6, but can change with
the presence of bacterial infections, changes in the menstrual cycle, or presence of semen®"®.
Lactobacilli convert glycogen to lactic acid and are the primary microbe responsible for
maintaining vaginal pH in premenopausal women®. Once particles penetrate the vaginal
epithelium, they would be subject to increasing pH in the subepithelial layer and intracellularly.

Instead of seeing vaginal pH fluctuation as a barrier, several groups have used this variation
as a stimulus for “smart” drug delivery from nanoparticles. The normally acidic pH of the vagina
is altered during sexual intercourse, since the pH of semen is known to be basic (7-8) with a
high buffering capacity'?°. Polymers that are soluble in alkaline solutions but insoluble in acidic
solutions could serve as stimuli-responsive materials to release drug contents upon an increase
in pH. Such polymers could be used to trigger release of agents that block HIV action when the
virus enters the body in semen. Zhang et al have created Eudragrit® S-100/PLGA pH-reponsive
particles for semen-triggered vaginal delivery of tenofovir'®. Eudragrit S-100® is a pH-

responsive copolymer made from methacrylic acid-methyl methacrylate (1:2) that is soluble in
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an alkaline environment. They show a 4-fold increase in drug release rate from these particles
over 72 hours in the presence of a semen fluid simulant (pH 7.6) compared with vaginal fluid
simulant (pH 4.2). Yoo et al also investigated Eudragrit® S-100 as a material to create pH-
responsive particles for mucosal delivery''®. They show that particles loaded with hydrophilic or
hydrophobic model drugs release <40% of contents in vitro at pH 4.0 over six hours, compared
to nearly 100% of contents at pH 7.4 within one hour. While this system has yet to be evaluated
in vivo, initial results suggest that pH-triggered release from Eudragit® particles may be a

feasible method for stimuli-responsive drug delivery to the vagina.

1.2.8.5 Vaginal delivery of antiretroviral agents, proteins, and nucleic acids

First generation microbicides for HIV chemoprophylaxis were based on materials with
nonspecific action against HIV and included surfactants, polyanions, and dendrimers’.
Disappointingly, these products failed to show efficacy in clinical trials, with some even
increasing susceptibility to HIV. The first microbicide to show clinical efficacy was a microbicide
gel containing 1% TFV, resulting in an overall 39% reduction in HIV infections among South
African women'2. The current paradigm for designing microbicides has shifted to focus on
agents with specific mechanisms of actions against HIV'?. While delivering agents with specific
against HIV may prove to be more effective than nonspecific methods, formulating them into
vaginal products so that they are active and bioavailable has been challenging.

Nanoparticles offer several advantages for the development of HIV microbicides in particular,
including overcoming challenges of drug stability and solubility, co-delivery of diverse agents,
and providing sustained release. First, many ARVs have low aqueous solubility, making them
hard to administer in their free forms. Nanoparticles have been used to encapsulate and release
dozens of hydrophobic drugs, including many ARVs®*'?". They also offer a means to protect
their contents from premature degradation by vaginal pH and enzymes. Nanoparticles have

124128 ofavirenz®®, saquinavir'®,

109

been made that encapsulate ARVs including zidovudine

lopinavir®®, ritonavir®, tenofovir'®'%, tenofovir disoproxil fumarate

, dapivirine®®, and
indinavir'*®. Some of these particles were designed for systemic delivery for HIV therapy, and
some were proposed for topical application for HIV prevention. Several helpful reviews have
previously been published on ARV-loaded nanoparticles'?” 13132,

One paradigm for engineering next-generation microbicides is that of highly active
antiretroviral therapy (HAART). HAART has been used successfully to treat people infected by
HIV through the co-administration of multiple antiretroviral drugs, surmounting the drug-resistant

strains that come from a rapidly mutating virus. However, co-formulating antiviral drugs of
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diverse physicochemical properties into a single product has posed a challenge for topical
microbicide development. Polymeric nanoparticles are a platform that allows for individual
formulation of ARVs that can subsequently be delivered simultaneously.

Chaowanachan et al have investigated the potential for ARV nanoparticles to provide drug
synergy'®. They formulated PLGA nanoparticles loaded with efavirenz (EFV) or saquinavir
(SQV) and evaluated their antiviral activity and synergy with free TFV in TZM-bl cells. EFV
nanoparticles resulted an approximately 50-fold decrease in IC50 value compared to free EFV,
in addition to strong synergism when delivered with TFV. SQV nanoparticles resulted in a ~2-
fold reduction in IC50 and also showed synergistic activity in combination with TFV. Even
though intracellular delivery was not measured in this study, the authors expect this is the
mechanism by which nanoparticles produced increased activity compared to free drug. This
work not only demonstrates the potential for nanoparticles to facilitate greater delivery than
unformulated ARVs, but also to allow for drug-drug interactions that may not be possible just by
delivering free drug combinations.

In addition to the delivery of hydrophobic ARV drugs, nanocarriers have also been used as a
vehicle for the vaginal delivery of biologic agents, including peptides and nucleic acids. These
agents would likely be quickly degraded by the acidic vaginal pH or enzymes in their free form,
s0 nanocarriers may prove especially helpful for their delivery.

PSC-RANTES, a chemokine analogue that blocks CCR5 expression, is of particular interest
for vaginal drug delivery due to its picomolar potency and its demonstrated in vivo protection
against HIV-1 when topically applied in rhesus macaques'*. However, for in vivo efficacy,
doses were required which were orders of magnitude higher than concentrations necessary for
in vitro efficacy. Hypothesizing that nanoparticles could overcome problems with free protein
delivery such as poor submucosal tissue penetration or premature protein degradation, Ham et
al have created PLGA nanoparticles loaded with PSC-RANTES®. Indeed, they found a five-fold
increase in tissue uptake over four hours for PSC-RANTES encapsulated in nanoparticles
versus unformulated PSC-RANTES in an ex vivo cervical tissue model. Nanoparticles also
provided enhanced tissue penetration of the peptide and localization at basal layers of
epithelium. They also report that encapsulation into nanoparticles did not affect the in vitro anti-
HIV activity of PSC-RANTES. Approximately 70% of the peptide was released in vitro over 30
days, with release being affected by the pH of release media and the L (lactide):G (glycolide)
ratio of PLGA used for nanoparticle formulation. Decreased PSC-RANTES release was
observed with increased pH (4.6 to 7.4) and with increasing L:G ratio (50:50 to 85:15). These

results provide evidence that PLGA nanoparticles can be used to encapsulate and sustain
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release of a peptide relevant to vaginal drug delivery, and further, that the L:G ratio of PLGA
may be used to control release kinetics.

PLGA nanoparticles have also been investigated as a strategy for the vaginal delivery of
nucleic acids. Woodrow et al loaded PLGA nanoparticles with siRNA targeted against the gene
encoding enhanced green fluorescent protein and studied gene expression after topical
intravaginal application to transgenic mice®'. In vitro release studies showed that particles were
able to provide sustained, linear release of siRNA over 30 days, with about 50% of total
encapsulated siRNA released. Sustained gene silencing was observed throughout the mouse
reproductive tract for at least 14 days after a single topical application of nanoparticles, and
histological analysis revealed that particles were able to penetrate deeply into the epithelial
tissue. The authors concluded that PLGA nanoparticles provide effective and sustained release
of siRNA and are less inflammatory that siRNA lipoplexes, and thus demonstrate an expanded
application of PLGA nanoparticles to mucosal surfaces. This work has been expanded on by
Eszterhas et al, who hypothesized that by lowering expression of CD4 and CCR5 receptors in
tissue, infection could be reduced because HIV would be less able to enter cells'®. They
delivered CD4- and CCRS-specific siRNA in INTERFERIn® (Genesee Scientific) nanoparticles
to human cervical explants and monitored gene expression and HIV-1 infection over five days.
Explants exposed to nanoparticles were found to have lower levels of CD4 and CCR5
transcripts, as well as reduced HIV-1 reverse transcripts. They also observed increased
production of IFN-alpha, a potent antiviral cytokine, which may strengthen antiviral activity.
These examples demonstrate that nanoparticles can be used to effectively deliver siRNA

intravaginally, which may have applications for topical microbicides for HIV prevention.

1.2.8.6 Drug targeting and intracellular vaginal delivery

Besides the challenge of formulating multiple drugs for simultaneous delivery, user
adherence has been a substantial challenge in clinical trials of vaginal microbicides for HIV-
prevention. Low adherence to vaginal gels requiring daily administration has been suggested as
a primary reason for the lack of efficacy observed in FEM-PREP and VOICE trials®®*'*®. The
development of a long-acting microbicide that requires less frequent administration provides a
means to increase adherence. As discussed previously, nanoparticles have been shown to
provide sustained release of agents for 2-4 weeks after a single administration. As such,
nanoparticles may offer a means to create a long-acting microbicide by allowing for sustained
intracellular delivery and targeting of agents with activity against HIV. A comparison of

intracellular drug levels after in vitro delivery of ARV nanoparticles is shown in Appendix F.

23



Research done by Destache et al has provided insight into the persistence time and
intracellular release profiles of ARV-loaded PLGA nanoparticles in peripheral blood
mononuclear cells (PBMCs)®. They synthesized efavirenz, lopinavir, and ritonavir-loaded
nanoparticles and measured intracellular drug levels over 28 days. Free drugs administered to
PBMCs reached a peak concentration at 8 hours and were eliminated within 48 hours. In
contrast, ARV-loaded nanoparticles reached peak drug concentrations at 24-96 hours, and drug
levels persisted at >0.9 ug for the full 28 days of the study. This study provides strong evidence
for the ability of PLGA nanoparticles to provide sustained release of ARVs and potential
application for a long-acting microbicide.

Das Neves et al have done work to investigate the relationships between surface modification
of nanoparticles, cellular uptake, and antiviral activity using six cell types relevant to vaginal HIV
transmission®. They formulated dapivirine-loaded PCL nanoparticles with three different surface
modifiers (CTAB, PEO, or SLS) to create particles with either positively or negatively charged
surfaces. Nanoparticles with a positive surface charge (CTAB) resulted in higher drug
concentrations in VK2/EGE7 vaginal epithelia cells and HelLa cervical cells compared to
negatively charged particles (SLS, PEO). They found that all nanoparticles resulted in enhanced
intracellular drug levels in phagocytic cells and similar or improved activity against HIV
compared to free drug, indicating a passive targeting mechanism of nanoparticles. Due to the
relatively high levels of cytotoxicity observed with CTAB-modified particles, they concluded that
particles with a negative surface charge (PEO or SLS-modified) were better candidates for
vaginal delivery of dapivirine. This study is consistent with other research that has shown that
for some drugs, ARV-nanoparticles result in enhanced antiviral activity when compared to free
ARVs'®,

Another strategy for the delivery of antiretrovirals has been termed “nanoART” (nano-
antiretroviral therapy), which refers to crystalline drug broken into nano-sized pieces using
techniques like wet-milling. NanoART has been proposed as a strategy to overcome
pharmacokinetic limitations of ARVs by providing a more long-acting formulation with better
biodistribution. Nowacek et al have investigated several wet-milled ARVs for their
physicochemical properties, intracellular delivery, and ability to prevent HIV-1 replication in
monocyte-derived macrophages'’. They found that properties such as particle size, surface
charge, and shape influence cell uptake and antiretroviral efficacy. Specifically, a strong
correlation of 0.92 was found between intracellular drug levels and protection against HIV for
efavirenz and atazanavir. These results suggest that intracellular drug delivery is a key

component of establishing high levels of efficacy. Roy et al evaluated nanoART in HIV-1
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infected human peripheral blood lymphocyte-reconstituted mice for the combination delivery of
ARVs as a long-acting formulation™®. They found decreased viral replication and higher CD4+
T-cell populations for mice receiving weekly subcutaneous injections of nanoART compared to
orally administered conventional ARVs. While nanoART has shown promise as a strategy for
systemic delivery of ARVs for HIV therapy, little work has been done yet to evaluate nanoART
for topical application for HIV prevention.

A distinctive feature of nanoparticles compared with other delivery systems is their ability to
be targeted to specific cell types through passive or active targeting. Passive targeting is based
on physicochemical properties like hydrophobicity and size that lead to preferential uptake,
whereas active targeting involves the use of targeting ligands or molecules. Targeted
nanoparticles have been widely investigated as a strategy for cancer therapy, as many types of
tumors are known to overexpress specific receptors'. Nanoparticles have been targeted to
tumor surfaces using molecules such as monoclonal antibodies, aptamers, oligopeptides, and
folic acid". Targeted nanoparticles may also have valuable applications in vaginal drug
delivery, particularly for HIV treatment and prevention. However, unlike in some types of tumor
targeting, a surface marker that is unique to all cells infected with HIV has not been identified™’.
HIV is known to infect only certain cell types, including CD4+ T cells, CD4+
monocytes/macrophages, dendritic cells, follicular dendritic cells, some fibroblasts, and
microglial cells'. Consequently, the HIV receptor CD4, coreceptors CCR5 and CXCR4, and
macrophage or dendritic cell receptors may serve as potential targets. Gunaseelan et al have
published an informative review on targeting strategies for HIV infection*'.

Much research on HIV targeting has been aimed at developing a drug delivery system to
eradicate virus from already infected persons through targeting reservoir cell populations that
are latently infected with HIV. In particular, many strategies have focused on targeting the CD4+

2 or macrophage reservoirs™*'*. Macrophages constitute a major HIV reservoir

lymphocyte
that harbor the virus in its latent form and are resistant to the cytotoxic effects of HIV, preventing
its complete eradication from the body. Though CD4+ lymphocytes represent the largest HIV
reservoir by number, the dynamics of HIV replication in macrophages indicate that this reservoir
may be of even greater importance. Unlike CD4+ lymphocytes, which are rapidly killed by HIV,
macrophages have been shown to continually produce high levels of HIV for at least 60 days
after virus challenge.

Tuftsin is a tetrapeptide (Thr-Lys-Pro-Arg) that has been shown to naturally activate
macrophages”“. It binds specifically to macrophages, monocytes, and polymorphonuclear

leukocytes. Dutta et al have designed poly(propylenimine) (PPI) nanoparticle dendrimers
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conjugated with tuftsin to deliver efavirenz to macrophages'**. They showed a 34.5-fold
increased cellular uptake for the dendrimers conjugated with tuftsin compared with free drug, as
well as significantly higher cellular uptake of tuftsin-conjugated PPl nanoparticles versus PPI
nanoparticles. Interestingly, they also observed increased uptake of tuftsin-conjugated PPI
nanoparticles in HIV-infected macrophages versus uninfected macrophages, which they
attribute to an increased activation state of macrophages infected with HIV. Other strategies for
targeting macrophages include molecules that target the formyl peptide receptor 1, mannose
receptor, or the Fc receptor™’.

While macrophages may represent a primary target for targeting HIV reservoirs for therapy,
other cell types may more appropriate targets for HIV prevention strategies that are
intravaginally administered. Perhaps the most relevant targets for prevention are the cells
considered to be the initial sites of HIV infection, including CD4+ T cells and Langerhans cells.
HIV infection is thought be established through the transport of free HIV virions or cell-
associated virus (primarily in macrophages) through the vaginal or cervical epithelium to
underlying CD4+ cells'*. Targeting strategies that would prevent this transport of free or cell-
associated virus are potential approaches for designing novel microbicides.

In addition to cells expressing CXCR4 or CCR5, dendritic cells also play an important role in
establishing productive HIV infection. Dendritic cells can uniquely bind to HIV without the use of
these receptors by means of interactions between DC-SIGN and viral gp120'*. Langerhans
cells can mediate transinfection by transporting virions across the cervicovaginal epithelium to
susceptible cells and migrating to T-cell-rich lymph nodes'®. Targeting dendritic cells may
therefore be a useful strategy for creating a more effective HIV microbicide. For example,
Penadés et al have developed mannosylated gold nanoparticles that interfere with DC-SIGN as
a potential microbicide'’. They report that these gold particles are able to inhibit DC-SIGN-
mediated trans-infection of human T cells. By mimicking the HIV virus in its cluster presentation
of oligomannosides, this group was able to utilize the high surface area of nanoparticles allows
for maximal interaction with gp120. Other targeting strategies specific to dendritic cells include
targeting the C-type lectins present on dendritic cells, the CD205 receptor, or Langerin found on
intraepithelial Langerhans cells'*.

Given the variety of cell types that can be infected by HIV, nanoparticles targeted to just one
cell type may not be sufficient to prevent infection or completely eradicate virus from all
reservoir sites. However, as the biology of HIV transmission becomes better understood,
nanoparticles offer a strategy to specifically target early stage viral-host interactions. It is also

conceivable that multiple types of nanoparticles that target different cell populations could be
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delivered simultaneously. Nanoparticles have also been made that directly target the HIV virus
itself instead of indirectly targeting cells that could be infected by HIV. Examples include silver
nanoparticles that have been found to specifically interfere with HIV entry149 and polystyrene

particles with concanavalin-A on their surface that can capture viral gp120'°,

1.2.8.7 Future challenges and directions for nanoparticles for vaginal delivery

Beyond the advances made in overcoming mucus barrier and variations in vaginal pH,
several challenges remain for successful nanoparticle-mediated vaginal drug delivery. First,
there is a need for studies that investigate how long nanoparticles can sustain the delivery of
drugs to the vagina and surrounding tissue. As discussed previously, much work has
demonstrated the potential of nanoparticles to sustain drug release when delivered via other
routes of administration. Cellular uptake of dapivirine-loaded nanoparticles and intracellular
dapivirine levels have been monitored over 6-10 hours in six cell types relevant to vaginal drug
delivery®®. Similar studies are needed that compare differences in intracellular drug
concentrations from delivering nanoparticle-formulated drug versus free drug, evaluated in
vaginal cell lines but over time scales extending to several days or weeks. Discerning whether
these drug levels actually correspond to protective concentrations that could prevent diseases
such as HIV-1 would be of great relevance to this field.

Even if nanoparticles are shown to sustain intracellular drug levels and provide a long-acting
dosage form, a practical method of administration of nanoparticles to the vaginal mucosa is still
lacking. Several in vivo studies have administered nanoparticles intravaginally to mice in
aqueous suspensions'®'" but it is unclear how this would translate to human use. A method of
vaginal delivery for nanoparticles is needed that allows for a long product shelf life and
enhanced retention time to provide better coverage of the vaginal tissue. One potential solution
may be combination dosage forms, such as nanoparticles that release from a solid-state dosage
form such as a vaginal ring, diaphragm, or electrospun nanofiber mesh. Further work that
evaluates shelf stability, vaginal retention, and biodistribution that result from various dosage
forms would serve to more quickly advance this work to clinical applications. Although there are
many complex barriers that have prevented effective vaginal drug delivery in the past,

nanocarriers represent a versatile delivery vector that may be able to overcome them.

27



1.2.9 Nanofibers for vaginal drug delivery

1.2.9.1 Nanofibers for drug delivery: overview

Electrospinning technology has been an area of tremendous growth in the last decade

151, as

it offers great flexibility to engineer platforms that can be tailored to specific applications.
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Figure 1-3. Electrospun fibers enable multiple design

specifications within a single device.

Electrospinning is a simple process in
which a polymer solution is pumped
through a needle and an electric field is
applied across the positively charged
needle and grounded collector. Static
electrical charges are induced on the
molecules of the polymer solution,
which then repel each other. The
polymer liquid is stretched into fibers
upon the force of the electric field
overcoming the surface tension of the
solution. As the fibers stretch toward the
collector and the solvent evaporates,
they undergo whipping instability and
form a mat of fibers on the collector. We
refer the reader to several reviews on
the topic of electrospun fibers for a more
detailed explanation®"531%,

One of the attractive features of
electrospinning is its versatility in terms
of material selection, control over
processing parameters, and product
1-3). Over 100

both hydrophilic and

geometries (Figure
polymers of

hydrophobic  nature  have  been

electrospun as of 2007"%*. Polymers can be blended prior to electrospinning to adjust properties

like degradation rate and mechanical behavior'®®. Properties including fiber diameter, pore size,

spatial deposition, and alignment can be controlled through modifying parameters like flow rate,

applied voltage, and polymer concentration

151,153,156,157

Electrospun fibers can also be
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engineered to mimic the structure of the native extracellular matrix, a crosslinked porous
network of glycosanimoglycans with collagen fibers ranging from 500 nm to 15 pm in
diameter’®®. As such, they have been investigated for applications including 3D tissue

engineering scaffolds'®%"591%

and medical device coatings to reduce the foreign body
reaction'®'. Geometries of the fiber mat (e.g., aligned mats, hollow tubes, yarn) and the degree
of fiber alignment can be controlled by changing the nozzle configuration or type of collector'®.
Another advantage of electrospinning is that it is economical, allowing for high encapsulation
efficiencies and relatively easy scale-up'®.

Electrospun fibers have recently been investigated for their potential as drug delivery
systems. Fibers offer a large surface area-to-volume ratio that is amenable to quick drug
delivery and have the capacity for high drug loading®*. In addition, fibers can be engineered to
achieve desired release properties by selecting materials with appropriate degradation rates,
controlling electrospinning process parameters, and varying the drug binding mechanism.
Fibers have been electrospun to deliver drugs such as antibiotics, anticancer drugs, proteins,
and DNA'3. Methods for incorporating drugs into fibers include adding drug to the polymer
solution prior to electrospinning, or coating fibers with drug after electrospinning. Some have
also utilized hydrogen bonding, hydrophobic, or electrostatic interactions between drug and
polymer to complex drugs with fibers'"'®®. Drug release from fibers is governed by three
mechanisms: (1) desorption of drugs from fibers surface, (2) solid-state diffusion of drug through
fibers, (3) polymer degradation of fibers in vivo''. Several strategies have been employed to
control drug release from fibers, including embedding drug within fibers versus coating drugs on
the outside of fibers, modulating polymer crystallinity, changing fiber diameter, and creating a
rate-controlling outer fiber shell using coaxial or emulsion spinning™'. One of the key strategies
has been using coaxial electrospinning to create “core-shell” fibers. Coaxial spinning allows for
two different polymers to be electrospun into a single fiber, with one material forming an outer
shell and another forming an inner core. This technique can protect biologic agents, nucleic
acids, and even cells from organic solvents and the effects of the electric field, in addition to

providing another way to modulate release®*'®.

1.2.9.2 Considerations in engineering nanofibers for vaginal drug delivery

Although electrospun fibers have been widely investigated for many drug delivery

|166 |167,168

applications including transdermal’®, ora , ocular'®, and abdominal delivery'®, they are

just beginning to be explored for vaginal drug delivery. Two publications demonstrate proof-of-

concept for electrospun fibers as a drug delivery platform to the vaginal mucosa'’"'"2.
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Huang et al have electrospun cellulose acetate phthalate (CAP) fibers that dissolve quickly
upon increase in pH as potential semen-triggered microbicides'’’. CAP is an especially
interesting material for HIV prevention given its ability to induce conformational changes in HIV
glycoproteins and interfere with entry. To enhance the inherent antiviral activity of the CAP
fibers, the fibers were loaded with two reverse transcriptase inhibitors (TMC 125 or tenofovir
disproxil fumarate). Unloaded CAP fibers were found to neutralize 50% of HIV virus at 0.05
mg/mL CAP, and drug-loaded CAP fibers were found to achieve complete neutralization at 0.5
Mg tenofovir disproxil fumarate /mL. Electrospun fibers displayed low toxicity toward vaginal
epithelial cells (<1.8 mg/mL CAP) as well as three strains of Lactobacillus (<0.1 mg/mL CAP).
Fibers were observed to completely dissolve in less than 20 s when added to mixtures of semen
and vaginal fluid simulant (VFS), in contrast to their insolubility in VFS alone. The authors
expect that these fibers would remain intact upon vaginal insertion, and then locally dissolve
and release ARVs upon exposure to semen.

As described in more depth in Chapter 3, we report electrospinning fiber meshes from blends
of PLLA and PEO loaded with ARV and contraceptive agents for the prevention of HIV-1
infection and unwanted pregnancym. Electrospun fibers incorporating inhibitors of viral reverse
transcriptase and CCRS5 binding that potently inhibited HIV infection in vitro. The PLLA and PEO
blends demonstrated rapid burst release of >70% of ARV payload within one hour in vaginal
fluid simulant. By blending the amorphous isomer poly(D,L)-lactic acid (PDLLA) with semi-
crystalline PLLA, burst release was prevented and a small degree of sustained release (5%)
was observed for maraviroc over 144 h. Fiber meshes were also shown to act as a both a
chemical and physical barrier to sperm. The fibers could act to chemically inhibit sperm by
releasing glycerol monolaurate to impair sperm motility and physically blocked sperm from
penetrating the tortuous fibrous mesh. Fiber meshes were electrospun into a cylindrical
geometry intended to provide physical coverage of both the vaginal epithelium and cervix.
Nanofibers were shown to provide enhanced coverage of the mucosal tissue when were applied
to mice. We envision that fiber meshes could be inserted simply with a tampon applicator,
rendering this platform as discreet, female-controlled, and reversible. We project that the
application of drug-eluting fibers for vaginal delivery can extend beyond use as a microbicide
and contraceptive to other applications such as mucosal vaccine delivery, STI treatment, and
rectal microbicides. Figure 1-4 summarizes potential applications of nanofibers for vaginal drug
delivery.

Since these two reports have been published, there have been several other reports of

173-

electrospun fibers investigated for vaginal drug delivery ' More extensive literature exists

30



for applications of electrospun fibers in transdermal drug delivery, wound dressings, and tissue
engineering. We will now discuss aspects of electrospinning fibers for drug delivery using

examples from literature and comment on their implications for vaginal drug delivery.

1.2.9.3 Engineering nanofibers with controllable release profiles

Electrospun fibers have been engineered to provide long-term sustained release of drugs
over several months, ultrafast burst release within seconds, and asynchronous release of
multiple agents. All three of these release profiles may be desirable for various applications for
delivery to the lower female reproductive tract. For example, a quick-dissolving fiber platform
may be most appropriate for a pericoitally administered microbicide so that the drug is able to
reach target cell populations to provide protection before the virus. However, for a fiber-
incorporating vaginal ring or diaphragm intended to remain in place for weeks to months, fibers
that can provide long-term, sustained drug release with zero order kinetics would be preferable.
One can envision many types of products being created from electrospun fibers for vaginal

delivery that facilitate release on time scales of less than five minutes to several months.
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Figure 1-4. Potential applications of nanofibers to vaginal drug delivery.

31



Many studies have been done showing that controlled release is possible from nanofibers'®’"
183 Strategies to control drug release from fibers include coating them after electrospinning to

184,185

prevent burst release , creating a core-shell fiber structure using emulsion or coaxial

1867188 crosslinking the polymer to slow release’®, and introducing air into fibers

electrospinning
with an air displacement technique''. Simply modifying the choice or ratio of the polymer/drug
combination can also be used as a means to control release. Jannesari et al demonstrated that
by lowering ciprofloxacin HCI drug loading from 10% to 5% in poly(vinyl alcohol)/poly(vinyl
acetate) fibers, the burst release effect was reduced from ~75% to ~25% of total drug content,
with sustained release observed for 80 days'®. Xie et al developed PLGA nanofibers as
chemotherapy implants, and demonstrated in vitro release of drug for 60 days'. In settings
where adherence to a product that must be frequently administered is a challenge, such as sub-
Saharan Africa, a vaginal product that provides predictable, sustained release of active agents
over a longer time is desirable. Furthermore, given the high rate of clearance in the vagina and
presence of enzymes and reactive oxygen species that can degrade drugs'®'%?, the potential of
fibers to slowly release drug while protecting unreleased contents from the vaginal
microenvironment is promising.

Besides their ability to provide controlled release over weeks to months, electrospun fibers
can also be designed to provide ultrafast release of drugs. Such a release profile may be
desirable for vaginal delivery applications such as for pericoital HIV prevention or contraception
in which the product is applied just prior to or after intercourse. Polymers that degrade quickly
(e.g., poly(vinyl alcohol) (PVA), PEO, alginate, chitosan) may be good candidates for quick
release vaginal drug delivery. Examples of fibers designed for sublingual or oral delivery are
especially insightful for engineering fibers with a quick release profile. Li et al created PVA
nanofibers for the quick release of caffeine and riboflavin that dissolved in less than 5 seconds
and displayed burst release of 100% of caffeine and 40% of riboflavin within 60 seconds'®.
Marci et al created fibers for the topical delivery of a hydrophilic peptide with controllable release
kinetics'®. By changing polymer composition, they were able to change the dominate release
mechanism from polymer erosion to diffusion, and thus obtain release over 9 hours to 4 days
Similar strategies may be useful for engineering fibers as quick-dissolving platforms for vaginal
drug delivery.

Another attractive feature of electrospun fibers is the ability to obtain asynchronous release
profiles, in which the timing, order, and duration of the release of multiple drugs can be
controlled. By layering or simultaneously electrospinning different fiber types, customized

release profiles for multiple agents can be obtained within a single device. Okuda et al show
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time-programmed release of two model dyes from tetra-layered poly(L-lactide-co-¢-
caprolactone) fibers incorporating “barrier” and “basement” fiber layers to modulate release.
By changing the thickness and fiber diameters of the mesh layers, they were able to extend the
release suppressing-period for one dye from 30 minutes to 1 hour. Combination therapies have
improved clinical outcomes for many diseases, including the advent of HAART for the treatment
of HIV'®. Applying the paradigm of HAART to HIV prevention has been considered as a
promising strategy in the microbicide development field, but strategies to deliver multiple drugs
simultaneously from one product are lacking. Electrospun fibers may offer a drug delivery
platform that not only allows for the coformulation of multiple drugs, but also for asynchronous
release of those drugs. Few existing drug delivery platforms can offer the same versatility in

release profiles as electrospun fibers.

1.2.9.4 Fibers enable encapsulation and simultaneous delivery of diverse agents
including drugs, biologics, and cells.

Many diverse agents have been proposed for vaginal drug delivery, including drugs with a
wide range of physicochemical properties, peptides, nucleic acids, antibodies, and nanocarriers.
These agents are often difficult to co-formulate into a single device, and sometimes even
challenging to individually formulate into carriers by themselves. Additionally, due to the acidic
environment and degrading enzymes present in the vagina'®, many of these agents degrade
before reaching their targets. Since some polymers can be electrospun in water instead of
organic solvents, fibers offer a platform to protect biologic agents from harsh formulation
conditions, as well as from conditions present in the vagina. The versatility of materials that can
be used in electrospinning can allow for individual fiber types that can be customized to
encapsulate specific agents. Multiple fiber types could then be layered or simultaneously
electrospun using multi-jet configurations, enabling the creation of a single product capable of
simultaneously delivering multiple diverse agents. This would have profound implications for
multipurpose prevention technologies, which are products that act against multiple indications,
such as preventing HIV-1 infection and unwanted pregnancy. In addition, fibers may be a
suitable platform for the delivery of nanoparticles, which are of great relevance for vaginal
delivery but lack a practical method for uniform intravaginal distribution.

The materials selection and processing requirements for vaginal rings impose constraints on
what pharmaceutical agents can be loaded*', and hydrophobic drugs are have limited solubility
in vaginal gels'®. In contrast, numerous studies show that electrospun fibers can incorporate

drugs with a wide range of solubility'®®'"2'97'% Electrospun fibers have been used as a means
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to increase bioavailability of poorly water-soluble drugs by solid dispersion. Verreck et al created
fibers loaded with a poorly water-soluble drug, itraconazole, and confimed with differential
scanning calorimetry the lack of a melting endotherm for the drug, suggesting a solid drug
dispersion within fibers'®. Yu et al have shown similar improvement of delivery of ketoprofen
from drug-loaded fibers via solid dispersion®®. This strategy is of particular interest for vaginal
drug delivery, since many ARVs of interest for topical HIV prevention have low aqueous
solubility that limits their formulation in products like vaginal gels*. Fibers offer potential to
increase bioavailability of such drugs for intravaginal administration.

Biologic agents including peptides, antibodies, enzymes, bacteria, and nucleic acids have
been proposed for vaginal delivery. However, designing vehicles that can both encapsulate and
deliver biologics to the vaginal mucosa without altering their activity remains a challenge.
Electrospinning has been used to encapsulate a wide range of biologics, including
proteins®'?%?, viruses®®, DNA?™ siRNA®, bacteria®®?”’, and cells?®®. Maretschek et al
demonstrated tunable release of cytochrome C, a hydrophilic protein, from PLLA nanofibers by
blending in a more hydrophilic polymer (PEG) to increase release®”. Growth factors including
human B-nerve growth hormone and basic fibroblast growth factor have also been embedded

202210 or immobilized onto the surface of nanofibers®'" for tissue engineering applications.

within
Two groups utilized coaxial spinning to protect adenovirus for gene delivery or plasmid DNA
within the core of fibers during electrospinning®?**. They demonstrated that these agents
retained bioactivity when released from fibers in vitro. Another group reported on the controlled
release of siRNA from PCL fibers for 28 days, with a silencing efficiency of 61-81% similar to
conventional siRNA transfection’®. Although many of the examples discussed here has been
targeted toward cancer therapy or tissue engineering applications, nanofibers may serve as
useful drug delivery systems for antibodies against HIV-1 or sperm, bacteria such as Lactobacilli
for the treatment of bacterial vaginosis, antigens for mucosal vaccines, or siRNA or DNA for

vaginally administered gene therapy.

1.2.9.5 Nanoparticle/nanofiber composites for vaginal drug delivery

One aspect of nanofibers that may prove especially valuable for vaginal drug delivery is their
potential to deliver intact nanoparticles, as methods suitable for the vaginal delivery of
nanoparticles are currently limited. Delivering nanoparticles in a conventional vaginal gel raises
concerns about suboptimal retention, high external leakage that could decrease user
acceptability, and poor stability of nanoparticles in an aqueous environment for long-term

storage. Given the breadth of work being done in designing nanoparticles for vaginal drug
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delivery as discussed previously, a platform that provides enhanced nanoparticle retention and
reduced leakage is greatly needed.

As discussed in the previous section, nanofibers provide many potential advantages for
vaginal drug delivery. Perhaps most importantly, they are a solid-state dosage form that we
hypothesized to provide enhanced retention and less leakage than aqueous or semisolid
dosage forms. Fibers also have a large surface area-to-volume ratio for quick dissolution, can
be fabricated in to multiple geometries for practical administration, and offer great diversity in
the types of polymers that can be electrospun and agents that can be delivered. Several groups
have shown that nanoparticles can be successfully incorporated into and used to control release

101,212-214

from nanofibers Release profiles can be tuned based on the drug/material

combination. Composites made from coumarin-6 PLGA nanoparticles and PVA/PEO fibers

212 |n contrast, a zero-order release of fibroblast

showed 100% dye release within 24 hours
growth factor from heparin-based nanoparticle / chitosan fiber composites was observed over
30 days®"®. Besides a wide range in release profiles, nanofibers can also serve to protect agents
from the surrounding environment. Chen et al observed sustained release of intact siRNA for 50
days from chitosan nanoparticles embedded within PLGA fibers?™. Nanoparticle/nanofiber
composites may offer not only a suitable platform for the vaginal delivery of nanoparticles, but
also another method for controlling release profiles and enabling intracellular delivery from a

single product.

Methods for fabricating nanoparticle/nanofiber composites

Several methods have been used to create micro or nanoparticle/nanofiber composites,
including emulsion electrospinning, direct addition of nanoparticles to electrospinning solution,
and co-electrospinning with a “sacrificial” polymer. Emulsion electrospinning involves the
addition of an aqueous solution containing the active pharmaceutical ingredient (API) to an
organic polymer solution, and then electrospinning into fibers. Dong et al have utilized this
method to create polyurethane fiber meshes with PVA nanoparticles containing bovine serum
albumin (BSA) or epidermal growth factor (EGF)?'®. While they presented images of distinct
nanoparticles within fibers, they do not measure release rates or loading efficiency. Similarly, Qi
et al made PLLA nanofibers with BSA-loaded calcium alginate microspheres using the emulsion

216
de.

electrospinning metho Emulsion electrospinning has most commonly been used to

encapsulate hydrophilic agents. In contrast, the method of direct addition has been used for

217
/

both hydrophilic and hydrophobic agents, as employed by Wang et a and Beck-Broichsetter
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et al %2

In this method, preformed particles (either lyophilized or concentrated via
centrifugation) are simply resuspended in a polymer solution for electrospinning.

A third method to form composites involves co-spinning a sacrificial polymer containing
preformed particles with another polymer. After electrospinning, the sacrificial layer is then
dissolved away, leaving the particles entrapped within the nanofiber mesh. lonescu et al used
this technique to create polystyrene microspheres embedded in a PCL mesh, with PEO acting
as the sacrificial polymer?®. The authors used this method to avoid altering mechanical
properties of the PCL scaffold, which they had previously observed when directly
electrospinning microparticles into PCL fibers. They found similar release kinetics for fibers
containing microsphere-encapsulated BSA and chondroitin sulfate compared to microspheres
alone over 4 weeks. These studies demonstrate that these methods are viable methods for
fabricating particle/nanofiber composite materials. However, there are likely additional methods

for fabricating composite nanoparticle/nanofiber materials remaining to be explored.

Previous work evaluating composite nanoparticle/nanofiber meshes
As shown in a compiled table in Appendix G, nanoparticle/nanofiber composites have
previously been investigated for a variety of applications, including achieving sustained release

213215216219 - small molecule drugs®'"#°?? siRNA?", and metal ions®%.

of dyes®'??"", biologics
Some of the first work evaluating nanoparticle/nanofiber composites for small molecule delivery
was done using fluorescent dyes. Wang et al showed that composite nanoparticle/electrospun
fiber meshes could be used to modulate release of the hydrophilic dye Rhodamine B over 72
h?". They loaded Rhodamine B and naproxen into chitosan nanoparticles, and then electrospun
PCL nanofibers containing these particles. By loading Rhodamine B in the nanoparticles instead
of directly into the fibers, they were able to greatly reduce burst release of drug from 90% to
15% over 72 h. Similarly, Beck-Broichsitter et al loaded a hydrophobic dye (coumarin-6) into
PLGA nanoparticles, and then added these particles to PVA or PEO solutions to obtain
electrospun composite meshes?'?. They found that drug release was slightly slowed from
glutaraldehyde-crosslinked PVA meshes compared with PEO meshes or bare nanoparticles.
Crosslinked PVA/nanoparticle meshes had ~75% cumulative release in 2 h, compared with
~100% release for PEO/nanoparticle meshes or from nanoparticles alone. This work
established important proof-of-concept that nanoparticle/nanofiber composites can be fabricated
to sustain drug release.

Recent work in the nanoparticle/nanofiber composite field has expanded from sustaining

delivery of small molecule drugs and dyes toward sustaining release of proteins and growth
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factors for tissue engineering applications?'*?'>2'%219 Many groups have demonstrated that the
burst release of drug or protein from nanoparticles can be reduced by electrospinning them

within nanofibers to slow diffusion. This strategy for sustaining release has also been applied to

221,222,227

creating platforms for locally delivered, sustained cancer therapy and antibiotic

treatment for improved wound healing®'®#*??®. Other groups have designed nanoparticles for

pH- or enzyme-triggered drug release within composite fibers®"**®

229

, or creating pH- or heat-
sensitive composite fibers for stimuli-responsive delivery“. While these strategies certainly may
have useful applications in HIV prevention, few groups have looked at using nanofibers as a
vehicle to deliver intact nanoparticles themselves as opposed to sustaining the release of
biologic agent or drug. Determining whether fibers can release intact particles that are capable
of intracellular uptake and subsequent drug release remains an important gap for the field to
investigate. This is our aim in the work presented in Chapter 5 and will be discussed in further

detail there.

1.2.9.6 Versatility in engineering bulk properties of fibers: functionalized surfaces,
mechanical properties, stimuli-responsive.

Along with versatility in the types of agents that can be encapsulated in electrospun fibers,
they offer versatility in bulk properties that can be engineered, including modifying surface
chemistry, mechanical properties, and stimuli-responsive drug release. Such features are
attractive for vaginal drug delivery, potentially allowing for products to be engineered with
mucoadhesive coatings to confer greater retention, mechanical properties appropriate for
vaginal insertion, and “smart” drug release mechanisms that are triggered by vaginal physiologic
cues.

The surfaces of electrospun fibers have been chemically functionalized with drugs, enzymes,
cytokines, bioactive ligands, and polysaccharides to produce desired functions®®. Strategies
that have been used for surface modification are well described in the reviews by Yoo et al ?*°
and Agarwal et al »®' and include plasma treatment, surface grafting, co-electrospinning, and a
wet chemical method. Of particular interest to vaginal drug delivery would be engineering the
surface of fibers to be mucoadhesive. Poor vaginal retention has been cited as a problem for
vaginal gel and other microbicide formulations, which can wash out with vaginal fluid flow or can
leak from normal movement or due to gravity''"'*®%2 Thus, engineering the surface of a
nanofiber-based drug delivery system to be mucoadhesive may alleviate some of these
problems. Puttipaiboon et al electrospun gastro-mucoadhesive fibers out of a blend of chitosan,

PEO, and the corn-derived biopolymer zein?®®. They selected chitosan for its mucoadhesive
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properties and zein for its resistance to gastric fluid degradation, and found that electrospun
fiber films had adhesive strength similar to other gastro-mucoadhesive materials. By selecting
materials for specific surface properties or modifying the fiber mesh surface post-
electrospinning, fibers offer potential for a more efficient, longer-lasting formulation for vaginal
drug delivery.

Depending on the method of insertion and the desired time scale of release, vaginal products
have differing mechanical requirements. Vaginal rings must be flexible enough to be inserted
without damaging tissue, but stiff enough so they do not slip or become expelled during normal
use*. Diaphragms require a low compression relaxation value so they can form-fit closely
around the cervix*. A relatively high tensile strength of vaginal films has been found to be
important for optimal insertion and handling®**. Nanofibers have previously been engineered to
have a wide range in mechanical properties. Baji et al have published an informative review on
the effects of electrospinning parameters on fiber morphology, microstructure, and tensile
properties®®. For example, mechanical properties such as elastic modulus and strength have

235 Additives like carbon nanotubes have

been found to increase with decreasing fiber diameter
been used to increase polymer chain orientation within fibers, and thus strengthen their
mechanical properties®®. Another way to modulate mechanical properties is by increasing fiber
alignment with a rotating mandrel collector®®”?*®. The ability to tune mechanical properties may
offer a unique advantage for electrospun fibers to be tailored to the mechanical requirements of
a variety of vaginal devices.

With the advances in “smart” polymers for drug delivery, there are opportunities to create
nanofibers with stimuli-triggered release. Huang et al has published a review on stimuli-
responsive fibers, documenting reports of different types of fibers that change in response to
pH, temperature, photo/optical, magnetic field, humidity, ethanol, glucose, or proteins'®. One
potential physiologic cue relevant to vaginal delivery is change in pH, as the presence of semen

(pH 7-8) during intercourse raises the normal vaginal pH (pH 4-6)""

. Other potential stimuli for
vaginal delivery are the presence of reactive oxygen species, response to a vaginal enzyme, or
an increase in temperature upon fiber insertion that would cause a transition in material

properties and subsequent release of active agents.

1.2.9.7 Diverse geometries in three-dimensional nanofiber structure can be obtained.
Another unique feature of nanofibers is their ability to be fabricated into a variety of
geometries. Not only can the intrinsic geometry of individual fibers be controlled (i.e. fiber

morphology, porosity, diameter), but also the structural geometry of the bulk fiber mesh. Much
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work has been done in designing three-dimensional scaffolds from nanofibers for tissue

engineering®*2%,

Using techniques such as mixed electrospinning or multilayered
electrospinning, one can obtain spatial control over the material composition of three
dimensional fiber structures®®. McLure et al have created a three-layered blood vessel scaffold
from PCL, elastin, and collagen blends with appropriate mechanical properties for each layer®*2.
Teo et al created tubular electrospun scaffolds with fibers aligned to a 54.7° angle (optimal for
blood vessel engineering) by using a collector with angled sharp metal blades®*®. Layering or
co-electrospinning drug-loaded fibers would allow for the creation of composite materials that
could serve as multipurpose prevention technologies to simultaneously address needs for HIV
prevention and contraception.

Even more complex geometries of electrospun fibers have been obtained, such as a three-
dimensional heart valve scaffold®**?*°. These groups used convex or mildly concave collectors
to obtain scaffolds, but more concave surfaces could be coated using air-blowing assisted
electrospinning®®. Given preliminary results showing that electrospun fibers serve as an
effective barrier to sperm'’?, their ability to be configured into complex geometries may allow for

their application to contraceptive devices such as vaginal diaphragms, rings, or sponges.

1.2.9.8 Considerations in creating products for global settings.

Since an estimated 95% of the 36 million people infected with HIV live in developing
countries®, it is important to consider what types of products would be most realistic for low-
resource settings. Microbicides or contraceptive products that are available in a solid-state
dosage form, have a long shelf life, and can be scaled-up in a cost-effective manner are highly
desirable. Scale-up of electrospinning is discussed in more depth in Chapter 4. Electrospun
fibers represent a solid-state dosage form that may provide enhanced stability compared with
semi-solid dosage forms like vaginal gels. Kayaci et al encapsulated vanillin within cyclodextrin
inclusion complexes in PVA nanofibers and found prolonged shelf-life and high temperature
stability of the meshes?*. Additionally, PVA nanofibers were found to enhance the shelf-life of
lipase enzyme, even at elevated temperature and humidity®®’. Similar enhancements in stability
for ARVs or contraceptive agents would be valuable for vaginal drug delivery applications.
Several manufacturers have also established cost-effective methods for large-scale productions
of electrospun fibers'®2. Electrospun fibers represent a solid-state dosage form that would be
easy to store and transport, result in minimal waste, and be scaled-up for mass production.

Thus, fibers may offer advantages for creating economic products for low-resource settings.
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1.2.9.9 Feasibility and acceptability of electrospun fibers for vaginal drug delivery.
While no clinical data is available for evaluating the acceptability and user preferences for
electrospun fibers as a vaginal delivery platform, inferences can be drawn from clinical trials for
vaginal films (Table 1-2). One of the conceptual dosage forms for fibers is similar to a vaginal
film. Like films, fibers are a solid-state dosage form, can be formed into flexible fabrics with
similar geometry and thickness to a vaginal film, and be inserted digitally without the use of an
applicator. There are multiple other potential dosage forms for fibers (e.g., cervical cap, capped
tube, use of tampon applicator for insertion, diaphragm), but one of the current leading
candidates for moving forward is most similar to a vaginal film.

One clinical trial is especially insightful for understanding user preferences based on
properties of the vaginal dosage form itself (i.e., technical design constraints). Nel et a/
conducted a trial among 526 participants in Burkina Faso, Tanzania, and Zambia where each
woman was given three placebo vaginal products (vaginal film, vaginal soft gel-capsule, and
vaginal tablet) to use for 7d each and provide feedback®. Overall, women preferred the vaginal
film over the other two dosage forms, but preferences varied by country. Factors that
contributed to the women'’s preferences included ease of insertion, time for product dissolution,
and amount of lubrication they felt that the product provided®. Similar factors will be important
to evaluate for fiber dosage forms, in addition to product geometry, texture, and viscosity upon
dissolution. While fibers will likely need to be optimized to meet the same user preferences as
films including dissolution time and ease of insertion, fibers offer some advantages over films in

terms of technical constraints. Fibers have been shown to provide controllable drug

176,249 175

release and have a high drug loading capacity of at least 60 wt% ">, whereas current film
formulations have limited abilities to provide sustained release or load high amounts of drug.
Similar clinical studies will be needed to define user preferences and acceptability for fibers as a
novel vaginal drug delivery platform.

Studies that connect user perceptibility and user preferences of vaginally administered fibers
will be important to evaluate for the fiber platform. Morrow et al have studied user perceptions of
vaginal gels and films with varying design characteristics like viscosity, spread, and
dissolution”®?°. Such studies have provided useful data that connects user sensory perceptions
with vaginal product design qualities, and may prove valuable for the fiber platform as well.
Finally, collaborating with behavioral and social scientists to consider the cultural and societal
context for microbicide use will be imperative in evaluating the clinical efficacy and acceptability

of a new microbicide platform.
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1.2.9.10 Future challenges and directions in nanofibers for vaginal drug delivery

While the versatility of nanofibers offers many potential benefits for vaginal drug delivery,
several challenges remain. One important limitation of nanofibers for vaginal drug delivery is
that of limited penetration depth. Unlike nanoparticles, which are able to diffuse through tissue
and be targeted for intracellular delivery, nanofibers do not offer opportunities for such targeting.
Nanofibers are better suited to deliver agents that at locally within the penetration depth of the
unformulated drug. On a basic science level, the fundamental physics of electrospinning are still
not fully understood'. Continued research in this area may allow for even more control over
fiber morphology and drug distribution, which will be key for reproducible and predictable
pharmacokinetics. Release profiles that occur through both diffusion and degradation
mechanisms can be difficult to predict, so fibers made from biodegradable materials must be
carefully engineered so that the drug contents do not burst release at toxic levels.

Further, limited in vivo testing of nanofibers for drug delivery has been completed, especially
for vaginal delivery. Biocompatibility, inflammatory, and immune responses of nanofibers
administered intravaginally must be well characterized before fiber-based vaginal products
advance to clinical trials. Additionally, although conceptually fibers could be formed into diverse
geometries, work remains to be done to evaluate what forms are practical for vaginal
administration. Characterization of the mechanics, retention, and dissolution of various
configurations will be necessary for advancing fibers for use in vaginal delivery. Safety and
efficacy of fibers for vaginal delivery will need to be thoroughly evaluated before preclinical
research can be translated to clinical applications. Despite these challenges, electrospun fibers
offer much potential as a vaginal delivery platform for products beyond HIV microbicides and
contraception to other reproductive health applications like STI treatment, yeast infections,

surgical meshes, and mucosal vaccines.
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2 Antiretroviral drug-loaded nanoparticles to enhance drug efficacy
against HIV-1.

Portions adapted from: Chaowanachan, T., Krogstad, E., Ball, C. & Woodrow, K. A. Drug Synergy of
Tenofovir and Nanoparticle-Based Antiretrovirals for HIV Prophylaxis. PLoS ONE 8, €61416 (2013).

21 ABSTRACT

The use of drug combinations has revolutionized the treatment of HIV, but there is no
equivalent combination product that exists for prevention, particularly for topical HIV
prevention. We hypothesized that encapsulating antiretroviral (ARV) drugs into polymeric
nanoparticles would enhance drug bioavailability and improve anti-HIV-1 efficacy compared to
unformulated drug. We fabricated two types of nanoparticles, each loaded with a single
antiretroviral that acts on a specific step of the viral replication cycle. Here we describe the
production and characterization of PLGA nanoparticles loaded with efavirenz (EFV) or
saquinavir (SQV) and their ability to prevent HIV-1 in vitro. Biodegradable poly(lactide-co-
glycolide) nanoparticles loaded with efavirenz (NP-EFV) or saquinavir (NP-SQV) were
individually prepared by emulsion or nanoprecipitation techniques. Nanoparticles had
reproducible size (d ~200 nm) and zeta potential (-25 mV). The drug loading of the
nanoparticles was approximately 7% (w/w). NP-EFV and NP-SQV were nontoxic to TZM-bl
cells and ectocervical explants. Both NP-EFV and NP-SQV exhibited potent protection against
HIV-1 BaL infection in vitro. The HIV inhibitory effect of nanoparticle-formulated ARVs showed
up to a 50-fold reduction in the 50% inhibitory concentration (ICsy) compared to free drug.
ARVs with different physicochemical properties can be encapsulated individually into
nanoparticles to potently inhibit HIV. Our findings demonstrate encapsulating EFV into
nanoparticles greatly enhances activity against HIV while maintaining safety for topical

application.

2.2 INTRODUCTION

Sexual transmission is the primary cause of new HIV-1 infections worldwide, which today
exceed 6,000 infections daily’?. Sub-Saharan Africa bears the burden of the global HIV/AIDS
epidemic, and women in this region are disproportionately affected by the pandemic®*. Women
account for three-quarters of Africans between the ages of 15 and 24 who are HIV-positive, and
HIV/AIDS is the leading cause of death among women of reproductive age®. In the absence of

an effective vaccine, and as long as new infections continue to outpace advances made in
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treatment with antiretroviral (ARV) drugs®, biomedical prevention strategies are critical for
stemming the spread of HIV. Oral pre-exposure prophylaxis (PrEP) and topical microbicides are
the lead strategies for preventing HIV infection, but there is still a critical need for methods with
greater efficacy to protect women®. Long-acting ARV drug combinations have the potential to
enhance the efficacy of current ARV-based prevention strategies by overcoming low user
adherence, and harnessing drug combinations with synergistic activity and breadth of coverage
against the global diversity of HIV variants. However, the physicochemical diversity of ARV
drugs precludes their co-formulation and limits access to all possible combinations of the >20
ARV drugs approved for clinical use’®. Strategies that enable ARV drugs to be easily combined
and provide sustained antiretroviral activity have the greatest potential to impact the efficacy of
future biomedical prevention methods.

Nanocarrier systems provide an innovative approach for developing long-acting ARV drug
combinations and have already been explored for use in HIV treatment and prevention'®">. The
availability of different carrier systems, combined with the versatility of drugs that can be
encapsulated for controlled release, motivate the use of nanocarrier systems for ARV drug
delivery in different applications. In addition, nanocarriers have been shown in a number of
examples to increase the activity and reduce cytotoxicity of several ARV drugs '*'®. The
selection of a nanocarrier system for drug delivery depends on the properties of the drug but
also on the physical and chemical attributes of the final nanoformulation. The ability to control
these attributes is important because the pharmacokinetics of the resulting nanoformulated drug
can differ significantly from the parent compound. Properties of the delivery system such as
carrier size, architecture and surface chemistry can also affect the activity of nanoformulated
drugs. For example, Nowacek et al. demonstrated that physical characteristics of nanoparticles
formed by wet-milling water-insoluble ARV drugs, i.e., particle size, surface charge, and shape,
were correlated with macrophage uptake and resulted in greater antiretroviral efficacy'’. The
potential for rational design of drug carriers to enhance drug potency and efficacy may have
important applications for prophylaxis.

Nanocarrier systems also have the capacity to address challenges associated with
delivering drug combinations. The success of highly active antiretroviral therapy (HAART)
provides a paradigm for developing the next generation ARV-based prevention strategies,
giving rise to the possibility that a combination of potent and broadly active inhibitors will provide
superior protection against HIV transmission and reduce the likelihood of emerging drug
resistance. Drug combinations can also markedly expand the antiretroviral activity of single

agents used alone by facilitating unique mechanisms of drug—drug activity when used in
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combination. For example, inhibition of drug metabolizing enzymes or efflux transporter systems
has been implicated in the improved virological response to ARV drug combinations such as
ritonavir in combination with saquinavir (SQV), and tenofovir (TFV) in combination with
emtricitabine (FTC) or efavirenz (EFV) '®2". However, due to physicochemical incompatibilities,
not all ARV drugs are amenable to combinations that may lead to beneficial combination drug
activity. As such, nanocarrier mediated ARV delivery may allow for the exploration of unique
drug-drug interactions of otherwise incompatible ARV compounds or modulate drug delivery
profiles necessary to achieve drug synergy using specific drug combinations.

Here we describe the formulation of NP-ARVs and their in vitro anti-HIV activity and ex vivo
safety. To overcome challenges associated with formulating multiple ARV compounds that are
chemically incompatible, we fabricated polymeric nanoparticles encapsulating individual ARV
drugs. The non-nucleoside reverse transcriptase inhibitor (NNRTI) EFV and the protease
inhibitor (PI) SQV were chosen for nanoparticle formulations. These drugs have complementary
mechanisms of action and different resistance profiles against HIV-1, but are challenging to co-
formulate into a single vaginal gel due to their low aqueous solubilities. We show that EFV and
SQV could be individually fabricated into biodegradable poly(lactide-co-glycolide) (PLGA)
nanoparticles with high loading and encapsulation efficiency. NP-ARVs were nontoxic in cell
culture and in mucosal tissue explants. In comparison to free ARVs, ARVs formulated in
nanoparticles showed up to a 50-fold increase in antiviral activity. Collectively, our data show
that PLGA-based nanoparticle formulations are a promising platform for vaginal delivery of
ARVs with low aqueous solubility. The implications of our results may support a new paradigm

for delivery of combination ARVs for HIV-1 prevention.

2.3 MATERIALS AND METHODS

2.3.1 Materials

Poly(DL-lactide-co-glycolide) (PLGA) with molar ratios of 50:50 was purchased from
DURECT Corporation (Lactel - B6010-2P, MW ~30 KD) and Sigma-Aldrich (Resomer - 502H,
MW ~30 KD). Chemical reagents for nanoparticle preparation were purchased from Fisher
Scientific. Cell culture reagents (GIBCO, Invitrogen by Life Sciences Inc.) were used for the
TZM-bl infectivity and cytotoxicity assays. The Promega™ Luciferase Assay System (Promega
Co., Madison, WI) was used to determine luciferase protein expression. Tenofovir (TFV),
efavirenz (EFV), and saquinavir (SQV) were obtained through the NIH AIDS Research and

Reference Reagent Program (http://www.aidsreagent.org/).
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2.3.2 Fabrication of ARV loaded nanoparticles
Blank nanoparticles (vehicle control) and nanoparticles loaded with EFV or SQV were
formulated individually. EFV loaded nanoparticles (NP-EFV) were formulated using a single

d?*%. All concentrations described below are

emulsion technique as previously describe
expressed in % w/v unless noted otherwise. In each preparation, EFV was dissolved in
dichloromethane (DCM) containing 1.5% PLGA (w/v, Lactel - B6010-2P). Mass percentage of
drug initially dissolved in PLGA (theoretical drug loading) was 15% (w/w). This mixture was then
added drop-wise to an aqueous phase containing an emulsifier (5% aqueous solution of
polyvinyl alcohol, PVA) to form an oil-in-water emulsion (o/w). A probe sonicator (3 mm
diameter, Sonicator XL, Misonix, Farmingdale, NY) was used to homogenize the emulsion for
60 sec at 65 W. After solvent evaporation in an aqueous solution of 0.25% PVA for 3 h,
nanoparticles were washed with deionized water three times by centrifugation at 14,000xg for
10 min (Sorvall Ultra 80, Waltham, MA). To formulate SQV loaded nanoparticles (NP-SQV), we
used a nanoprecipitation technique®*. SQV were dissolved in acetone containing 0.33% PLGA
(w/v, Resomer - 502H) with 15% (w/w) theoretical drug loading. Then SQV-PLGA solution was
added by syringe pump at a 1 mL/min flow rate to an aqueous solution containing 0.1%
phosphate-buffered saline (0.01 M PBS, pH 7.4) and 0.1% dioctyl sulfosuccinate sodium (DSS)
surfactant while it was stirring. Nanoparticles were formed instantly upon mixing due to the
immiscibility of the polymer and non-solvent. After solvent evaporation, nanoparticles were
washed as described above. The nanoparticles were suspended in deionized water and were
lyophilized for 24 h under vacuum at 0.120 mbarr at -86°C (FreeZone 2.5 Plus, Labcono,

Kansas City, MO). The dried nanoparticles were stored at -86°C until use.

2.3.3 Characterization of nanoparticles

Size and zeta potential of the fabricated nanoparticles were determined using a Zetasizer
Nano ZS90 (Malvern Instruments, AR). Size and morphology of nanoparticles were confirmed
by scanning electron microscopy (SEM) visualized with a JEOL-7000 (JEOL Ltd, Sheboygan,
WI) scanning electron microscope. Samples of nanoparticles were dusted onto carbon tape,

coated with gold, and imaged using a 10 kV electron beam.

2.3.4 Drug loading
Verification of drug-polymer association in nanoparticles was performed using Fourier

transform infrared spectroscopy (FTIR). Briefly, 3-5 mg of nanoparticles were mixed with
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potassium bromide (KBr) using a mortar and pestle and analyzed in FTIR. Infrared spectra over
a range of wavenumber 500 to 4000 cm™ were monitored for the presence of the functional
groups corresponding to the characteristic peaks of EFV or SQV. The amount of EFV and SQV
actually loaded in nanoparticles was determined using a Shimadzu Prominence LC20AD high
performance liquid chromatography (HPLC) system and LC Solutions software. A C18 column
(Phenomenex, Torrance, CA), 5 ym, 250 x 4.6 mm i.d., was used for analysis with isocratic
mode at a flow rate of 1.0 mL/min. Methods used to analyze EFV and SQV were based on
those described previously for detecting SQV?. The mobile phase consisted of a mixture of 10
mM ammonium acetate buffer in HPLC grade water and acetonitrile at a 35:65 ratio (v/v). SQV
was detected at 238 nm and EFV was detected at 246 nm with retention times of 7.5 min and
8.6 min, respectively. Standard solutions of EFV and SQV were prepared at 1 mg/mL in
dimethyl sulfoxide (DMSO) and diluted to generate the calibration curves. Analysis methods
were validated with standard solutions and spiked samples. Linearity was established from 50
ng/mL to 10 uyg/mL for EFV and 250 ng/mL to 50 ug/mL for SQV using a 10 uL injection volume.
Nanoparticles were dissolved in DMSO to assess drug loading and encapsulation efficiency. For
all in vitro assays, the delivered dose of the formulated ARV drug is defined and calculated
based on the total drug loaded in the polymeric nanoparticle. Therefore, we delivered a mass
concentration of the drug-loaded polymer to achieve the desired molar concentration of the drug

given the volume requirements for the particular assay.

2.3.5 In vitro release

To determine the release profiles of NP-ARVs in a physiological condition relevant to the
vagina, an in vitro release study was conducted over 144 h using a vaginal fluid simulant (VFS)
as the release medium?. Triplicate samples of approximately 2 mg of either NP-EFV or NP-
SQV were suspended in 500 uL of VFS and added into individual dialysis tubes (1kDa cut-off,
GE Healthcare Bio-Sciences Corp., NJ). The dialysis tubes were placed in individual 50-mL
tubes containing 5 or 15 mL of VFS for SQV and EFV, respectively, and incubated at 37°C on
an orbital shaker at 100 rpm. At set time points (0.5, 1, 4, 8, 24, 48, 72, 144 h), 200 uL of
samples were collected and replaced with fresh VFS. UV-HPLC methods were used to quantify

the amount of drug in samples as described above.

2.3.6 Cells, tissues and viruses
TZM-bl cells, PM1 cells, and HIV-1 BalL isolate were obtained through the NIH AIDS
Research and Reference Reagent Program (http://www.aidsreagent.org/). TZM-bl cells are an

engineered Hela cells that express CD4, CCR5 and CXCR4 as previously described were used
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21-30  Cells were maintained at

37°C, 5% CO; in Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal bovine serum, 1%

as reporter cells in the infectivity assay as described previously

100X penicillin/streptomycin, and 1% 200 mM L-glutamine. PM1 cells were maintained at 37°C,
5% CO; in RPMI 1640 with 10% fetal bovine serum, 1% 100X penicillin/streptomycin, and 1%

200 mM L-glutamine and were used for preparing HIV-1 viral stock®".

2.3.7 Cellular viability assay

TZM-bl cells were seeded in a 96-well plate at 5,000 cells/well and incubated overnight to
allow the cells to adhere to the well. Dilutions of drugs (free and nanoparticle forms) were added
to triplicate wells of TZM-bl cells. Wells containing cells alone served as controls. Cell cultures in
the absence and presence of drugs were incubated for 48 h. To determine cell culture viability,
metabolic capacity of cells was measured using the Promega CellTiter-Blue™ assay according
to the manufacturer’s instructions. The ability of cells to reduce a resazurin indicator dye to
fluorescent resorufin was measured using a plate reader at 560/590 nm (excitation/emission)

and normalized to media only-treated cells (100% viability). DMSO served as positive control.

2.3.8 Antiviral activity

The inhibitory activity of free and nanoparticle ARVs against HIV-1 BalL was determined in
TZM-bl cells by luciferase quantification of cell lysates®*®. Cells were seeded at 5,000 cells/well
and grown to approximately 50-60% confluence overnight prior to infection. Dilutions of each
drug were added to triplicate wells. After 1 h, HIV-1 BaL at an approximate TCIDsy (50% tissue
culture infectious dose) of 300 per well was added to each pre-treated well. Media controls
(wells containing cells alone) were included in every run for luminescent background
subtraction. Cells grown in the absence of virus served as the negative infectivity control (100%
inhibition), while cells infected with virus in the absence of drug served as the positive infectivity
control (0% inhibition). After 48 h, cells were lysed and luciferase expression was determined in
relative light units (RLUs) using a luminometer. The percent inhibition was calculated for all test
and control cultures to determine the 50% inhibition concentration (ICso) value of each drug. The
ICso values of NP-ARVs were calculated using drug concentrations that corresponded to the

actual drug loading determined by HPLC.

2.3.9 Exvivo toxicity assay
Ectocervical tissues from two macaques (Tissue Banking and Distribution Program, the
Washington National Primate Research Center) were processed for polarized explant cultures

as previously described®~®. The explant cultures were set up on the day of surgery. Briefly, the
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macaque ectocervical explant cultures were established in duplicate by inserting a circular
tissue punch through a hole in a transwell with the luminal epithelium side up. The edges
around the explant were sealed with Matrigel™ (BD Biosciences, San Jose, CA). A 0.1 mg/mL
suspension of either NP-EFV or NP-SQV in 200 uL of culture media (DMEM with 10% fetal
bovine serum, 1% 100X penicillin/streptomycin, and 1% 200 mM L-glutamine) was added on the
apical side of the tissue. Untreated explants (culture media) and explants treated with 0.4%
nonoxynol-9 (N-9) gel served as controls. All explant cultures were maintained at 37°C in a 5%
CO, atmosphere. After 18-24 h, the explants were washed and one of each duplicate was
incubated in RPMI containing 250 ug/mL MTT [1-(4,5-dimethylthiazol- 2-ylI)-3,5-
diphenylformazan] for 4 h. The explants were removed and placed in 1 mL of methanol
overnight to extract the formazan dye produced by live tissue. The next day, the explants were
removed from methanol and placed on a paper towel to dry and be weighed. The color
extracted in methanol was read for optical density at 595 nm. Percent viability of the treated
explants was determined by correcting the optical density (OD) with the weight of the
corresponding explant. The other explant was frozen in an embedding medium (Tissue-Tek,
Sakura Finetek USA Inc., CA) and processed for histology by cryosectioning and hematoxylin-
eosin staining by Comparative Pathology Program/Histology and Imaging Core Research

Laboratory, University of Washington School of Medicine at South Lake Union, Seattle, WA.

2.3.10 Statistical and mathematical analyses

The 1Cs values were calculated using a four-parameter sigmoid regression and
bootstrapping (MATLAB R2010b software, MathWorks, Natick, Massachusetts) as previously
described . Briefly, confidence intervals were determined using a sampling procedure that
created data sets by random sampling with replacement for curve fits 1000 times. The ICs
values for each drug alone and in combination are presented as median 1Csy, 95% confidence
interval (C.l.) based on percentiles from a histogram of ICs, values, and the coefficient of

variation (Cv).

24 RESULTS

2.4.1 ARVs are effectively formulated into polymeric nanoparticles
We demonstrate that ARV compounds with low aqueous solubility can be formulated into
PLGA nanoparticles with reproducible size, shape, and high drug loading content. We chose

EFV and SQV as model drugs with low aqueous solubility (<0.1 mg/mL) that may be
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challenging to combine with TFV, especially for topical microbicide applications. The
calculated value of the partition coefficient (logP) and aqueous solubility are useful parameters
to determine the physicochemical properties of the ARVs>®. The logP values of EFV and SQV
are 3.8 — 4.5, and their aqueous solubility at 25°C are 8.55 ug/mL and 2.47 ug/mL,
respectively®. Despite the similar logP and aqueous solubility, EFV and SQV required
different methods for encapsulation into PLGA nanoparticles. For NP-EFV, a single emulsion-
solvent evaporation technique was employed wherein the EFV and polymer were combined in
DCM and aqueous PVA was used as a surfactant. NP-SQV formulated by the same technique
resulted in low loading (<1% w/w) (data not shown). Therefore, NP-SQV were fabricated by a
nanoprecipitation method in which two miscible solvents are employed to induce the
precipitation of the drug and polymer mixture. Nanoprecipitation allows for instantaneous
particle formation due to the miscibility of the polymer solvent and non-solvent, compared to
the slower particle hardening process that occurs with the single emulsion process??*. We
also modified the formulation process by using acetone and adjusting the solvent/non-solvent

ratio to prevent partition of SQV to the aqueous phase.

Table 2-1. Physicochemical properties of nanoparticles loaded with anti-HIV agents.

Theoretical

. b . _1b Actual Drug Encapsulation
Drug® Drug Loading Size PDI° Zeta Potential Loading Efficiency
(d.nm. + SD) (mV + SD)
(% wiw) T — (% wiw, + SD) (%, £ SD)
EFV 15 227 +1.8 0.05 244 +7.3 6.7+0.4 445+27
sQv 15 189 + 96.3° 0.486 -242+15 72+22 48.3+15.2

®Efavirenz (EFV) and Saquinavir (SQV) nanoparticles were synthesized using single emulsion and nanoprecipitation
techniques, respectively.

®The particle size, polydispersity indices (PDI) and zeta potential were determined using dynamic light scattering
(DLS); data are the average of three batches.

“Particles showed two peak sizes. This number represents the average peak intensity size for three batches of SQV
nanoparticles. Two of the three batches displayed bimodal size distribution with one peak ~100-200 nm and another
peak at ~600-2500 nm. Since the large peaks are likely indicative of aggregated clumps of particles and not individual
particles, these large peaks were not included in the average size shown here but still affect the PDI value.

Table 2-1 lists properties of NP-EFV and NP-SQV fabricated with emulsion and
nanoprecipitation techniques, respectively. Both NP-EFV and NP-SQV showed a large negative
zeta-potential of approximately -25 mV, a value predictive of high colloidal stability due to large
repulsive charges®. NP-EFV had a particle size of approximately 200 nm with low polydispersity
(<0.08). However, in some cases, NP-SQV showed two distinctly sized populations, indicating
bimodal distribution. One population had a mean diameter of ~100 - 200 nm, and we detected a
second population with a mean diameter of ~600 - 2500 nm. We used scanning electron

microscopy (SEM) to confirm the size and morphology of nanoparticles. SEM micrographs
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revealed that both NP-EFV and NP-SQV were spherical with an average particle diameter of
~200 nm (Figure 2-1). Owing to the SEM results, we expect the bimodal distribution observed
with DLS can be attributed to a population of nanoparticle aggregates in aqueous suspension.
Our findings are similar to those describing manufacturing of PLGA nanoparticles via emulsion
and nanoprecipitation techniques®2*324142 Qur results suggest that these two techniques are

suitable for encapsulating hydrophobic drugs.
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Figure 2-1. Properties of PLGA nanoparticles loaded with efavirenz or saquinavir. (A) Scanning
electron photomicrographs (magnification, 15,000x) of nanoparticles encapsulated with antiretroviral
drugs efavirenz (NP-EFV) or saquinavir (NP-SQV). (B) Fourier transform infrared spectroscopy (FTIR)
confirmation of the antiretroviral drugs loaded into PLGA nanoparticles. Insets show characteristic
frequencies of SQV and EFV and the PLGA polymer (Vehicle Control). (C) HPLC chromatograms of
vehicle control (black), SQV (blue) and EFV (red) nanoparticles showing the detection of SQV and EFV
only in ARV loaded nanoparticles. No drug peak was detected in the vehicle control nanoparticles. (D)
Cumulative release of EFV and SQV from nanoparticles in a vaginal fluid simulant (VFS) showing the
release of SQV and EFV over 24h.
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FTIR spectroscopy and UV-HPLC was used to confirm drug loading into polymer
nanoparticles. FTIR absorption spectra for NP-ARVs detected characteristic bond vibrational
frequencies for both the drug compound and the PLGA polymer. Infrared absorbance spectra
of NP-SQV demonstrated characteristic frequencies of the phenyl (1500 cm™) and amide
carbonyl (1695 cm™) present in the drug, as well as the ester stretching frequency (1750 cm™)
indicative of the polymer (Figure 2-1). FTIR spectra of NP-EFV showed absorption bands at
2300 cm™ from the alkyne and at 600 - 800 cm™ from the C-CI alkyl halide stretching, in
addition to the ester band from the PLGA polymer. These FTIR results strongly indicate drug
loading within the polymer nanoparticles.

To quantify actual drug loading and encapsulation efficiency, we employed established
methods for detection and separation of EFV and SQV from excipients of the nanoparticle
formulation process using UV-HPLC. We demonstrate that nanoparticles prepared with a
theoretical drug loading of 15% (weight of ARV to weight of polymer, w/w) achieved average
actual drug loading of approximately 7% (w/w) and encapsulation efficiency of approximately
50% (Table 2-1). We validated our method for dissolution of the polymer matrix to release the
drug for detection using vehicle control nanoparticles (no drug) spiked with known quantities of
drug. These validation experiments indicated a high recovery (97-99%) and demonstrated the
accuracy of our methods to quantify drug loading. As shown in Figure 2-1, SQV and EFV were
detected only in ARV loaded nanoparticles, whereas no compounds of similar retention time
were detected in the vehicle control nanoparticles. NP-EFV had a comparatively high drug
loading of 6.7 + 0.4% (w/w) sufficient for use in our in vitro efficacy studies**™*°. Using the
nanoprecipitation technique, we obtained NP-SQV that had 24 times higher drug loading and
encapsulation efficiency of ~50% compared to NP-SQV formulated using a single emulsion
technique.

To determine if we could achieve higher encapsulation efficiencies, we also prepared
nanoparticles with a lower initial drug loading of 5 — 7.5% (w/w). For NP-EFV, we observed
that decreasing the theoretical drug loading decreased the actual loading of EFV, but had no
effect on the encapsulation efficiency. NP-EFV with 15% (w/w) theoretical drug loading
improved the actual drug loading by 2-fold compared to preparing particles with 5% (w/w)
theoretical drug loading (actual drug loading = 3.0 + 0.45 % w/w). In contrast to NP-EFV, we
observed that reducing the initial amount of SQV used in the nanoprecipitation process
doubled the encapsulation efficiency without reducing the drug loading. The actual drug

loading of NP-SQV was independent of the initial loading in the range tested. NP-SQV with a
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theoretical drug loading of 7.5% (w/w) or 15% (w/w) had similar actual drug loading of 6-7%

(W/w).

2.4.2 Nanoparticles modulate ARV release

We investigated the drug release profile of NP-ARVs using a vaginal fluid simulant (VFS)
that mimics the composition and viscoelastic properties of cervico-vaginal secretions
produced by healthy, non-pregnant, premenopausal women?®. UV-HPLC was used to
measure drug release from nanoparticles into VFS over 144h. The in vitro release of both EFV
and SQV from nanoparticles followed a biphasic release profile, where an initial burst release
of 10-20% of drug was observed within 1h followed by sustained drug release over 24h.
During the first 24h, we observed a total cumulative release of 33.9 + 3.9% and 42.4 + 6.6%
for EFV and SQV, respectively (Figure 2-1). Although we measured drug release out to 144h,
we did not detect a significant accumulation of drug release after 24h. The percent cumulative
release at 24h corresponds to a mass ratio of 0.022 mg EFV/mg PLGA and 0.025 mg
SQV/mg PLGA released at 24h. Based on drug loading and release results, as well as the
reported ICs, values for free ARVs, we estimated that delivering approximately 10 mg/mL of
NP-SQV or 10 mg/mL of NP-EFV would be sufficient to observe in vitro protection using the
TZM-bl assay.

2.4.3 NP-ARVs are nontoxic to in vitro cell line and ex vivo ectocervical explants

PLGA nanoparticles loaded with EFV or SQV were neither cytotoxic to cells nor tissue
explants over the range of concentrations evaluated. We evaluated cytotoxicity of our NP-ARVs
in TZM-bl cell culture before testing their bioactivities to exclude effects of nanoparticles on the
viability of TZM-bl cells. Cytotoxicity of our NP-ARVs was measured over a range of polymer
concentrations from 1 to 10,000 ug/mL after 48 h of exposure. Compared with the negative
control (media only), vehicle control nanoparticles at concentrations < 5 mg polymer/mL showed
no reduction of viability (100% + 8%), suggesting that PLGA nanoparticles alone are not
cytotoxic below these concentrations. We observed >80% viability of TZM-bl cells for NP-EFV
and NP-SQV tested at <1,000 ug of polymer/mL (<48 uM EFV and <26 uM SQV) (Figure 2-2).
Both NP-EFV and NP-SQV showed cytotoxicity at concentrations >5 mg polymer/mL (>240
uM EFV and >130 uM SQV). Since anti-HIV bioactivity was measured at doses well below
polymer concentrations that were cytotoxic, we did not expect toxicity to confound the

outcome of the antiviral activity assays.
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Figure 2-2. PLGA nanoparticles loaded with EFV or SQV show low cytotoxicity. Viability of TZM-bl
cells measured by the CellTiter-Blue™ (Promega) viability assay demonstrating non-toxic concentrations
(>80% viability) of efavirenz nanoparticles (NP-EFV) and saquinavir nanoparticles (NP-SQV) at <1,000 ug
of polymer/mL (<48 uM EFV and <26 uM SQV). Vehicle control nanoparticles at the concentrations tested
showed no reduction of viability (100% + 8%), indicating non-cytotoxicity of PLGA polymer. Negative
control = media only, Positive control = DMSO. *Vehicle control for NP-SQV was measured at 10,000 ug
of polymer/mL.

To confirm the results obtained with in vitro cytotoxicity in TZM-bl cells, we evaluated the
safety of our NP-ARVs using polarized explant cultures. We chose to test nanoparticles (NP-
ARVs or vehicle control) at a 0.1 mg/mL dose. This dose was shown to be nontoxic to TZM-bl
cells and is several-fold higher than doses required for efficacy in vitro. We used two explant
tissues per treatment — one for the MTT assay and the other for histology. For controls,
explants were treated with either 0.4% nonoxynol-9 (N-9) or media (untreated). We evaluated
explants for viability and tissue morphology at 18-24 h after application. The N-9-treated
explants showed significant reduction in tissue viability, as measured by the MTT assay (n =
1), and destruction of the epithelial layer was observed by histology (n = 1) (Figure 2-3). The
toxicity of N-9 found in our study was consistent with previous studies performed using human
explant tissues®**°. Viability of explants determined by the MTT assay showed that neither
NP-EFV (n = 1) nor NP-SQV (n = 1) altered tissue viability compared to the media control
(untreated explants, n = 3). Histological analysis of the ectocervical explants after 24 h of
exposure to NP-ARV produced no visual changes to the integrity of epithelial layer. The
results with ectocervical tissue explants confirmed the findings obtained using the TZM-bl

cytotoxicity model, suggesting that our NP-ARV are nontoxic to the cells and are a
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biocompatible vehicle for drug delivery to the mucosal tissue, particularly the ectocervical
tissue of the lower female reproductive tract.

Viability (%)
o)
?
48uM
26uM

o
- [EFV]=
- [SQ\/] ]

N\ed\ag_bf’lo“'g “9.6\3(‘“?_5?\‘ “?,50\'

Polymer = 0.1 mg/mL

0.4% N-9 Media Vehicle Control NP-EFV NP-SQV

Figure 2-3. Ectocervical explants confirm the safety of NP-ARVs. Viability of explants from
two macaques was assessed at 18-24h after application using an MTT assay and histology. (A) A
circular tissue punch of macaque ectocervical explants was inserted through a transwell
membrane and placed to assure exposure to products (luminal epithelium up). (B) Viability of
explants measured by the MTT assay demonstrating viability of explant tissue exposed to
nanoparticles loaded with efavirenz (NP-EFV, n = 1) or saquinavir (NP-SQV, n = 1). Tissue
viability was similar to media control (untreated explants, n = 3) while the toxicity control
(nonoxynol-9 (N-9) treated explant, n = 1) showed significant reduction in tissue viability. (C)
Histological photographs of macaque ectocervical explants (hematoxylin and eosin stain;
magnification, x100) show no visual changes following exposure to both NP-EFV and NP-SQV
treated explants, and the destruction of the epithelial layer of an N-9-treated explant.

2.4.4 NP-ARVs potently inhibit HIV-1 BaL infection

To ensure ARVs loaded into nanoparticles retained reproducible bioactivity against HIV-1,
we tested three batches of NP-EFV using the TZM-bl assay. As described in the methods, a
mass concentration of the drug-loaded polymer was delivered to achieve the desired molar
drug concentration in the assay volume irrespective of the observed drug release kinetics. We
observed consistent activity between three independent batches of NP-EFV to inhibit HIV-1

BaL at nanomolar levels, with an average ICs, value of 0.52 + 0.17 nM (mean + SD, n = 3).
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This value is lower than previously reported ICsq
values of unformulated (free) EFV, indicating

no loss in drug activity due to the formulation
processes*.

We further evaluated antiviral activities of NP-
ARVs in comparison with their free forms. After
exposure of TZM-bl cells to NP-ARVs or free ARVs,
we observed potent antiviral activity against HIV-1
BaL with estimated 1Csy values in the nanomolar and
micromolar ranges for EFV and SQV, respectively
(Table 2-2). Compared with free EFV, NP-EFV
showed higher HIV inhibitory activity, with a 50-fold
reduction in ICsy (Figure 2-4). NP-SQV also showed
higher HIV inhibitory activity when compared with
free SQV, with a nearly 2-fold reduction of the 1Cs .
We observed that blank nanoparticles (vehicle
control) tested at the same ranges of polymer
concentrations showed no HIV inhibition and were
comparable to the negative media control (<5%). This
indicates that PLGA nanoparticles alone do not provide
inhibition against HIV-1 infection. Together, our results
suggest that ARVs loaded into nanoparticles possess

potent bioactivity that is superior to that of

100

—— Free EFV
—A— NP-EFV

104 102 100 107
[Single Drug], uM

HIV-1 BaL Inhibition (%)

100 Free SQV
807 NP-sQV

104 102 100 102
[Single Drug], M

Figure 2-4. NP-ARVs show potent antiviral
activity. The dose-response curves show antiviral
activity of free EFV, free SQV, and EFV and SQV
loaded nanoparticles (NP-EFV and NP-SQV). Data
represent mean values obtained from triplicate
infections in TZM-bl cells.

Table 2-2. Summary of 50% inhibitory concentrations (ICs,) determined by infecting TZM-bl cells

with HIV-1 BaL.

Free ARV vs. NP-ARV

Drug(s) IC5o (median) 95% C.1.2 C/’
Free EFV 0.164 uM [0.001, 0.204] uM 0.320
Free SQV 9.79 uM [9.25, 11.3] uM 0.047
NP-EFV 0.003 uM [0.00197, 0.00481] uM 0.301
NP-SQV 6.08 uM [5.84, 6.21] uM 0.016

of variation (Cv) of the ICs, of each drug alone.

a
Data show the confidence interval (C.l.) based on the 2.5 and 97.5 percentiles of bootstrapped ICs, estimates, and the coefficient
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unformulated ARVs. Since PLGA nanoparticles are known to enhance internalization and

43,47-49

intracellular uptake , we hypothesize that the enhanced potency of our NP-ARVs

formulated with PLGA may be due to higher intracellular ARV drug concentration.

2.5 DISCUSSION

Combination drug approaches are an emerging paradigm for the prevention of HIV-1
infection. However, chemical incompatibilities prevent the combination of many existing drugs in
a manner that could enhance potency by realizing unique combination drug activities. We
hypothesized that polymeric nanocarriers could facilitate the discovery of unexplored drug-drug
activities by enabling the combination of chemically incompatible agents. We demonstrate that
ARVs can be encapsulated within polymeric nanoparticles to provide enhanced protection
against HIV in vitro. Our findings reveal a relevant strategy for delivering multiple ARVs in
combination to enhance drug potency, lower cytotoxicity and reduce the likelihood for
developing drug resistance. We expect that the versatility of nanoparticle delivery platforms will
result in broad applications for HIV chemoprophylaxis and treatment. ARV-encapsulating
nanoparticles may overcome barriers in the delivery of agents with diverse physicochemical
properties, particularly via administration routes with limited dosage forms for combination drug
delivery such as topically to the genital and rectal mucosa.

Our NP-ARVs demonstrate enhanced antiviral activity against HIV-1 BalL compared to
unformulated ARVs. Using an in vitro TZM-bl indicator cell model previously used to evaluate
drug candidates for topical microbicides®*3*
than free EFV with a 50-fold reduction in 1Cso. Similarly, NP-SQV showed greater anti-HIV

activity when compared to the free drug. SQV is the first HIV-protease inhibitor marketed for the

, we observed higher inhibitory activity of NP-EFV

treatment of HIV and is currently recommended in combination therapy regimen with nucleoside
inhibitors of HIV reverse transcriptase9'13. Nevertheless, its poor absorption is a prominent

V1850-%2 prayious studies have shown that administration of

pharmacologic characteristic of SQ
polymeric nanoparticles significantly increases the intracellular concentration and permeability
of SQV°>***, We expect that the improved bioactivity of our NP-SQV is due to similarly increased
bioavailability provided by the nanoparticle formulation.

NP-ARVs formulated with PLGA have previously been demonstrated to facilitate drug
uptake resulting in higher intracellular drug concentrations and greater inhibitory activity*>*°.
Destache et al. showed that monocyte-derived macrophage (MDM) cells incubated with ARV

loaded PLGA nanoparticles exhibited higher intracellular drug concentrations than those
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incubated with free ARVs. Although we did not measure intracellular uptake of particles in this
study, the 50-fold reduction in ICsy values between NP-ARVs and free drugs suggests that the
particulate nature of our delivery platform plays a major role in improving bioactivity. As
Destache et al. observed, it is likely that the PLGA nanoparticles facilitate increased drug uptake
and intracellular retention of our ARV drug candidates.

The in vitro drug release profile of our NP-ARVs showed an initial burst release within 1h
followed by a small degree of sustained release of drug over 24h (Figure 2-1). We expected
that this biphasic release profile would provide a sufficient amount of rapid release of ARVs to
prevent HIV-1 infection soon after application and then sustain the release of drugs for
prolonged protection. The in vitro release studies from EFV nanoparticles may have been
limited by poor aqueous solubility of EFV and small release buffer volumes needed to maintain
a concentration detectable by HPLC, resulting in sink conditions not being met. Future release
experiments using a cosolvent such as polysorbate 80 or PEG 400 may prove useful in
establishing sink conditions®°. In vitro release profiles can be affected by the environmental
conditions. As reported by Ham et al., the percent drug release from nanoparticles at pH 7.4
was lower compared to the release profiles obtained at pH 4.6%. While we have not yet
investigated in vitro release profiles at different pH conditions, further in vitro release studies
are planned to determine the impact of pH on drug release in addition to intracellular drug
concentrations.

Currently, nanoparticle encapsulation as a drug delivery system is being investigated in
numerous therapeutic fields'®; however, it is still emerging within the microbicide field". In this
study, we provide evidence for the efficacy of a PLGA nanocarrier system to achieve HIV-1
inhibition. Our results suggest that PLGA nanoparticles are a safe delivery platform for

encapsulating and delivering ARVs.
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3.1 ABSTRACT

Multipurpose prevention technologies (MPTs) that simultaneously prevent sexually
transmitted infections (STls) and unintended pregnancy are a global health priority. Combining
chemical and physical barriers offers the greatest potential to design effective MPTs, but
integrating both functional modalities into a single device has been challenging. Here we show
that drug-eluting fiber meshes designed for topical drug delivery can function as a combination
chemical and physical barrier MPT. Using FDA-approved polymers, we fabricated nanofiber
meshes with tunable fiber size and controlled degradation kinetics that facilitate simultaneous
release of multiple agents against HIV-1, HSV-2, and sperm. We observed that drug-loaded
meshes inhibited HIV-1 infection in vitro and physically obstructed sperm penetration.
Furthermore, we report on a previously unknown activity of glycerol monolaurate (GML) to
potently inhibit sperm motility and viability. The application of drug-eluting nanofibers for HIV-1
prevention and sperm inhibition may serve as an innovative platform technology for drug

delivery to the lower female reproductive tract.

3.2 INTRODUCTION

HIV-1 infections and unintended pregnancies are inextricably linked by unprotected sex and
represent a major health burden for women worldwide [1]. Access to MPTs combining safe,
effective, and easily reversible options for contraception are essential for women who are also
at risk for STls including HIV-1. To date, no single product exists that women can use discreetly
for simultaneous and effective prevention of STls and pregnancy [2]. Women would also benefit
from more options for chemical contraceptives that are nonhormonal [3,4]. In particular, an
alternative to nonoxynol-9 (N-9) that is safe and non-toxic, does not alter the vaginal microflora,
and does not enhance the risk for HIV-1 infection would have a major impact on women’s
sexual and reproductive health [5].

The materials chemistry and process of fabricating MPTs have a significant influence on
their design and function. Existing MPTs are classified by their function as physical, chemical, or
combined physical/chemical barriers to prevent STls and unintended pregnancy [6,7]. Chemical

barrier methods are the front-line approach being evaluated in clinical trials for multipurpose
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protection, and include dosage forms such as gels, films, tablets, and intravaginal rings (IVRs)
[8,9]. Gels containing tenofovir [10], UC781, dapivirine [11], and MIV-150 [12] are among the
many anti-HIV-1 microbicides under development. Vaginal films have long existed for the
prevention of pregnancy (Vaginal Contraceptive Film® by Apothecus) as well as the treatment of
fungal and bacterial infections [9]. Recently, researchers have begun to formulate vaginal films
and tablets that can provide quick release of antiviral compounds as an alternative dosage form
to microbicide gels. For example, Akil et al. developed thin vaginal films that release 0.6 mg of
dapivirine within 10 minutes following hydration [13]. IVRs, which are designed to provide
sustained release of a combination of agents over several weeks or months, are the leading
technologies being evaluated currently for multipurpose prevention [14,15]. However, the
paucity of materials and the fabrication process for IVRs imposes constraints on their physical
design (size, geometry, mechanical properties) and the pharmaceutical agents that are suitable
for delivery [8]. Greater flexibility in the choice of polymers as well as the fabrication process
could lead to innovative new dosage forms for a larger number of pharmaceutical agents.

Emerging technologies that integrate physical and chemical barriers provide the greatest
potential for new MPT designs. To be effective, these technologies must address five
fundamental design requirements: 1) deliver multiple drugs with differing physicochemical or
pharmacokinetic properties from a single device, 2) provide extensive coverage of mucosal
tissue, 3) be female-controlled and discreet, 4) deliver contraception that is fully reversible, and
5) be inexpensive so as to reach the most relevant populations. Based on these requirements,
we have developed an innovative dosage form for vaginal drug delivery using drug-eluting
nanofibers. Electrospinning is an elegant method to deliver combination drug therapies because
polymers can be selected based on their drug compatibility as well as their degradation or
dissolution rates [16]. In addition, controlling processing parameters (applied voltage, polymer
flow rate, capillary-collector distance), nozzle configuration (single, multijet, coaxial), and choice
of materials (non-degradable, biodegradable, water-soluble) allows greater versatility and
flexibility to design topical prevention strategies [17].

To demonstrate the versatility of drug-eluting fibers for topical delivery to the vaginal
mucosa in applications for multipurpose prevention, we generated nanofiber meshes that elute
small molecule agents that target HIV-1, HSV-2, and sperm function. We demonstrated that
these drug-eluting fibers deliver antiviral drugs with diverse physicochemical properties and
mechanisms of action. Fibers loaded with antiretroviral drugs showed potent inhibition of HIV-1
infection in vitro. To address the need for contraception in a multipurpose prevention strategy,

we screened multiple non-hormonal chemical contraceptive alternatives to N-9 and discovered
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an unreported function of glycerol monolaurate (GML) to inhibit sperm motility and viability in a
dose-dependent manner. We also showed that fiber meshes acted as a physical barrier to
sperm penetration despite their porosity. The fiber meshes were readily electrospun in a
geometry designed to provide physical coverage of both the vaginal epithelium and cervix. The
functional combination offered by our drug-eluting nanofibers cannot be accomplished with any

single technology currently in the development pipeline.
3.3 MATERIALS AND METHODS

3.3.1 Ethics statement

All animals were obtained and cared for in accordance with the University of Washington
Institutional Animal Care and Use Committee (IACUC) guidelines, and animal studies were
approved by the University of Washington IACUC. Human semen samples were obtained
according to guidelines approved by the Institutional Review Board of the Human Subjects
Division at the University of Washington. All subjects provided written, informed consent prior to
participation, and the study protocol was approved by the University of Washington Institutional

Review Board.

3.3.2 Polymer preparation

Polymers used for electrospinning included poly(L-lactide) with an inherent viscosity of
0.90-1.20 dL g”' (MW ~117 kDa) (Lactel Absorbable Polymers), poly(ethylene oxide) with MW
100 kDa (Sigma-Aldrich), polycaprolactone of M, 70-90 kDa (Sigma-Aldrich), and acid
terminated poly(D,L-lactide) of M,, 18-24 kDa (Sigma Aldrich). Maraviroc was obtained from the
NIH AIDS Research & Reference Reagent Program, Division of AIDS, NIAID, NIH. 3’-Azido-3’-
deoxythymidine, methyl-B-cyclodextrin (M,=1310), acyclovir, iron(ll) D-gluconate, and L-
ascorbic acid were purchased from Sigma-Aldrich. Glycerol monolaurate was purchased from
MP Biomedicals, LLC. VFS was made according to methods described by Owen and Katz, et a/
[56]. Potassium hydroxide, calcium hydroxide, lactic acid, acetic acid, and glycerol were
purchased from Fisher Scientific. Bovine serum albumin, urea, and glucose were obtained from
Sigma-Aldrich. Sodium chloride was purchased from Mallinckrodt Chemicals. The pH for VFS

was adjusted to 4.2 with HCI and filter sterilized.

3.3.3 Electrospinning

PLLA and PEO were dissolved at 5%, 10%, 15% (wt/vol) in mixtures of 1:1 or 3:1 (vol/vol)
chloroform (EMD Chemicals) and 2,2,2-trifluoroethanol (Sigma-Aldrich). PCL was dissolved at
10% and 15% (wt/vol) in 2,2,2-trifluoroethanol. PDLLA and PLLA were dissolved at 15% (wt/vol)
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in 1:1 chloroform and 2,2,2-trifluoroethanol. Drugs were mixed with polymers at 1 or 10% (wt/wt)
prior to addition to solvent. Polymer solutions were loaded into glass gastight syringes (National
Scientific) and set into a precision syringe pump (KD Scientific Inc.). Unless otherwise specified,
fibers were produced with the following parameters. We dispensed 500 uL at a flow rate of 5 yL
min” through a gauge 22 stainless steel dispensing needle (Integrated Dispensing Solutions,
Inc.) that was clamped to +15 kV using a high voltage generator (Gamma High Voltage
Research). The aluminum mandrel collector was machined at the University of Washington to
have a diameter of 1.27 cm. The collector was placed 12 cm horizontally from the tip of the
needle and set to 3,000 r.p.m. (linear rotational speed of 200 cm s™ at the surface of the
collector) with a 5.08 cm horizontal travel at a speed of 2.54 cm s™'. A copper or graphite brush
electrically grounded the mandrel. 3.4 ym 70:30 PLLA/PEOQ fibers were produced as above
except polymers were dissolved at 25% (wt/vol) and spun at 100 L min™ at 1,200 rpm. 1.5 um
70:30 PLLA/PEO fibers were produced as 3.4 um fibers except a 20% (wt/vol) solution of
polymer was used. PDLLA/PLLA fibers were produced as above except for the flow rate and
mandrel speed, which were 100 pL min™ and 1,200 rpm, respectively. PCL fibers were
produced by dispensing 500 pL at a flow rate of 100 L min™ from a 25 G needle clamped to
+12 kV voltage and set 8 cm from the collector, which was rotating at 1,200 rpm. Electrospun
meshes were removed from the collector and lyophilized for at least 24 h before imaging or use

in biological assays.

3.3.4 Material characterization

Polymer recovery was determined by dividing the mass of polymer removed from the
mandrel by the theoretical mass of polymer and drug present in 500 uL of polymer solution.
Meshes were sputtered with gold/palladium for 70 s and imaged with SEM (Sirion or JSM-
7000F, JEOL Ltd.) at 500x and 5,000x magnification. Two scanning electron microscopes were
used to complete imaging: a Sirion SEM at the University of Washington Nanotechnology
Facility (funded by National Science Foundation), and a JSM-7000F SEM (JEOL Ltd.) at the
Materials Science and Engineering Department at the University of Washington. Fiber size was
determined in Imaged (NIH) by measuring fibers that intersected a diagonal line drawn across
each 5,000x micrograph to eliminate bias. At least 100 fibers from at least three separate
micrographs were measured for each sample. Degradation in VFS was analyzed by placing 5
mg samples of mesh in 6 mL of VFS at 37°C for up to 15 days. Samples were removed at times
up to 15 days, immersed gently in distilled water, inverted three times to remove salts, and

lyophilized. The fibers were massed again, and percent mass loss was calculated as (original
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mass — current mass) / (original mass) x 100%. Fiber mesh thickness was measured using
calipers. Dog bone shaped samples were cut from collected meshes with a D1708-96-MET die
(ODC Tooling and Molds) such that the long axis of the dog bone corresponded to the
circumferential direction of the mandrel collector. Uniaxial tensile testing was performed with an
Instron model 5543 instrument and model 2712-03 grippers (Instron). Samples were stretched
at a rate of 10 mm/min until failure. Young’s modulus was estimated by fitting stress-strain

curves with a line for 0-15% of maximum stress.

3.3.5 Drug release and loading

Triplicate samples of mesh approximately 10 mg each containing AZT or MVC were placed
into 6 mL glass vials, immersed in 6 mL of VFS, and incubated at 37°C on an orbital shaker at
200 r.p.m. At set time points (1h, 4h, 8h, 12h, 24h, 48h), 500 uL of buffer was removed and
replaced with fresh VFS. A Shimadzu Prominence LC20AD UV-HPLC system equipped with a
Phenomenex Luna C18 column (5 ym, 250x4.6 mm) and LCSolutions software were used to
quantify drug levels in samples. Methods for MVC were based on those as described [57]. The
mobile phase consisted of HPLC grade 0.01 M KH,PO, buffer and acetonitrile (60:40, vol/vol)
(EMD Chemicals) at isocratic flow rate of 1.0 mL min™ for 10 min. Column oven temperature
was 25°C. Standards were made in VFS, with linearity established from 0.001 to 0.02 mg mL™
with 20 pL injection volume. MVC was detected at 193 nm with a retention time of 3.1 to 4.1
min. AZT was detected using an isocratic mobile phase was composed of HPLC grade water
with 0.045% trifluoroacetic acid and acetonitrile with 0.036% trifluoroacetic acid (72:28) at a flow
rate of 1.0 mL min™ for 15 min, with column oven temperature of 30°C. AZT was detected at
265 nm at retention time of 4.4 min. Standards were prepared in water, with a linear range from
0.001 to 0.5 mg mL™" with 10 pL injection volume. GML release from fiber meshes was detected
using thin-layer chromatography (TLC). 10 mg pieces of either 30:70 PLLA/PEO or 70:30
PLLA/PEO with 10% (wt/wt) GML were added in triplicate to 6 mL of PBS at pH 4.2. Samples
were incubated at 37°C, and 500 pyL were removed at periodic intervals and replaced with fresh
PBS (pH 4.2) for 48 h. 5 yuL of release media (n=3) were added onto duplicate TLC plates. After
drying, plates were baked at 100°C for 10 min, then allowed to cool to room temperature. Plates
were then immersed in 0.025% (wt/vol) Coomassie blue (Fisher) in 20% (vol/vol) methanol for
10 s and allowed to dry for 1 h. Plates were then digitized using a scanner. Drug loading and
stability was measured using fibers stored at room temperature (19-22°C) for at least five
months. 10 mg pieces of fiber mesh were dissolved in 2.5 mL acetonitrile, centrifuged for 10 min
at 10,000g, and added to 0.01 M KH,PO, buffer or water at a 1:1 ratio for MVC or AZT fibers,
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respectively. UV-HPLC was used to quantify amount of drug in samples as previously
described. Encapsulation efficiency was calculated as the amount of drug in drug-loaded fibers
relative to the amount of drug detected in dissolved blank fibers spiked at 1% (wt/wt) drug

loading.

3.3.6 Mouse fiber coverage study

Two eight-week old female Balb/cByJ mice (Jackson Laboratories) were cycled with
injections of medroxyprogesertone acetate (Greenstone LLC) four days prior to fiber insertion.
Fiber meshes of dimensions 2 x 2 cm were folded around an applicator and inserted into the
mouse vagina. The control mouse received blank 30:70 PLLA/PEO fibers, and the experimental
mouse received 30:70 PLLA/PEO fibers electrospun with 1% (w/w) indocyanine green (Sigma-
Aldrich). Mice were anesthetized during the procedure with isoflurane administered through
nose cones. Mice were sacrificed after 30 minutes, and reproductive tracts were excised for
imaging. Fiber meshes were removed after dissection and imaged with excised reproductive
tracts. A Xenogen in vivo imaging system (IVIS) was used to measure fluorescence at 745/820

nm as a surrogate for fiber coverage.

3.3.7 HIV inhibition assay

TZM-bl cells and HIV-1 BalL isolate were obtained from the NIH AIDS Research and
Reference Reagent Program, Division of AIDS, NIAID, NIH (http://www.aidsreagent.org/). TZM-
bL cells, a derived HelLa cell line that expresses CD4, CCR5, and CXCR4 [58-61], were added
to black 96-well plates (Corning, Corning, NY) with Dulbecco’s Modified Eagle Medium (DMEM)
(Gibco Life Technologies) with 10% fetal bovine serum (Hyclone), 1% 100X
penicillin/streptomycin (Invitrogen), and 1% 200 mM L-glutamine (Invitrogen) with 50 ulL/well at
a density of 5,000 cells/well. Cells were incubated in 5% CO, and 37°C for 24 h prior to
exposure to drugs or fibers. Fibers were sterilized by UV irradiation for 2 h (1 h per side).
Treatments were added in 50 uL volumes. For the HIV-infectious inhibition assay, 100 L of
HIV-BaL (240 TCID/well) was added to wells 1 h after drug treatment. Media was removed from
cells after 48 h post-treatment, and 100 ulL of phosphate buffered saline (Gibco Life
Technologies) and 100 uL of Bright-Glo Luciferase reagent (Promega) were added to wells.
Infectious activity was quantified by measuring luminescence on a plate reader (Tecan). ICs
values of drug compounds were estimated using sigmoidal regression and bootstrapping in
MATLAB version 7.11 (Mathworks).
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3.3.8 Explant toxicity assay

Macaque ectocervical tissues (Tissue Banking and Distribution Program, University of
Washington National Primate Research Center) were processed for polarized explant cultures
in duplicate on the day of surgery as previously described [36—38]. Briefly, a circular tissue
punch was inserted through the transwell membrane with the luminal side up. The edges
around the explant were sealed with Matrigel™ (BD Biosciences, San Jose, CA). A 0.6 mm
diameter disc of either 30:70 PLLA/PEO, 70:30 PLLA/PEO, or 30:70 PLLA/PEO with 10%
(wt/wt) GML fiber was placed on the apical side of the tissue with 200 uL of culture media
(DMEM with 10% fetal bovine serum, 1% 100X penicillin/streptomycin, and 1% 200 mM L-
glutamine). For controls, explants were untreated (culture media) or treated with a 0.4% dilution
of nonoxynol-9 (N-9) gel. The explant cultures were maintained at 37°C in a 5% CO,
atmosphere. After 18-24 h, the explants were washed and one of each duplicate was incubated
in RPMI containing 250 ug/ml MTT [1-(4,5-dimethylthiazol- 2-yl)-3,5-diphenylformazan] for 4 h.
The explants were removed and placed in 1 mL of methanol overnight to extract the formazan
dye produced by live tissue. The next day, the explants were removed from methanol and
placed on a marked paper towel to dry and be weighed. The color extracted in the methanol
was read for optical density at 595 nm. The percent viability of the treated explants was
determined by correcting the optical density (OD) with the weight of the corresponding explant.
The other explant was frozen in an embedding medium (Tissue-Tek, Sakura Finetek USA Inc.,

CA) and processed for histology by cryosectioning and hematoxylin-eosin staining.

3.3.9 Sperm motility and viability assays

Sperm was obtained from two donors for sperm motility experiments. A third donor was
recruited for sperm viability assays with glycerol monolaurate. Swim out sperm were obtained
as described previously [62]. Briefly, we placed 0.5 mL aliquots of semen below 3 mL of Ham’s
F-10 media (Sigma-Aldrich) with 0.5% human serum albumin (Sigma-Aldrich) for 75 min in 5%
CO; and 37°C. The aspirate, enriched for motile sperm, was centrifuged at 300 RCF for five min
and resuspended in fresh Ham’s F-10 to a concentration of 20 x 10° sperm mL™. The effect of
drug dilutions on sperm motility were performed both in whole semen and in swimout sperm by
adding 5 uL each of sperm and drugs to a slide and observing sperm motility with phase
contrast either at 200x and 37°C (ECLIPSE Ti, Nikon), or by adding 200 uL of drug to 100 uL of
semen and quantifying sperm motility with computer aided motility analysis for up to 7 min after
the addition of drug. Multiple media only controls were run to ensure that any observed change

in motility was minimally dependent upon time since ejaculation. Sperm viability was measured
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by adding 20 uL of semen to 20 uL of Trypan blue (Sigma-Aldrich) and counting 100 live or
dead sperm based on head staining after a 10 min incubation using 1000x brightfield

microscopy.

3.3.10 Sperm migration assay

Millicell cell culture insert membranes (Millipore) with 3 um pores were removed with forceps
and replaced with square pieces of electrospun mesh. The mesh was attached to the inserts by
applying firm pressure with a gloved finger. The thicknesses of cell culture insert membranes
and electrospun meshes were measured using a micrometer. Modified and unmodified inserts
were placed in a 12 well plate. Swimout sperm were diluted 1:10 in Ham’s F-10 with no protein.
600 pL of Ham’s F-10 was added to each of the twelve wells, and 400 pL of diluted sperm was
added to each insert. Sperm were incubated for 2 h at 37 °C and 5% CO.,. The solutions from
the inner and outer chambers of the wells were aspirated and used for counting to measure
sperm concentration in media inside and outside of the inserts. Sperm were fixed by dipping
membranes into ice cold ethanol and were then lyophilized for 24 h. Meshes were imaged using

SEM with the same settings used to image blank meshes.

3.3.11 Statistical methods

Fiber diameters were plotted as geometric mean with 95% CI and reported in writing as
geometric mean with standard deviation. As fiber diameters had lognormal distributions, they
were transformed by taking the log of the diameters in nm prior to hypothesis testing. One-way
ANOVA and Bonferroni t tests were used to compare the diameters of log-transformed fiber
diameters. Drug release was reported as mean with standard deviation, and 6 d release values
were compared by one-way ANOVA with Bonferroni t tests or compared to zero release with a
one sample t test. Differences in amount of drug release were reported as mean difference with
95% confidence interval. Sperm viability in the presence of GML was analyzed using one-way
ANOVA and a Bonferroni t test. The numbers of sperm counted in the transwell migration assay
were reported as mean and standard deviation of log transformed data, except in the case
where the number of sperm detected was zero. We used two-sided tests at a significance level

of a=0.05 for all hypothesis testing. Actual p values are reported unless p < 0.0001.
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3.4 RESULTS

3.4.1 Electrospun fibers incorporate antiviral compounds with high drug loading.

We electrospun fibers from mixtures of hydrophilic polyethylene oxide (PEO) and
hydrophobic poly-L-lactic acid (PLLA), two polymers with proven biocompatibility and FDA
approval for use in medical implants [18,19]. We hypothesized that fibers with partially
hydrophilic and partially hydrophobic composition would enable encapsulation of agents with
high and low aqueous solubility, respectively. Previous studies with PLLA-PEO polymer blends
found that blends act as a single material with averaged properties when mixed at a ratio up to
30:70 or 70:30 (wt/wt), but act as a composite of two materials with discrete properties when
mixed at ratios approaching 50:50 (wt/wt) [20]. To fabricate homogeneous fibers with uniformly
blended hydrophilicity/hydrophobicity, we electrospun 70:30 (wt/wt) PLLA/PEO and 30:70
(wt/wt) PLLA/PEO meshes. We also electrospun pure PLLA and pure PEO meshes. Polymer
concentration in the electrospinning solution had a significant impact on the resulting fiber
diameters between formulations with the same PLLA/PEO ratio and solvent choice, as
assessed by ANOVA (P < 0.0001) (Fig. S1—See Appendix C for supplementary information).
Electrospinning parameters were modified to yield fibers with reproducible size and high
polymer recovery (Fig. S1-2), and two blends were identified for further study: 70:30 PLLA/PEO
in 1:1 chloroform/2,2,2-trifluoroethanol and 30:70 PLLA/PEO in 3:1 chloroform/2,2,2-
trifluoroethanol. These compositions produced fiber diameters of 200 - 700 nm and polymer
recovery of >50% (Fig. S1-S2). The fibers were collected on a mandrel designed in the
geometry of a tampon applicator (Figure 3-1) and resulted in fiber meshes in the shape of a
hollow tube, which we were able to incorporate into a standard tampon applicator (Fig. S3). By
controlling the axial deposition of the fibers near the apex of the collector, we could also form a
thick barrier mesh (~2-3 mm thick) that is continuous with a thinner inner mesh (down to ~10 ym
thick).

We selected several model compounds to demonstrate the versatility of electrospun fibers
to deliver agents with differing solubility and mechanisms of action against either HIV-1 or HSV-
2. We electrospun fibers containing either 1% (wt/wt) maraviroc (MVC), which inhibits CCR5-
mediated HIV fusion, 1% (wt/wt) 3’-azido-3’-deoxythymidine (AZT), which inhibits viral reverse
transcriptase, or 1% (wt/wt) acyclovir (acycloguanosine), which has antiviral activity against
HSV-2. Collectively, these compounds vary in aqueous solubility (0.01-50 g L'1) and span a
wide range of log P values (-1 to 4). We assessed drug loading of MVC or AZT-loaded fiber

meshes stored at room temperature (19-22°C) for at least five months by dissolving them in
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acetonitrile and measuring drug content with HPLC. MVC and AZT were incorporated
successfully into fibers at >95% drug encapsulation efficiency for both PLLA/PEO blend
compositions. ARVs eluted from the polymer fibers were identical to the unformulated drugs as
measured by UV-HPLC (Fig. S4), suggesting that the compounds are stable during
electrospinning and during shelf storage for at least five months. Fiber meshes retained the
same white color and soft, flexible texture over five months. While electrospinning did not
compromise drug integrity, we found that drug incorporation into polymer fibers could influence

fiber size, fiber alignment, and polymer recovery (Fig. S5-S8).
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Figure 3-1. Electrospun fibers incorporate drugs for multipurpose prevention. (a) Two-axis
mandrel electrospinning rig for fiber collection. (b) Controlled fiber deposition along a grounded
aluminum collector produces a geometry that may be suitable for vaginal drug delivery. (c) Mesh
abstracted from mandrel has a hollow interior. (d) Fiber meshes have porous microstructure. (e)
Combining fiber meshes produces a multifunctional material. (f) Diverse agents with action against HIV,
HSV-2, or sperm are incorporated into blends of PLLA and PEO. PLLA/PEO (30:70, blue) and PLLA/
PEO (70:30, red); AZT =1 wt% 39-azido-39-deoxythymidine, MVC =1 wt% maraviroc, ACV =1 wt%
acycloguanosine, GML =10 wt% glycerol monolaurate, MBCD = 10 wt% methyl-b-cyclodextrin, Fe/Asc =
10 wt% iron (II) D-gluconate with 10 wt% ascorbic acid. Scale bar =1 ym .
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3.4.2 Drug-loaded fibers erode and release agents to potently inhibit HIV-1 activity in vitro.
Sustained drug release over weeks to months has potential for greater adherence whereas
burst release of active agents may be desirable for pericoital prevention [2]. Since degradation
of polymeric delivery systems can influence drug release properties, we fabricated fibers with
varying degradation rates by modulating the hydrophilic and hydrophobic content of the fibers.
We monitored fiber degradation in VFS over two weeks by recording mass loss and imaging
with SEM (Figure 3-2). Fiber meshes with greater hydrophilic content showed the most
pronounced change in individual fiber and overall mesh morphology (Figure 3-2). We observed
that fibers decreased in diameter within hours to days, and then appeared to fuse into large fiber
bundles. These observations were confirmed by measuring a 30% (95% Cl = 25% to 35%, n =
117) reduction in 30:70 PLLA/PEO and a 32% (95% CIl = 23% to 40%, n = 103) reduction in
70:30 PLLA/PEO fiber diameters after 3 days and over 30% mass loss of the meshes within one
week. The percent mass loss corresponded with the percent PEO composition in the fibers
(Figure 3-2). Pure PLLA fibers showed no mass loss after a one-hour incubation in VFS,

whereas pure PEO fibers dissolved in less than 10 minutes upon contact with water.

A Time(d) O 3 6 9 12 15
(30:70)
PLLA/PEO |

(70:30)
PLLA/PEO

B 30-

— (30:70), 15 wt%
(30:70), 10 wt%
— (70:30), 15 wt%
—— (70:30), 10 wt%
@® 3:1 chloroform/TFE
B 1:1 chloroform/TFE

% Mass loss

0 3 6 9 12
Degradation time (days) 0 od 3d 0d 3d

Figure 3-2. Fiber composition influences degradation properties. (a) SEM micrographs show that
fiber and mesh morphology changes markedly over 15 d in VFS. (b) Mass loss of fibers over time is
controlled by PEO content in fibers. (c) Fiber diameters, displayed as geometric mean with 95%
confidence interval, and decrease significantly over three days of degradation in VFS (p,0.0001 for
30:70 and 70:30 PLLA/PEO fibers). 30:70 PLLA/PEO (blue) and 70:30 PLLA/PEO (red) for (b) and (c).
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To investigate if drug release kinetics recapitulated polymer degradation kinetics, we
monitored drug release from meshes incubated in VFS (Figure 3-3). We observed that AZT and
MVC burst released from fibers within 1 h, but that the drug release profiles differed based on
PLLA and PEO content of the fibers. For example, fibers with greater hydrophilic content (30:70
PLLA/PEOQO) released 2.1% more AZT (95% CIl = 0.68% to 3.5%, n = 3) and 13% more MVC
(95% CI = 6.8% to 20%, n = 3) over 6 d than corresponding meshes with greater hydrophobic
content (70:30 PLLA/PEO). In 6 d, 70:30 PLLA/PEO fibers released 92 + 0.75% of
encapsulated AZT and 80 £ 3.9% of MVC into VFS (n = 3). The 30:70 PLLA/PEO fibers
released 94 + 0.48% of encapsulated AZT and 93 + 0.98% of MVC into VFS (n = 3). We did not
detect MVC release from pure PLLA fibers over 96 h in VFS. These results suggest that
controlling polymer-drug interactions and the rate of polymer swelling and dissolution may alter
the release kinetics of different active agents. Given the burst release of AZT and the aqueous

solubility of indocyanine green (ICG) dye, we chose to electrospin ICG-loaded fibers to
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Figure 3-3. Fibers release active antiretroviral agents. (a) Cumulative drug release in VFS was
measured for 30:70 PLLA/PEO (blue) and 70:30 PLLA/PEO (red). AZT (dashed line) and MVC (solid
line) showed rapid burst release from blended fibers within 1 h. (b) Varying fiber diameter resulted in
MVC burst release from PCL fibers (black) and 70:30 PLLA/PEO fibers (red). PCL meshes with two fiber
diameters ( * =370 nm and X =1.3 ym) and 70:30 PLLA/PEO fibers with three fiber diameters ( * =560
nm, O = 1.5 ym, X = 3.4 ym) were tested. (c) Sustained release of MVC is achieved from PDLLA/PLLA
blends and from 99:1 PLLA/PEO, but not from PLLA fibers. 50:50 PDLLA/PLLA (o), 25:75 PDLLA/PLLA
(m), 99:1 PLLA/PEO (), and 100% PLLA (X). (d) Insertion of fibers into mouse vagina and subsequent
fluorescent imaging reveal release of dye within 30 minutes for ICG-loaded fibers (right) compared with
blank fibers (left). Fiber meshes are shown next to excised reproductive tracts.
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investigate the extent of fiber coverage and agent release in mice. After inserting 30:70
PLLA/PEO fibers loaded with 1% (wt/wt) ICG into mice, we observed that dye completely
coated the vaginal tract after 30 minutes (Figure 3-3). This study provides initial evidence that
fibers are able to sufficiently hydrate and release agents to coat the vaginal mucosa in vivo.

We tested multiple strategies to obtain sustained release of MVC from fibers by increasing
fiber diameter, reducing hydrophilic polymer content, and modulating PLA crystallinity. MVC was
chosen to establish proof of principle for controlled release because it was less hydrophilic than
AZT. First, we tested the hypothesis that increasing fiber diameter would slow release of MVC
from 70:30 PLLA/PEO fibers. We increased fiber diameters by raising the polymer concentration
in 70:30 PLLA/PEO solutions (Fig. S9,10). Despite three- and six-fold increases in fiber
diameter, all 70:30 PLLA/PEO fibers burst released MVC within one hour in VFS (Figure 3-3).
Comparison of mean MVC release from variably sized 70:30 PLLA/PEO fibers with ANOVA
showed that the fibers released significantly different amounts of MVC based on fiber size (p =
0.0261). The data suggested a trend for larger fiber diameters to release less MVC into VFS
over six days, and 3.4 ym diameter fibers released 9.6% less MVC (95% Cl = 1.17% to 18.1%,
n = 3) than 560 nm fibers.

Our second strategy was to reduce hydrophilic polymer content by electrospinning fibers
from a 99:1 PLLA/PEO blend containing 1% (wt/wt) MVC. The resulting fibers were smooth,
regular, and similarly sized to 70:30 and 30:70 PLLA/PEO fibers (Fig. S10). When placed into
VFS, the fibers showed no burst release of MVC. Rather, the fibers provided sustained release
over six days, eluting an average of 1.19% of encapsulated MVC into VFS (95% CI = 0.51
t01.88 %, n = 3) (Figure 3-3).

Thirdly, we encapsulated 1% (wt/wt) MVC into fiber meshes made from polycaprolactone
(PCL) or blends of poly(D,L)-lactic acid (PDLLA) and PLA to investigate the influence of polymer
crystallinity on release rate. PCL is a bioabsorbable hydrophobic polymer with a long history of
use in electrospinning [21]. PCL has a much lower melting temperature than PLLA, reflecting
lower crystallinity and greater molecular flexibility in the polymer strands [22]. We electrospun
PCL meshes containing 1% (wt/wt) MVC with two different fiber diameters: 371 nm and 1.3 ym
(Fig. S10). Upon incubation in VFS, all PCL meshes burst released more than 95% of the
encapsulated MVC within 1 hour (Figure 3-3). Larger PCL fibers released 5.04% less MVC over
6 days (95% CIl = 3.92% to 6.17%, n = 3) than small PCL fibers.

We modulated the crystallinity of pure PLA fibers by blending PLLA with varying amounts of
lower molecular weight poly(D,L-lactide) (PDLLA). PDLLA is chemically identical to PLLA, but

displays key structural differences. In particular, PDLLA is amorphous, and allows for greater
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penetration of water into PLA meshes [20]. We electrospun 25:75 and 50:50 PDLLA/PLLA
blends containing 1% MVC. The resulting fibers showed regular morphology with similar fiber
size (265 £ 145 nm and 190 £ 159 nm, respectively) to pure PLLA fibers (478 nm = 287 nm)
(Fig. S10). When placed into VFS, these PDLLA/PLLA meshes showed no burst release, and
released MVC linearly over six days. The amount of encapsulated MVC released after six days
was 3.09 + 0.27% from 25:75 PDLLA/PLA fibers and 4.61 + 0.41% from 50:50 PDLLA/PLLA
fibers. 50:50 PDLLA/PLLA meshes released significantly more MVC than 25:75 PDLLA/PLLA
meshes (P value = 0.0059, n = 3). Therefore, modulating the polymer crystallinity by blending
PDLLA with PLLA provided small, but sustained, linear release of MVC from electrospun fibers.
We evaluated the activity and toxicity of our drug-loaded fibers in several relevant in vitro
assays. MVC, AZT, and fibers were shown to be nontoxic to TZM-bL cells, and no difference
between treated cells and media controls was found (Bonferroni post test, a = 0.05) (Fig. S11).
We tested the ability of both the drug eluates released from 70:30 PLLA/PEO and 30:70
PLLA/PEO fibers and the drug-loaded fibers themselves to inhibit HIV-1 BaL infection in TZM-
bL cells. First, we determined the specific antiviral activity of drug eluates released from the
fibers to confirm that the absolute drug activity was not diminished by electrospinning. We
measured an IC50 value of 0.90 nM and 2.3 nM for unformulated and eluted MVC, respectively.
The IC50 of unformulated and eluted AZT was found to be 120 nM and 84 nM, respectively
(Figure 3-4). The order of magnitude agreement between drug IC50 values before and after
spinning suggests that the stabilities of MVC and AZT are maintained during electrospinning.
Incubating TZM-bL cells with drug-loaded fiber discs significantly inhibited HIV-1 infection
compared to blank fibers (P value < 0.0001) (Figure 3-4). The polymer composition of the mesh
at this dosing did not impact their anti-HIV activity, and we saw equivalent viral inhibition for both
drugs using the 30:70 and 70:30 PLLA/PEO meshes (Bonferroni post test, a = 0.05). Fiber
toxicity was evaluated in an ex vivo tissue explant model using macaque cervical tissue. In
contrast to tissue treated with N-9, we observed no reduction in tissue viability due to exposure
to blank fibers or fibers loaded with 10% (wt/wt) GML as determined using an MTT assay and

by histological examination of tissue morphology (Figure 3-4).

3.4.3 GML fibers are a chemical and physical barrier against sperm function.

To address the need for contraception in a multipurpose prevention strategy, we sought to
identify non-hormonal chemical alternatives to N-9. We first evaluated the spermicidal
capabilities of ferrous D-gluconate (FeGluc) and ascorbic acid (Asc) to corroborate findings from

literature that the metal compound and ascorbic acid cause rapid spermiostasis due to lipid
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Figure 3-4. Fiber meshes inhibit HIV in vitro and are nontoxic to macaque cervical tissue
explants. (a) Dose-response assay indicates that AZT and MVC released from fibers have similar
potency to unformulated drugs (drug eluates, black and unformulated drug, gray). (b) Drug loaded fiber
blends (30:70 PLLA/PEO (blue) and 70:30 PLLA/PEO (red)), but not blank fiber controls, show
equivalent inhibition of HIV infection. (c) Histology indicates that 30:70 PLLA/PEO, 70:30 PLLA/PEO,
and 30:70 PLLA/PEO fibers with 10% (wt/wt) GML are nontoxic to macaque cervical tissue explants
compared to nonoxynol-9 control. (d) MTT assay confirms fibers, including those containing 10% (wt/wt)
GML, are nontoxic to tissue explants. Note that for media controls n = 4, and for all other groups n = 1.

peroxidation of sperm [23]. We also evaluated methyl-B-cyclodextrin (MBCD), which we
hypothesized might sequester cholesterol from semen and lead to premature sperm
capacitation [24]. FeGluc and MBCD were readily incorporated into electrospun fibers (Figure 3-
1, Fig. S5-6, 8), but these agents were ineffective at inhibiting sperm function as assayed by
measuring motility of purified (swim-out) human sperm (Table S1).

Based on the amphiphilic properties of glycerol monolaurate (GML) and its reported function
to interact with lipid bilayers [25], we were motivated to evaluate GML activity on sperm function.
We hypothesized that GML could potentially interact with sperm plasma membranes to reduce
sperm viability and motility. Using human swim-out sperm, GML inhibited sperm motility at
concentrations of 0.05-0.5% (wt/vol) (Figure 3-5). At these concentrations, complete

spermiostasis was measured in < 5 min (Video S2, 3). Reduction in motility was also observed
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Figure 3-5. Fiber meshes are a physical and chemical barrier against sperm. (a) Motility of human
swim-out sperm was completely inhibited within 5 min for 0.05 and 0.5% GML. Data show counts of
motile and immotile sperm at 2 min (gray line) and 5 min (black line). Baseline sperm motility (,89%) was
measured at the beginning and end of experiment using a PBS control (dotted line). (b) Sperm viability is
reduced in whole semen incubated with GML compared with media control. (c) GML release from fiber
meshes was qualitatively measured using TLC. (d, e) A transwell assay was used to test the physical
barrier properties of the fiber meshes by replacing Millicell cell culture insert membranes (3 mm pore
diameter) with a blank fiber mesh (n = 3). (f, g) SEM micrographs of the upper (f) and lower (g) side of
Millicell control membrane. (h, i) SEM micrographs of upper (h) and lower side (i) of fiber mesh show that
no sperm penetrate through the fiber mesh.

at concentrations down to 0.00005% (wt/vol) but did not result in complete spermiostasis during
the measurement time (Table S1, and Video S1-S4). GML also reduced viability of human
sperm in whole semen by 33.1% (95% CIl = 24.0% to 42.2%, n = 2) when tested at a 5% (wt/vol)
concentration and by 19.6% (95% CI = 10.7% to 28.9%, n = 2) (Figure 3-5). We also fabricated
fibers loaded with 1% or 10% (wt/wt) GML using both PLLA/PEO blends. GML fibers were
reproducibly electrospun to achieve polymer recoveries of >70% and fiber diameters between
600—-800 nm (Fig. S5-S8). Fibers loaded with 10% (wt/wt) GML released ~100-200 ug mL™ into
VFS within 1 h, suggesting that 100% GML released from fibers within 1 hour of incubation with
VFS (Figure 3-5).

In addition to encapsulating agents that chemically inhibited sperm function, the fibers
served to physically block sperm penetration. We used a transwell assay to measure the ability
of sperm to penetrate electrospun meshes in the absence of drugs. The thicknesses of the

tissue insert controls and electrospun meshes used as barriers were 30 ym and 150 um,
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respectively. We found that motile sperm placed onto electrospun mesh were unable to swim
through the fiber meshes despite the presence of numerous pores greater than 3 um (Figure 3-
5). In contrast, tissue culture insert controls with 3 ym diameter pores allowed sperm to
penetrate into the bottom chamber. Approximately 58,000 sperm mL" (~1.7% of sperm)
penetrated the commercial membranes in 2 h, whereas no sperm penetrated the fiber meshes
(Table S2). SEM image analysis confirmed these results, as we observed sperm on the
underside of the control membranes but not the electrospun fiber meshes (Figure 3-5). To
assess the material strength of the electrospun meshes, we performed uniaxial tensile testing
on samples of PCL containing 1% MVC that were spun at 5, 50, or 100 uL min™ (n=2). We
found that all materials had a Young’s modulus between 25-120 MPa. In addition, materials
were able to withstand at least 50% strain before failure. There was a statistically significant
difference in Young's moduli between fibers spun at different flow rates, as determined by ANOVA (P
= 0.048). A Bonferroni corrected t test was used to compare 5 uyL min™ and 50 pL min™ fibers. It
was found that fibers spun at a flow rate of 50 yL min™ were on average 68 MPa stiffer than those
spun at a flow rate of 5 uL min™ (95% C.I = 2.8 to 130 MPa stiffer).

3.5 DISCUSSION

We have developed an innovative dosage form for intravaginal drug delivery using drug-
eluting fibers fabricated by electrospinning. We show that electrospun fibers deliver agents that
inhibit both HIV and sperm in vitro in addition to physically preventing sperm penetration. We
also report on a novel function of GML to act as a spermicide and potential non-hormonal
chemical contraceptive. This finding adds to the characteristics that make GML an attractive
candidate for use in topical microbicides for multipurpose prevention [26]. Unlike existing vaginal
drug delivery systems, polymer fibers may provide a single dosage form that is readily
amenable to encapsulating an array of small molecule hydrophobic and hydrophilic compounds.
The diversity and number of polymers that can be electrospun should enable a correspondingly
large number of active agents to be encapsulated for sustained delivery [16]. Drug-eluting fibers
formulated with a single agent can be assembled into a composite mesh to deliver drug
combinations (Figure 3-1). Combined with the ability to control device geometry (Fig. S3), we
expect that layered chemical function will enable delivery of specific drugs to defined regions
within the lower female reproductive tract. The application of drug-eluting fibers for drug delivery
to prevent HIV-1 and inhibit sperm function is unprecedented, and should have wide

implications for the design of next generation multipurpose prevention technologies.
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Topical delivery systems that combine potent and broadly active inhibitors have the greatest
likelihood of protecting against the global diversity of STl and HIV variants that are transmitted
sexually. The compounds that we incorporated into our fibers have different mechanisms of
action against HIV and HSV-2. MVC prevents HIV entry by binding to CCR5 [27] and is already
in clinical trials for use as a microbicide (MTN-013/IPM 026). While AZT is not currently a
leading candidate for use in topical microbicides, its physicochemical properties are similar to
those of tenofovir, which has been used in recent and ongoing clinical trials of microbicide gels
[10]. GML, which we report has activity against sperm function, has also been shown to inhibit
HIV infection in vitro and SIV infection of macaques in vivo by inhibiting the production of MIP-
3a and other pro-inflammatory cytokines [26]. Finally, we also incorporated ACV into fibers,
since HSV-2 infection is of great concern in its own right and in relation to risk of acquiring HIV
and other STIs [28]. Together, these four compounds provide a strong proof of principle that
electrospun fibers may be a useful platform for vaginal drug delivery and topical prevention of
STls.

For this work, we chose to electrospin fibers from mixtures of PEO and PLLA. We expected
PEO to rapidly hydrate and dissolve in vaginal fluid and that PLLA would degrade slowly via
hydrolysis at low pH into lactic acid [20], a natural component of vaginal fluid important for
maintaining vaginal homeostasis [29]. We found that the magnitude of MVC release from
PLLA/PEO blends was highly dependent upon the amount of PEO present. Over six days, 78%
of encapsulated MVC was released from 70:30 PLLA/PEO fibers, compared with 93% of
encapsulated MVC from 30:70 PLLA/PEO fibers. In contrast, approximately 90% of
encapsulated AZT was released from both 70:30 and 30:70 PLLA/PEOQ fibers (Figure 3-3). This
suggested that MVC could disperse evenly throughout both PEO and PLLA, while the majority
of AZT partitioned into PEO. Small diameter hydrophilic fibers may be an improvement on
current film devices that provide coitally dependent protection against STls and pregnancy. Our
data show that substantial amounts of hydrophilic and hydrophobic drugs can be delivered very
quickly from nanometer diameter fibers. Meshes made from hydrophilic polymers have
previously been found to dissolve and release encapsulated agents more rapidly than films cast
from the same materials [30,31]. Yu et al. showed that 100% of encapsulated ferulic acid was
released within 2 minutes from 250 nm polyvinylpyrrolidone fibers when dispersed with sodium
dodecyl sulfate and sucralose, compared to 20 minutes from equivalent masses of thin films
produced by casting. Furthermore, in vitro testing of ferulic acid permeation across the
sublingual mucosa demonstrated a doubling of permeation rate for the fiber dosage form over

the film dosage form [30]. Due to the high surface area-to-volume ratio of electrospun fiber
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meshes, water may ingress more rapidly into hydrophilic electrospun materials than into cast
films. Rapid hydration and a shorter diffusion distance offered by a nanofiber can create a very
steep concentration gradient of encapsulated molecules, thus enhancing the rate of mass
transport into mucosal tissues [31]. While we did not compare drug release from PLLA/PEO
films to fibers, future studies should investigate how nanofibers can enhance the dissolution and
mucosal delivery of ARVs.

The ability to hydrate rapidly upon insertion can aid in fast drug release and effective
spreading of dissolved materials along the vagina. Material spreading can result in more
complete coverage of the mucosal tissue that is vulnerable to infection by HIV and other
pathogens [32]. We showed that insertion of indocyanine green loaded 30:70 PLLA/PEO fibers
into the vagina of a mouse resulted in high levels of fluorescence throughout the vaginal tract
(Figure 3-3). This suggests that fibers can sufficiently hydrate in small volumes of vaginal fluid
and release encapsulated agents within 30 minutes in vivo. Hydrophilic polymer-based fiber
meshes, including those made from PEO, may therefore provide a useful dosage form for
pericoital prevention methods.

While rapid release of antivirals and contraceptives is desirable for pericoital prevention,
sustained release of agents is desirable for providing extended periods of coverage that may
increase user adherence. In contrast to PEO, PLLA is significantly hydrophobic, and fibers with
high PLLA content more closely resemble solid depots like IVRs or drug-eluting diaphragms.
We hypothesized that polymer fibers with a partially hydrophobic composition would enable
encapsulation and sustained release of hydrophobic agents. While our results demonstrated
that partially hydrophobic fibers could successfully incorporate MVC and GML (two hydrophobic
agents), 70% and 30% PLLA content did not provide sustained release (Figure 3-3, Fig. S5-9),
We evaluated multiple strategies for controlling the release of MVC from electrospun fibers by
increasing fiber diameter, reducing hydrophilic polymer content, and modulating polymer
crystallinity.

Our first strategy for sustaining release of MVC was to electrospin larger diameter fibers
(Fig. S9-10). While Cui et al. showed that increasing PDLLA fiber diameter from 212 to 551 nm
led to slower release of the highly water-soluble compound acetaminophen [33], we observed
MVC release from 70:30 PLLA/PEO fiber meshes was not altered by increasing fiber diameter
six fold from 560 nm to 3.4 uym. If the release of MVC from 70:30 PLLA/PEO fibers were
diffusion controlled, an increase in diameter by a factor of six should have decreased release

rates by a factor of approximately 36. While we did not observe significant slowing of drug
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release, we did find that increasing fiber size resulted in a 9.64% (95% CI = 1.17% to 18.1%)
reduction in the amount of drug released after 6 d (Figure 3-3).

We hypothesized that reducing the hydrophilic content in PLLA/PEO blends could mediate
sustained release of MVC by reducing the amount of PEO at the surface of the fibers. Our
release data from 70:30 and 30:70 PLLA/PEOQ fibers containing 1% (wt/wt) MVC showed that
the extent of MVC release was related to PEO content. In fact, we did not detect any MVC
release from 100% PLLA fibers in VFS. We electrospun 99:1 PLLA/PEO fibers to investigate if
much smaller amounts of PEO could still allow for hydration of the mesh and release of MVC
but prevent burst release. In fact, we observed that fibers composed of 99:1 PLLA/PEO gave
linear release of 1.19 = 0.28% of encapsulated MVC over six days. This amount of MVC
corresponded to an average concentration of 360 + 120 nM (n = 3) MVC, two orders of
magnitude greater than MVC’s IC50 in vitro. Nevertheless, much of the MVC remained trapped
within the PLLA, highlighting that the PLLA/PEO blends that we tested are not ideal for
sustained release applications for MVC. However, these results demonstrated proof of principle
that controlling the relative amounts of polymers in blended fibers could modify not only the
magnitude of release, but also the kinetics of release. The addition of porogens, acid catalysts,
or glycolic acid groups in future formulations may enhance water penetration and polyester
degradation, thereby improving the magnitude of drug release.

It is unlikely that the hydrophobic nature of PLLA alone was responsible for the lack of MVC
release from PLLA. Forbes et al. documented release of MVC from a silicone based elastomer
gel both into VFS and into the vaginal fluid of rhesus macaques, providing evidence that MVC
can release from hydrophobic formulations [34]. Indeed, we found that MVC burst released from
PCL meshes, which are also hydrophobic. We hypothesized that the semi-crystalline structure
of PLLA is responsible for preventing MVC release from the hydrophobic portions of blended
fibers by occluding water penetration. To test this hypothesis, we modulated the crystallinity of
PLA fibers by blending PDLLA with PLLA and looked for sustained release of MVC in VFS over
six days (Figure 3-3, Fig. S9-10). PDLLA is comprised of a racemic mixture of the D- and L-
stereoisomers of lactic acid and has an amorphous microstructure that allows increased water
entry and accelerated polymer degradation compared to PLLA [20]. We found that
electrospinning 25:75 and 50:50 blends of PDLLA and PLLA allowed the ingress of water and
the subsequent linear, sustained release of MVC over six days. 25:75 and 50:50 PDLLA/PLLA
fibers had similar sizes; 25:75 fibers were around 20% larger than 50:50 fibers (Fig. S10). The
rate of MVC release from PDLLA/PLLA fibers increased with the PDLLA content, but remained

small. Cui et al. achieved sustained release of acetaminophen from electrospun PDLLA fibers
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over six days and found that >70% of encapsulated drug could be released [33]. We found that
50:50 PDLLA/PLLA fibers only released 4.61 = 0.41% of MVC into VFS over 6 d. Our results
may differ from those of Cui et al. because of MVC’s lower aqueous solubility, release media
with lower pH (4.2 compared with 7.4), and different PLA isomer composition. Despite the low
levels of drug release, our results provide proof of principle that electrospun fibers can sustain
release of ARVs over multiple days. It is likely that encapsulating MVC in pure PDLLA would
result in greater release of MVC due to reduced crystallinity and accelerated polymer
degradation.

In addition to releasing ARVs, it is also critical that fibers are safe and effective in biological
systems. We evaluated the antiviral activity of fibers loaded with either AZT or MVC using an in
vitro TZM-bL assay. This model has previously been used to evaluate drug candidates for
topical microbicides [11,35]. Both the drug eluates from in vitro fiber release studies and drug-
loaded fibers themselves were found to potently inhibit HIV compared to blank fibers. The IC50
values of unformulated ARV versus eluted ARV were of a same order of magnitude (Figure 3-
4). Our results suggest that fibers are able to release sufficient levels of drug in cDMEM to
prevent HIV infection in TZM-bL cells over 48 hours, which is consistent with the release profiles
obtained from in vitro release studies in VFS. Furthermore, these studies demonstrate that both
drugs are in a bioavailable form after the electrospinning formulation process. The toxicity of
fibers was measured with a macaque cervical explant model using histological examination and
an MTT viability assay (Figure 3-4). A similar model has previously been used to evaluate the
safety of microbicide candidates using human cervical explant tissue [36-38]. Tissue exposed
to either 30:70 or 70:30 PLLA/PEO fibers was found to have similar epithelial layer integrity and
cell viability compared with untreated control tissue, indicating the biological suitability of the
polymer blends for additional studies in vaginal drug delivery.

Long-term shelf stability is another quality imperative to the design of effective dosage forms
for multipurpose prevention. Ham et al. performed an extensive characterization of the long-
term stability of pyrimidinedione vaginal film, measuring drug release, toxicity, and activity at
specified time points over 12 months at both standard and elevated temperature and humidity
[39]. We detected >95% of the initially-loaded AZT and MVC in fiber meshes stored at room
temperature for at least five months and observed that fiber meshes retained similar
appearance and texture over this period. While this data suggest that ARVs remain stable in
PLLA/PEO fiber meshes under standard storage conditions, more comprehensive studies of

drug stability are needed for the polymer-drug combinations chosen for future studies. We
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expect that the solid dosage form of drug-loaded fibers will be advantageous for long-term
stability compared with semi-solid dosage forms like vaginal gels.

There is a great need to develop multipurpose prevention strategies that provide
contraception in addition to protecting against STls including HIV. Topically applied non-
hormonal chemical contraceptives for pericoital use would address an important gap in
contraception needs for women. While N-9 is a highly effective spermicide, the same detergent
properties responsible for immobilizing sperm are also known to promote vaginal inflammation
and increase the risk of STI infection [5,40]. We first evaluated non-hormonal contraceptives
described previously in the literature to be potent inhibitors of sperm function. We tested the
function of FeGluc, Asc, and their mixture because these agents had been reported previously
to potently inhibit sperm motility in solution and after elution from a vaginal ring [23,41]. At the
highest concentration tested, FeGluc alone inhibited motility of ~37% of sperm within 2 minutes
but did not result in complete spermiostasis (Supporting Table 1). Combining FeGluc with L-
ascorbic acid (FeAsc) resulted in rapid spermiostasis in <30s. However, we observed equally
rapid spermiostasis upon treatment with L-ascorbic acid alone. We conclude that the reported
spermicidal effect of FeGluc when combined with L-ascorbic acid was likely due to the decrease
in pH upon dissolution of L-ascorbic acid (pH ~2), since pure L-ascorbic acid was just as
effective as its mixture with iron. Indeed, L-ascorbic acid at a pH of 5.5 had no effect on sperm
motility (Supporting Table 1). MBCD was also evaluated as a non-hormonal chemical
contraceptive but showed no effect on sperm function at the concentrations tested. In addition,
due to the high amounts of free cholesterol present in whole semen, we estimate that the high
concentration of MBCD required to induce sperm capacitation would exceed the concentration
that causes inflammation [24,42].

We were motivated to evaluate GML’s activity on sperm function based on its amphiphilic
properties and its reported interaction with lipid bilayers [25]. GML, a glycerol ester of lauric acid
that is used commonly as an emulsifier in foods and cosmetics, is regarded by the FDA as safe
for topical use at doses up to 100 mg mL™ [43]. Additionally, GML is inexpensive, possesses
documented anti-inflammatory properties, and is antimicrobial for a number of vaginal
pathogens [43,44]. We show for the first time that GML potently reduces sperm motility in a
dose-dependent manner (ECs,~ 0.005% wt/vol at 2 min) and significantly lowers sperm viability
at concentrations equivalent to those used in recent microbicide studies with macaques (5%
wt/vol) (Figure 3-5). Although its spermicidal mechanisms are as yet unknown, interference with
signal transduction by incorporation into plasma membranes has been suggested as a

mechanism for its antibacterial and anti-inflammatory properties [43,45,46] and may also be
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involved in sperm inhibition. Future studies should perform an in-depth characterization of how
GML causes spermiostasis. Our findings add to the list of properties that make GML an
attractive candidate for use in topical microbicides for multipurpose prevention, including anti-
inflammatory mediated prevention of SIV infection in macaques [26] and the capacity to prevent
bacterial infections [47]. The low aqueous solubility of GML (50-100 ug mL™ at pH 7) precluded
our ability to evaluate the activity of higher concentrations of GML on human sperm in whole
semen, but provided a strong rationale to formulate GML in polymer fibers [43]. A dosage form
that enhances the bioavailability of GML could potentially enhance the spermicidal potency of
the compound.

The potential of GML to act as a surfactant has raised controversy within the microbicide
field over its safety as a topical product. Schlievert et al. provided extensive characterization of
the safety of 5% GML in KY warming gel for daily use in macaques for up to 12 weeks (n=9)
[43]. Using an MTT viability assay and histological examination of polarized cervical explants
from macaques, we found that 30:70 PLLA/PEOQO fibers loaded with 10% (wt/wt) GML were
nontoxic ex vivo and had similar epithelial layer integrity to untreated controls. Nonoxynol-9 has
been found to increase the frequency of genital lesions, which, it is thought, subsequently
increase the risk of HIV infection[5]. In contrast, GML actually stabilizes eukaryotic cell
membranes and reduces production of IL-8, an inflammatory cytokine. Furthermore, GML does
not negatively impact the growth of lactobacilli or the production of lactic acid in vivo [43]. In
contrast, nonoxynol-9 irritates and removes vaginal and cervical epithelial cells Figure 3-4 and
disrupts the normal vaginal flora [48,49]. While Moench et al. demonstrated that GML increased
susceptibility to HSV-2 infection in mice, they acknowledged that the vaginal epithelium of
medroxyprogesterone acetate treated mice is quite different from that of humans and nonhuman
primates [50]. Depoprovera-treated murine vaginal lining is similar to endocervical columnar
epithelium, which is much thinner and less robust than the non-keratinized stratified squamous
epithelium of the ectocervix or vaginal wall in humans and non-human primates. Since HSV-2
infection may occur through the vulva, the vagina, or the cervix, the mouse model developed by
Moench et al. may be too sensitive to draw conclusions about how GML may affect HSV-2
acquisition in humans or nonhuman primates. Despite the surfactant nature of GML, the
compound has been shown to have several protective qualities, including the ability to
neutralize the toxic effects of pathogenic gram-positive bacteria [25,51]. Recently, Li et al.
provided preliminary evidence that GML is not only safe for chronic use in rhesus macaques,
but actually prevents SIV mucosal transmission with repeated high dose challenge [26].

In addition to the chemical inhibition provided by GML, we also demonstrated that blank
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fibers block sperm migration in a transwell assay (Figure 3-5, Supporting Table 2). Since the
electrospun fibers used as a physical barrier were five times as thick as the tissue culture
inserts, the tissue culture inserts cannot serve as a control to discern why the fiber meshes
formed a functional barrier against sperm transport. Nevertheless, they do still provide a control
to demonstrate that the sperm were motile and capable of traversing a membrane with 3 pm
diameter pores. Relying upon a porous mesh to block sperm penetration differs from current
barrier approaches, which rely on nonporous materials to block sperm entry into the cervix [52—
54]. Our results showed that a porous, tortuous mesh fabricated by electrospinning could
efficiently block sperm entry. This suggests that, if fabricated in the appropriate geometry and
given the appropriate mechanical strength, electrospun fibers may serve as an effective barrier
contraceptive. While the materials we presented are not yet suitable to be turned into a final
barrier device, analysis of their mechanical properties does shed some light on potential product
configurations. In particular, the Young’s moduli of electrospun materials made from 70:30
PLLA/PEO fibers with 1% (wt/wt) MVC were around 50-100 MPa, and electrospun meshes
withstood at least 50% extensional strain before failure (Fig. S12). For comparison, latex rubber
condoms have a Young’s modulus of approximately 2 MPa and can withstand inflation to
volumes greater than 20 L [55]. Dapivirine films have a tensile modulus of 5.4 to 7.8 MPa [13].
Based on the mechanical properties of these electrospun materials, it is unlikely that they would
be effective as a condom-like device, but they may be suitable as devices similar to vaginal

sponges or diaphragms.

3.6 CONCLUSION

We have presented a versatile platform for topical drug delivery to the lower female
reproductive tract. The electrospun fiber meshes were fabricated in geometries suitable for
intravaginal drug delivery, and we showed that our fibers incorporate agents with differing
aqueous solubility and mechanisms of action against HIV-1, HSV-2, or sperm. Layering or co-
electrospinning drug-loaded fibers may create composite materials that are multifunctional by
virtue of simultaneous delivery of multiple agents with different mechanisms of action. In
particular, fibers incorporating inhibitors of viral reverse transcriptase and CCR5 binding
prevented HIV infection in vitro. We also screened non-hormonal chemical contraceptive
alternatives to N-9 and identified a novel function of GML to inhibit sperm motility and reduce
sperm viability. In addition to chemically inhibiting sperm function, fibers also physically inhibit

sperm penetration by creating a tortuous path that sperm cannot navigate. This system is
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expected to provide enhanced coverage of the mucosal tissue and vaginal rugae by covering
both the vaginal wall and the cervix, supported by the extent of coverage demonstrated when
fiber meshes were applied to mice. We envision that the fiber meshes could be inserted simply
with a tampon applicator, rendering it discreet, female-controlled, and wholly reversible. Further
research will be conducted to investigate the mechanical properties of the fibers and explore
other methods to modulate drug release. The functional combination offered by our drug-eluting
fibers cannot be accomplished with any single technology currently in the development pipeline.
To our knowledge, this research represents the first application of electrospinning to vaginal
drug delivery. We envision other applications for drug-eluting fibers along with prevention
technology, including mucosal vaccine delivery, STI treatment, rectal microbicides, and other

reproductive health applications.
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41 ABSTRACT

Electrospun fibers containing antiretroviral drugs have recently been investigated as a new
dosage form for topical microbicides against HIV-1. However, little work has been done to
evaluate the scalability of the fiber platform for pharmaceutical production of medical fabrics.
Scalability and cost-effectiveness are essential criteria in developing fibers as a practical
platform for use as a microbicide and for translation to clinical use. To address this critical gap in
the development of fiber-based vaginal dosage forms, we assessed the scale-up potential of
drug-eluting fibers delivering tenofovir (TFV), a nucleotide reverse transcriptase inhibitor and
lead compound for topical HIV-1 chemoprophylaxis. Here we describe the process of free-
surface electrospinning to scale up production of TFV fibers, and evaluate key attributes of the
finished products such as fiber morphology, drug crystallinity, and drug loading and release
kinetics. Poly(vinyl alcohol) (PVA) containing up to 60 wt% TFV was successfully electrospun
into fibers using a nozzle-free manufacturing-scale electrospinning instrument. Actual TFV
loading in fibers increased with increasing weight percent TFV in solution, and encapsulation
efficiency was improved by maintaining TFV solubility and preventing drug sedimentation during
batch processing. These results define important solution and processing parameters for scale-
up production of TFV drug-eluting fibers by wire electrospinning, which may have significant

implications for pharmaceutical manufacturing of fiber-based medical fabrics for clinical use.

4.2 INTRODUCTION

Women under the age of 24 years have three- to six-fold higher rates of HIV-1 infection than
men in the same age category in some parts of sub-Saharan Africa’?. Given the lack of an
effective HIV-1 vaccine and no available options for effective female-initiated prevention, there
is a need for a microbicide against HIV-1 that women can use discreetly to protect themselves
from infection. Products such as vaginal rings, films, and gels are being investigated as potential
dosage forms for the delivery of antiretroviral agents for the prevention of HIV-1. Pericoital
dosage forms are preferred by some women, but challenges such as inadequate retention, low

drug loading, and the lack of sustained release capabilities have limited their effectiveness. For

100



example, challenges associated with low user adherence to daily gel use in some populations
have been cited as a concern in the recent VOICE clinical trial®. Vaginal films are an alternative
pericoital dosage form to gels and can be advantageous because of their compact size, ease of
insertion without an applicator, and limited leakage or messiness*®. However, some vaginal
films exhibit relatively long dissolution times®, and the small dosing volume combined with the

low drug loadings of <~1%""*

may limit the effectiveness of vaginal films unless used with
exceptionally potent drugs. As such, more options are needed for female-initiated protection
against HIV-1 that are culturally acceptable, shelf-stable, effective, and inexpensive.

Electrospun fibers are a solid dosage form with versatility in terms of the diversity of
polymers and antiviral agents that can be formulated, and they have recently been explored as
a platform for vaginal drug delivery'®'". Fibers can be formed into multiple geometries (sheets,
tubes, coatings), and conceptual dosage forms have been identified for vaginal application of
fibers that are similar to vaginal films or cervical barrier devices '>. One criteria of an ideal
microbicide platform is its ability to be scaled up inexpensively, which is of particular importance
for low resource settings where HIV-1 is most prevalent. Methods for scaling up the
electrospinning process have already been developed and are currently being used to produce
products for filtration and purification'. On the laboratory scale, small volumes of polymer
solution are typically electrospun using a single needle electrode, syringe pump, voltage
generator, and metal collector (Figure 4-1). Formats used for electrospinning scale-up include
multi-nozzle, centrifuge-based, and free surface, and they have been reported to increase
productivity from 0.1-1 g/h (single needle electrode) to up to 6.5 kg/h (multi-nozzle)'*"*. The two
lead technologies for the scale-up of electrospinning are multi-nozzle and free-surface
electrospinning. Multi-nozzle systems contain between 2-100,000 nozzles in various
configurations that can electrospin simultaneously®. While these systems have produced the
highest reported production yield to date (6.5 kg/h), drawbacks of multi-nozzle systems include
electric field shieling between nozzles and nozzle clogging'’. Free surface electrospinning
allows for self-optimization of the distance between liquid jets, with jets emerging spontaneously
out of a charged polymer liquid surface. While free-surface electrospinning systems currently
available have lower production rates (0.5 kg/h)'®, the ability to electrospin at higher voltages
allows for the realization of a wider material space for fiber production™®.

In this work, we aimed to directly compare physical properties of drug-loaded fibers
produced using needle-based electrospinning versus free-surface electrospinning. The NS-
1WS500U (Elmarco, Inc.) is the only commercially available production-scale electrospinning

instrument that uses similar technology to existing manufacturing instruments for free-surface
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electrospinning, which is important for process transferability. The instrument employs free
surface electrospinning, in which a high voltage is applied across either a wire or a rotating
metal drum electrode. For the wire electrode used in this work, a moving carriage deposits
polymer solution onto the wire. The polymer coating undergoes a Plateau-Rayleigh instability,
resulting in the formation of many charged droplets on the wire'*. Numerous electrospinning jets
emerge simultaneously from these droplets, producing a large sheet of fibers collected on a
negatively charged parallel electrode. Such a system can process much larger volumes of
solution than single needle electrode systems and has been reported to produce ~200 g of
fibers/h, with potential for even greater productivity by combining multiple units in series™.

Evaluating the scale-up potential is the first step in evaluating cost-effectiveness of the fiber
platform, and essential to determining its practicality as a microbicide platform and translation to
clinical use. The electrospinning industry in the US has been fueled by demand for electrospun

products for applications including air and water filtration, construction, and energy16, with the
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Figure 4-1. Electrospinning instrumentation for needle and wire electrode instruments. Schematic
(A) and photograph (C) of laboratory scale electrospinning in which a single fiber jet is electrospun from a
needle/syringe pump. Schematic (B) and photograph (D) of scale-up free surface electrospinning, where
numerous fiber jets are spontaneously produced from charged polymer droplets deposited on a wire
electrode. A magnified inset view of the lower wire electrode is shown in (D).
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market demand for fiber products expected to reach $2.2 billion USD by 2020'. At least 11
corporations offer equipment for the large-scale manufacturing of electrospun nanofibers'®, and
over 18 companies supply electrospun fiber products’. Given the existing current market for
electrospun fibers for various applications, there is great potential for realizing inexpensive
manufacturing of drug-loaded fibers such as those proposed in this work. Assuming a fiber dose
similar to that of a vaginal film of ~300-400 mg, around 10-20 million doses/year could be
produced that would be estimated to cost $0.003-0.60 USD per dose, not including APIs'®.
These estimated production rates and costs would be expected to be feasible for conducting
microbicide clinical trials. However, it will be important to consider many additional factors that
may affect this estimated productivity, including addition of APIs, excipients, and capital
investments required to begin production.

In this report, we hypothesize that electrospun PVA fibers may be a good candidate for a
quick-dissolving pericoital microbicide. The amorphous domains of partially hydrolyzed PVA
allow for swelling and dissolution in water, and the large surface area of electrospun fibers may
further promote fast dissolution and drug release. PVA has documented biocompatibility, being
one of the primary components of the commercially available Vaginal Contraceptive Film
(Apothecus). Tenofovir (TFV), a nucleotide reverse transcriptase inhibitor, has been widely
investigated for HIV-1 prevention. CAPRISA 004 was the first clinical trial in which a microbicide
was shown to protect against HIV-1 acquisition, with a 39% overall reduction in HIV acquisition
for women in the 1% TFV vaginal gel arm, and 54% reduction for women with high gel
adherence'. TFV has also been shown to be effective when administered orally for pre-

=22 Given its

exposure prophylaxis in three clinical trials (iPrEx, Partners PrP, TDF2)2
extensive use in antiretroviral-based prevention methods, we have selected TFV to load into
PVA fibers.

Here we present our work evaluating PVA fibers as a platform for vaginal drug delivery and
their potential to be scaled up for mass production. We directly compare fiber morphology, drug
loading, release kinetics, and crystallinity of TFV-loaded fiber meshes electrospun using a
laboratory scale needle instrument or a manufacturing scale wire instrument. Using only water
as a solvent, we encapsulated up to 60 wt% TFV (wt drug/wt fiber) into electrospun fibers
without compromising fiber integrity or productivity on both needle and wire instruments.
Additionally, we show the ability to electrospin solid dispersions of TFV. Surprisingly, we found
that electrospun fibers containing solid dispersions of drug, even when highly crystalline, may
not in fact alter release kinetics under sink conditions compared to electrospun fibers containing

fully solubilized drug. Where limited solubility has previously precluded the use of some
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extremely hydrophobic drugs as microbicides, these results suggest that high crystallinity may
not significantly impact release kinetics for electrospun fibers containing TFV. This is the first
report to our knowledge of TFV fiber scale-up on a free-surface production scale electrospinning

unit with direct transferability to the manufacturing scale.

41 MATERIALS AND METHODS
4.2.1 Solution preparation and characterization

PVA solutions were prepared by heating a proprietary blend of PVA in water (previously
optimized for electrospinning on the NS-1WS500U) at 80°C until the polymer was completely
dissolved. TFV (a gift from CONRAD) was added to polymer solutions at 0, 5, 10, 20, 40, 60,
and 80 wt% TFV theoretical drug loading (defined as mass drug/mass fiber). Drug precipitate
was observed in all pH-unadjusted (pH 3) TFV solutions. Given that TFV has a pKa of 4.1%, we
hypothesized that by increasing the pH, we could increase drug solubility in the polymer
solutions. The pH of each of the TFV-containing solutions was adjusted from pH ~3.3 to a final
pH of 7.0 using 10 M sodium hydroxide. A bench top conductivity meter (Thermo Scientific
Orion Star A212), pH meter (Thermo Scientific Orion Star A111), and surface tensiometer
(Kibron AquaPi ) were used to measure solution parameters in duplicate for both pH 3 and pH 7
solutions. Solution viscosity was measured using an ARG2 rheometer (TA Instruments) fitted
with cone and plate geometry (1°58°48” cone angle, 40 mm diameter). A frequency sweep test
was performed with a constant strain of 0.04 and ramping up angular frequency from 1-628.3

rad/s at 10 points/decade.

4.2.2 Electrospinning parameter optimization

We established electrospinning parameters for PVA solutions containing 0, 5, 10, 20, 40,
and 60 wt% TFV. For small-scale electrospinning, we used a needle instrument apparatus in
our lab consisting of a 30 kV voltage generator (Gamma High Voltage Research, Inc.), syringe
pump (KD Scientific, Inc.), and flat metal block as a grounded collector. Parameters that were
varied included flow rate (10-100 yL/min), voltage (15-20 kV), and distance to collector (9-21
cm). Observations of the formation of fiber meshes on the collector, the presence of a Taylor
cone, and dripping solution were recorded for each set of parameters. One fiber mesh from 500
pL of polymer solution was electrospun for each pH 3 and pH 7 solution using the optimal
electrospinning parameters (i.e., the fastest flow rate possible for which no dripping was
observed). Because of our interest in comparing the properties of fibers electrospun using a

large-scale instrument and with our small-scale laboratory system, we also electrospun these
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solutions into nanofiber meshes using a Nanospider™ (NS) 1WS500U large-scale production
instrument (Elmarco, Inc., Czech Republic). NS-1WS500U (wire instrument) parameters were
optimized by increasing the voltage until fiber strands were visible. Orifice size, carriage speed,
and distance to collector were also adjusted to result in fiber production. We scaled up our
production by electrospinning fiber meshes from ~20 mL of solution for each of the TFV
solutions. The 10 wt% and 60 wt% TFV meshes were chosen to move forward with for fiber

mesh characterizations to represent low and high drug loading.

4.2.3 Physical characterization of fiber mesh

Fiber diameter and morphology for each mesh was characterized using scanning electron
microscopy (SEM). Meshes were sputtered with gold/palladium for 70 s and imaged with SEM
(JSM-7000F, JEOL Ltd.) with 5,000x magnification, 5-10 kV, and 10 mm working distance. Fiber
size was determined using ImagedJ (NIH) by measuring fibers that intersected a diagonal line
drawn across each 5,000x micrograph, with n=45 fibers measured for each sample. Mass
productivity was characterized by massing the amount of fibers recovered for a given volume
(500 pL for small scale) or run time (30 min for large scale). Mesh thickness was measured

using calipers, with n=3 measurements in random locations on the fiber mesh.

4.2.4 Drug loading and release

We evaluated actual drug loading and encapsulation efficiency by dissolving ~5-6 mg pieces
of electrospun mesh in 20-40 mL citrate buffer (25 mM, pH 4.3) or phosphate buffered saline
(PBS, pH 7.4). These conditions were chosen to simulate normal vaginal pH (~4-6) and the pH
of semen (~7-8). Drug loading was calculated as mass of drug / total mass of fiber.
Encapsulation efficiency was calculated as the actual amount of drug loaded in fibers /
theoretical amount of drug in fiber, accounting for the mass of sodium hydroxide used to pH-
adjust solutions. Drug content was measured for triplicate mesh samples using high
performance liquid chromatography (HPLC). Release kinetics were monitored at two pH values
relevant to vaginal drug delivery. Citrate buffer (25 mM, pH 4.3) or PBS (150 mM, pH 7.4) were
added to fiber samples to establish sink conditions (i.e., sufficient volume to be below the
solubility limit of TFV), and 200 yL samples were taken at 5 min, 1h, 4h, and 24h. Drug content
in release media was evaluated using HPLC methods. A Shimadzu Prominence LC20AD HPLC
system and LC Solutions software was used to quantify TFV content. A Luna C18 column with 5
pm particle size and 250x4.6 mm dimensions (Phenomenex, Torrance, CA) was used for
analysis, run isocratically at a flow rate of 1.0 mL/min. The mobile phase consisted of a mixture
of 0.045% trifluoroacetic acid (TFA) in HPLC grade water and 0.036% TFA in HPLC grade
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acetonitrile at a 72:28 ratio (v/v). TFV was detected at 259 nm with a retention time of 2.3 min.
Standard solutions of TFV were prepared at 200 pg/mL in citrate buffer (25 mM, pH 4.3) or PBS
and diluted to generate the calibration curves. Analysis methods were validated with standard
solutions and spiked samples to ensure no interference from blank polymer fibers. Linearity was
established from 1 pg/mL to 200 pg/mL in citrate buffer using a 20 pL injection volume. A
separate standard curve was created for TFV in PBS for release studies conducted in PBS, with

linearity from 0.5 pg/mL to 200 pg/mL.

4.2.5 Dissolution

We performed dissolution studies in sink conditions in parallel with release studies in both
PBS and citrate buffer. Dissolution was monitored visually at 5 min, 1 h, 4 h, 8 h, and 24 h by
rating using a qualitative scale from 0-4, with 0 being fibers completely undissolved and 4 being
fibers fully dissolved. Ratings were assigned as follows: 0 = fiber mesh intact; 1= fibers wet out;
2= fiber mesh broken into large pieces; 3= fiber mesh broken into small pieces (less than a

pinhead in size); 4= fiber mesh fully dissolved (no mesh visible by eye).

4.2.6 Differential scanning calorimetry

The amount of TFV in crystalline versus amorphous state was measured using differential
scanning calorimetry (DSC). Samples were prepared by massing 6-7 mg of fibers and firmly
packing fibers together before placing in aluminum pans. Pans were punctured with a needle to
allow volatiles to escape prior to measurements. Temperature was ramped from 25-350°C at
10°C/min with 0.20 s/pt sampling interval under 50 mL/min nitrogen gas purge using a Q20
Differential Scanning Calorimeter (TA Instruments). TA Universal Analysis software (TA
Instruments) was used to analyze data. Melting endotherms were integrated using sigmoidal
tangential integration. The heat of fusion for TFV was determined by integrating the endothermic
peak corresponding to the melting temperature of TFV at 283°C. Relative drug crystallinity was
calculated as the heat of fusion of TFV in fibers (AHs) relative to the heat of fusion of TFV
powder (AH:), corrected for mass fraction of TFV in the sample (wgrg) determined from actual

drug loading measurements (Equation 1).

Relative drug crystallinity = L{, x 100 Equation 1
g cry y WarugBHY

Normalized polymer crystallinity was calculated using Equation 2, with AHr being the area of the
melting endotherm for PVA at 193°C, AH as the heat of fusion for 100% crystalline PVA

(AH{© = 138.6 J/g)**, and Wyoymer being the mass fraction of polymer in the sample.

Normalized polymer crystallinity = L{, x 100 Equation 2
poty Y Y Wpolymer*AHf

106



4.2.7 X-ray Diffraction

Diffractograms for ground TFV powder, blank PVA fibers, and 60 wt% TFV fibers (pH 3 and
pH 7) were obtained using a Bruker F8 Focus Powder X-ray Diffractometer. Nickel-filtered CuKa
radiation was used in the 26 range of 5-32° at 40 kV and 40 mA. SEM, DSC, and XRD were
performed at the Materials Science and Engineering Department at the University of

Washington.

4.2.8 Stability Studies

Drug release kinetics, drug and polymer crystallinity, and fiber morphology of four fiber
formulations stored under varying temperature and humidity conditions were compared.
Samples of fibers spun on the wire electrode instrument were stored under laboratory conditions
for 12 months and compared to samples placed in an accelerated temperature/humidity
chamber for an additional 30 days. Laboratory conditions refer to samples that were stored
under vacuum desiccation for 6 months, heat-sealed in a plastic bag, and stored for an
additional 7 months at room temperature and humidity. Accelerated conditions refer to samples
stored under laboratory conditions for 12 months and then stored under high heat (40°C) and
relative humidity (75% R.H.) for 30 days. We used a custom-built humidity chamber that
consisted of a closed box containing a vial with saturated sodium chloride solution to establish
75% R.H. %, and placed the chamber in an incubator to maintain 40°C. Release studies were
performed in 25 mM citrate buffer as previously described. Fiber morphology and drug/polymer
crystallinity were characterized using SEM and DSC, respectively, as previously described.
SEM for stability studies was performed using a Sirion SEM (FEI) at the Molecular and
Nanotechnology User Facility at the University of Washington, a member of the NSF National

Nanotechnology Infrastructure Network (NNIN).

4.2.9 Statistics

Data are displayed as mean * standard deviation unless otherwise indicated. Student’s t-
tests (two-tailed with unequal variance) were performed to assess differences between
encapsulation efficiency between the needle wire instruments, with statistical significance

defined as p<0.05. Supplementary information (figures and tables) is located in Appendix C.

107



4.3 RESULTS AND DISCUSSION

4.3.1 Electrospinning parameter optimization

Using both a custom-built, small-scale laboratory system (needle electrode) and a
commercial production electrospinning instrument (wire electrode), we successfully fabricated
PVA fibers containing up to 60 wt% TFV. All electrospinning solutions were transferrable
between the needle and wire instruments, and did not require changes to any solution
properties such as conductivity, viscosity, surface tension, or pH to fabricate fibers from either
platform (Table 4-1). PVA solutions containing TFV had measured pH values of 3.3-5.3,
conductivity of 0.075-0.201 mS/cm, surface tension of 62.5-67.0 mN/m, and viscosity of 0.45-
2.52 Pa*s. Viscosity increased by approximately 5-fold for the 60 wt% TFV (pH 3) solution
relative to the other solutions, and was likely due to large amount of undissolved drug present in
the solution at acidic pH. While it has previously been established that viscosity increases with
the volume fraction of solids in solution®, this change in viscosity was still within the range of

values for productive electrospinning.

Table 4-1. Electrospinning solution properties for PVA solutions containing 0, 10, or 60 wt% TFV

Volume of Surface

Conductivit . Viscosit
PH NaOH added (mgjem) = 1ONSION  (prg)e
0% TFV, pH 5 5.31 £0.01 -- 0.075 £ 0.000 629+04 0.458 + 0.014
0% TFV,pH 7 6.95+ 0.00 0.004 0.111 £ 0.000 67.0+1.1 0.486 + 0.013
10% TFV, pH 3 3.33+£0.01 -- 0.201 £ 0.001 62.5+0.8 0.454 + 0.006
10% TFV, pH 7 6.89 + 0.02 0.200 2.230 £ 0.006 63.4+0.3 0.701 £ 0.360
60% TFV, pH 3 3.32+0.01 -- 0.175 £ 0.002 67.0+5.0 2515 + 0.226
60% TFV, pH 7 6.94 + 0.01 2.940 14.94 + 0.099 62.3+0.1 0.457 + 0.008

@Values represent average of duplicate measurements + standard deviation.
®Volume of NaOH refers to amount of 10 M NaOH necessary to adjust ~40 mL batch of polymer solution to pH ~7.
“Viscosity is reported at an angular frequency of 10 rad/s.

Increasing the solution pH above the pKa of TFV enhanced drug solubility and resulted in
homogenous rather than colloidal solid suspensions. However, both types of solutions showed
similar surface tension and viscosity. As expected, addition of sodium hydroxide to increase pH
resulted in higher solution conductivity (Table 4-1). For example, TFV solutions of 10 wt% and
60 wt% adjusted to pH 7 resulted in a 11-fold and 85-fold increase in solution conductivity
compared to similar solutions at pH 3. The homogenous and colloidal solid suspensions were
equally electrospinnable from the nozzle and wire electrodes, which allowed us to investigate
the impact from electrospinning solid dispersions on the finished fibers (discussed below).

Optimized parameters for electrospinning TFV-loaded PVA fibers on both the needle and

wire instruments are given in Supplementary Table 1. Because the needle and wire
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electrospinning systems use different electrospinning processes, it is difficult to directly correlate
parameters used for each system. In the needle system, the polymer solution is mechanically
forced through a needle by a syringe pump at a controlled flow rate and deposited onto a
grounded metal surface. In contrast, a moving carriage is used in the free-surface system to
deposit droplets of polymer solution onto a wire electrode, and fibers are pulled upward toward
a parallel negatively charged wire electrode.

While this needle system produces fibers from only one Taylor cone, hundreds of Taylor
cones can be simultaneously produced using the wire electrode system™. As expected, mass
productivity greatly increased for fibers electrospun on the wire compared with the needle
instrument, with 2.9-7.6 g/h produced using the wire electrode (for a single wire with length of 25
cm), and 0.04-0.14 g/h for a single needle electrode. We also observed increasing productivity
with increasing drug loading, particularly for the needle instrument. This trend is likely due to the
increased mass of drug in solution for electrospinning, which is not accounted for in the mass

productivity calculation.

4.3.2 Physical properties of fibers electrospun using needle versus wire instruments

We observed that the needle and wire electrodes produced materials with similar mesh and
fiber properties (Table 4-2). Fiber mesh thickness was approximately 50-220 um and fiber
diameter was approximately 200-300 nm. Fiber diameter decreased with increasing drug
loading for both the needle and wire instruments, except for formulations used to fabricate 60
wt% TFV (pH 7) fibers. The wire instrument also produced fibers with slightly smaller diameters
compared with the needle instrument. We attribute these differences to greater solution

conductivity with increasing drug loading, and greater overall electric field strength for the wire

Table 4-2. Physical properties of electrospun meshes on needle v. wire instruments

Fiber Diameter® (nm) Thickness® (mm) Mass Productivity® (g/h)
Needle Wire Needle Wire Needle Wire

0% TFV, pH 5 301+ 84 265 + 68 0.07+0.01 0.08+0.01 0.043 5.54

0% TFV,pH7 296 + 87 243 £ 69 0.09+0.00 0.12+0.01 0.058 6.94

10% TFV, pH 3 205+ 34 176 £ 55 0.14+£0.01 0.10£0.01 0.067 5.56

10% TFV,pH 7 188 + 44 155 + 59 0.17+£0.02 0.05+0.02 0.060 2.89

60% TFV, pH 3 184 + 44 141 £ 65 0.22+0.01 0.18+£0.01 0.135 7.64

60% TFV, pH 7 320+ 70 242 + 81 0.11+0.03 0.05+0.01 0.093 5.53

“Fiber diameter represents average * standard deviation (n=45 fibers).

®Thickness values represent average of triplicate measurements + standard deviation.

“Mass productivity is defined as mass of final mesh divided by time to electrospin for 500 uL volume (needle) or 30
min run time (wire), with n=1. Wire length=25 cm; Wire diameter=0.2 mm.
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compared to needle electrode (5.4x10° V/m and 1.6-2.2x10° V/m, respectively).

The fiber meshes were generally white in color, soft, and flexible, with the exception of
meshes of the 60 wt% TFV (pH 7) fibers, which displayed variable delamination and brittleness
after storage on vacuum. That is, we observed that these fiber meshes contained separate
layers that peeled apart or became stiff upon storage. Meshes with a similarly high TFV loading
but fabricated without sodium hydroxide did not exhibit delamination or brittleness. Therefore,
we expect that these physical properties are not due to high drug content but are a result of
base catalyzed hydrolysis of the acetyl groups on the PVA polymer, which result in hydroxyls
that can participate in interchain hydrogen bonding. Further studies are needed to quantify the
actual mechanical changes in fibers resulting from pH adjustment and storage conditions.

Electrospinning solid dispersions of TFV resulted in fibers with visible solid deposits that we
attribute to TFV drug crystals. SEM images of fibers electrospun on the needle and wire
instrument show that the finished fibers have a generally smooth and cylindrical morphology
(Figure 4-2). Of particular note, the 60 wt% TFV formulations that were pH-adjusted with base
(pH 7) produced fibers with fused morphology and diameters that were 100-130 nm larger than

pH 7

Percent TFV Needle
(%wt)

Needle

10

60

Figure 4-2. Fiber morphology is consistent between needle and wire electrospinning for fibers
containing up to 60 wt% TFV. SEM images of PVA fibers containing 0, 10, or 60 wt% TFV from needle
instrument (laboratory scale) and wire instrument (manufacturing scale). Images of both unadjusted (pH
3) and pH 7 fibers are displayed. Scale bar = 1 ym.
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fibers formulated from pH-unadjusted solutions (pH 3). This observation was similar on both the
needle wire instruments. The larger diameter may be caused by sodium hydroxide used to
adjust pH mediating increased inter- and intra-chain hydrogen bonding, resulting in decreased
chain flexibility during electrospinning. Taken together, these results indicate that physical
properties of TFV fabrics based on PVA are consistent between fibers electrospun using
laboratory scale needle-based electrospinning and manufacturing scale wire electrode

electrospinning.

4.3.3 Drug loading is consistent between needle and wire electrospinning

Encapsulation efficiency, drug loading, and drug crystallinity were compared between
meshes with 10 wt% and 60 wt% TFV drug loading to understand the influence of drug content
on the electrospinning process and resulting materials. We found that actual drug loading and
encapsulation efficiency of TFV was comparable between needle and wire electrospinning.
Actual TFV loading was found to increase with increasing TFV content in solution (Table 4-3).
As expected, encapsulation efficiency was improved from ~75-80% to nearly 100% when
solution pH was adjusted to maintain TFV solubility compared with electrospinning solid
dispersions of TFV (Figure 4-3). The only significant difference observed between actual drug
loading and encapsulation efficiency values for needle versus wire electrospinning was for the
60 wt% TFV (pH 3) fibers, in which the fibers produced with the wire instrument had a ~10%
decrease in absolute actual drug loading compared with the fibers produced with the needle
instrument. We attribute this difference to the settling of drug precipitate in the carriage tube
during electrospinning with the wire instrument, leading to a lower actual drug encapsulation.
This problem may be overcome by more uniformly micronizing the drug prior to electrospinning

or by actively mixing the polymer solution in the reservoir during electrospinning.

Table 4-3. Actual drug loading and crystallinity of fibers electrospun from needle or wire
electrodes.

Actual Drug Loading® (wt%) Relative drug crystallinity” (%)

Needle Wire Needle Wire
0% TFV,pH 5 0 0 nd nd
0% TFV,pH 7 0 0 nd nd
10% TFV, pH 3 7.5 7.3 nd nd
10% TFV, pH 7 9.4 9.4 nd nd
60% TFV, pH 3 59.2 49.7 96.1 96.3
60% TFV,pH 7 524 51.9 nd 2.0

Actual drug loading represents average measured by dissolving meshes in citrate buffer (n=3).

*Relative drug crystallinity was calculated from differential scanning calorimetry (DSC) thermograms and
is reported as percentage of crystalline TFV in fibers relative to the heat of fusion of TFV drug in powder
form, correcting for mass fraction of drug in sample. Nd=not detected.
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Interestingly, fibers were able to incorporate a remarkably high drug loading of up to 60% of

TFV by mass. We also attempted to electrospin a PVA solution containing 80% TFV (pH

adjusted to 7) on the wire instrument, but no fiber formation was observed. Therefore, we

expect the upper limit of drug loading to be between 60-80 wt% TFV in this fiber formulation

using the wire instrument. Antiretroviral-containing vaginal films in development have been

reported to have drug loadings of 0.04 - 1.4% (w/w)"~°. Thus, the nanofiber platform appears to

offer potential for much higher drug loadings than can be obtained with published film

formulations.

(A)

() 10% 60% 0% 10% 60%
Unadjusted (pH ~3) pH adjusted (pH ~7)

(B)
1001 EE Needle

E=R wire

Encaps. Efficiency (%)
o]
<

TFVloading (Wt%) 10%  10%  60%  60%
pH 3 7 3 7

Figure 4-3. Electrospinning solid suspensions of TFV
results in reduced encapsulation efficiency. (A) The solubility
of TFV in polymer solutions is visibly improved by using sodium
hydroxide to raise solution pH. (B) The increased solubility of
TFV in solution translates to an increased encapsulation
efficiency of TFV in PVA nanofibers, measured by analyzing
drug content in dissolved fibers with HPLC.

Achieving high drug loading is
advantageous in that it allows for
drugs with a wider range of
potency to be delivered in addition
to minimizing the mass of final
product that must be administered.
For example, to deliver a 40 mg
dose of TFV that is consistent with
what was used in the CAPRISA
004 trial'®, a fiber mesh ranging
from 67-400 mg would need to be
administered for 60 wt% and 10
wt% loaded fibers, respectively.
While vaginal films in development
have been dosed at comparable

7,9,27, to

masses of 90-400 mg
achieve an equivalent dose of 40
mg of TFV at the currently
published drug loading of ~1.4%
(w/w) would necessitate a vaginal

film mass of ~3,000 mg.
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4.3.4 Drug and polymer crystallinity

Relative drug crystallinity was found to be similar for fibers electrospun from the wire
compared to the needle electrode (Figure 4-4, Table 4-3). The DSC thermograph we obtained
for TFV is consistent with previously observed results®® that shows a broad peak near 100°C
indicative of release of water from monohydrate form of TFV, recrystallization of drug at 210°C,
melting at approximately 280°C, and exothermic degradation above 300°C. For 60 wt% TFV
fibers (pH 3) electrospun using both the needle and wire electrode, a large melting endotherm
was observed near 290°C that correlates to a 96% relative drug crystallinity. In contrast, for 60
wt% TFV fibers (pH 7), this peak was absent and indicated that only a small amount of loaded
TFV (0-2%) is in the crystalline form relative to TFV drug powder. A small second peak was
observed near ~270°C for this sample only that we attribute to an alternate drug crystal packing
conformation. The high relative drug crystallinity in 60 wt% TFV (pH 3) samples is expected
because of the presence of solid dispersions of TFV drug in pH-unadjusted (pH 3) solutions and
resulting fibers, as confirmed by SEM micrographs. Upon increasing the solution pH to 7, TFV
was completely solubilized and resulted in homogenous electrospinning solutions. No peaks
were detected for 10% TFV solutions (either pH 3 or pH 7). Results from DSC were consistent
with XRD data on the same samples, indicating that a greater amount of crystalline TFV is
present in 60 wt% TFV fibers that contain solid dispersions (pH 3) compared to 60 wt% TFV
fibers (pH 7) (Supplementary Fig. 1).

The melting temperature of the PVA polymer was found to be 193°C and is evident in all
fiber samples, except for 60 wt% TFV (pH 7) samples, which had no peaks near this
temperature. TFV-containing fiber samples resulted in a 4-8°C decrease in the polymer melting
temperature relative to pure PVA powder or blank PVA fibers, likely due to drug molecules
disrupting the hydrogen bonding between PVA chains (Supplementary Table 2). Similar
additive-induced melting temperature depression has been observed previously and attributed

2931 Blank PVA fibers and PVA powder had similar nominal

to disruption of the crystal structure
values of polymer crystallinity of approximately 29%. There was minimal change in polymer
crystallinity for 10% TFV fibers samples compared to blank PVA fibers. In contrast, normalized
polymer crystallinity was reduced to ~22% for fibers with 60 wt% TFV loading (pH 3). No Tm
peak was detected for PVA in the 60 wt% TFV (pH 7) samples. Since this peak was absent for
only the 60 wt% TFV (pH 7) fibers, we expect that the high volume of sodium hydroxide needed
to pH-adjust these solutions influenced the final polymer crystal structure and also affected the
bulk physical properties of these fibers. Overall, there is a trend for decreasing PVA crystallinity

with increasing TFV loading. In addition, these results suggest that both polymer and drug
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Figure 4-4. Increasing TFV solubility prior to electrospinning reduces the final crystalline drug
content in fiber meshes. Representative DSC thermograms of TFV-containing fibers and controls (TFV
drug standard and blank PVA fibers) are displayed here. While a large peak indicative of crystalline drug
is present for unadjusted 60 wt% TFV fibers, fibers made from pH-adjusted 60 wt% TFV solutions do not
have this peak. Vertical lines indicate the melting temperatures of PVA (193°C) and TFV (283°C)
standards.
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crystallinity in fibers is similar for needle and wire electrospinning systems, and that solid

dispersions of drug result in increased drug crystallinity in the final fibers.

4.3.5 Quick fiber dissolution and burst release of TFV from electrospun meshes

Burst release of >95% TFV from fibers was observed within 5 min for nearly all formulations
under sink conditions in both PBS (pH 7.4) and citrate buffer (pH 4.3) (Figure 4-5). Release
kinetics were consistent between the small scale needle instrument and large scale wire
instrument. While reduced drug crystallinity has previously been associated with faster

release®**

, we observed only a small impact of TFV crystallinity on the release rate. Burst
release occurred for all fiber formulations regardless of their crystallinity, with a slightly
prolonged release of about 85% of total contents within 5 min for needle-based 60 wt% TFV

fibers (pH 3). We hypothesize that the electrospinning process constrained the size of crystals
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Figure 4-5. Burst release of TFV within 5 min at pH 4.3 and 7.4 is similar for meshes electrospun
using both needle and wire instruments. Graphs display cumulative release of TFV in pH 4.3 citrate
buffer (A, C) or pH 7.4 PBS (B, D) for fibers spun on needle versus wire instruments. Release from fibers
incorporating solid dispersions of TFV (solution unadjusted at pH 3) are displayed in (A) and (B), and
release from fibers from solutions adjusted to pH 7 are shown in (C) and (D). The y axis shows delivered
dose TFV per 400 mg fiber mesh, with red lines indicating the recommended range for daily vaginal
application (40-80 mg). 100% release corresponds to ~40 mg delivered dose for 10% TFV fibers and
~240 mg delivered dose for 60 wt% TFV fibers.
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that were incorporated into final fiber meshes to a threshold below which differences in
crystalline state have an indistinguishable impact on release rate.

All TFV-containing fibers were qualitatively observed to dissolve completely within 1 h in
both PBS and citrate buffer, with most samples dissolving in 5 min or less (Supplementary
Table 3). Notably, drug-containing fibers dissolved more quickly than blank fibers in citrate
buffer (pH 4.3), possibly due to the more intact polymer crystalline structure present within blank
fibers. Because of the quick fiber dissolution and the hydrophilic nature of both PVA and TFV,
monophasic burst release was expected from these polymeric fibers. Such a release profile may
be beneficial for pericoital microbicides in which it is desirable to have having high
concentrations of drug that is immediately bioavailable (i.e., drug that is dissolved and able to be
taken up by cells, as opposed to locked in solid dispersions). These studies were performed
under sink conditions to better understand the material properties of the nanofiber delivery
system. Further release and dissolution studies evaluating drug release kinetics and fiber
dissolution in low volumes of fluid will be important to better understand translation of these

systems for intravaginal drug delivery.

4.3.6 Stability Studies

We found that the actual drug content did not change for fiber samples stored under both
laboratory and accelerated storage conditions (Supplementary Fig. 2). Additionally, the storage
conditions tested did not affect release kinetics for PVA fibers containing 10 and 60 wt% TFV for
both unadjusted and pH-adjusted fibers, with all fiber formulations releasing >95% of total drug
content within 1 h.

Storage conditions had little effect on polymer melting temperature, polymer crystallinity, or
TFV crystallinity for fiber samples stored under laboratory or accelerated conditions, except for
60 wt% TFV (pH 7) fibers (Figure 4-6). For this sample, we observed a large peak near ~160°C
for the 13 mo. room temp/humidity condition only, suggesting a change in polymer crystallinity.
Relative drug crystallinity for 60 wt% TFV (pH 7) fiber samples corresponding to the peak at
293°C remained at <2% of the total TFV content, despite differing storage conditions
(Supplementary Table 4). A second peak around ~270°C observed only for the 60 wt% TFV (pH
7) fiber samples increased in size upon long-term storage, corresponding to an increase in
relative drug crystallinity of 18% (freshly electrospun) to 35% (both laboratory and accelerated
conditions). The increase in crystallinity in this sample did not result in a change in drug release

kinetics, supporting our hypothesis that electrospun fibers may constrain crystal size below a
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threshold where changes in crystallinity do not significantly impact drug release.
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Figure 4-6. Drug and polymer crystallinity are minimally impacted by storage conditions. DSC
thermograms indicate minimal effect of storage condition on polymer or drug crystallinity, with the
exception of fibers containing 60 wt% TFV (pH 7). Conditions include original electrospun fibers (<1 month
storage at room temperature and humidity), fibers stored for 13 months under laboratory conditions (room

temperature and humidity), and samples stored for 12 months under laboratory conditions and an
additional 30 days at 40°C / 75% R.H.

Morphology of fiber meshes remained similar for fibers stored under laboratory conditions
compared with fibers stored at accelerated temperature and humidity (Supplementary Fig. 3).
Fiber diameter increased for both storage conditions compared with freshly electrospun
meshes, but this change did not impact drug release kinetics. We also observed an increase in
fusing of 60 wt% TFV (pH 7) meshes for both storage conditions compared to the freshly
electrospun mesh.

The minimal changes we observed in crystallinity, drug loading, release, and morphological
properties of TFV-PVA fiber meshes suggest that they are stable over 12 months under

laboratory conditions and for at least 30 days at high humidity and temperature. The accelerated
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condition of this study may be limited in that 75% R.H. may not have been maintained
throughout the entire period due to water absorption by the PVA fibers. Future studies will need

to accommodate water absorption by the fibers to maintain constant humidity.

44 CONCLUSION

In this work, we established parameters for electrospinning PVA solutions containing O-
60 wt% TFV into fibers. We successfully transferred materials used to electrospin TFV-PVA
fibers from a laboratory scale system to a production scale system, demonstrating that both
systems can be used to produce fibers with similar morphologies, drug loading, and release
kinetics. Additionally, we found that while solid dispersions of TFV can be successfully
electrospun into fibers at loadings of up to 60 wt% by mass, fibers containing fully solubilized
TFV had enhanced encapsulation into fibers and reduced drug crystallinity. Degree of
crystallinity was not found to impact release rate under sink conditions for these formulations.
However, high drug crystallinity affect biodistribution by reducing drug solubility, in addition to
influencing the mechanical properties and uniformity of fiber meshes.

Physical characterization of fiber meshes including mechanical testing of fibers, evaluating
the transition into “gel-like” material in low volumes of fluid, and post-dissolution studies to
assess osmolarity, pH, and rheology of hydrated fibers will be critical for moving a microbicide
formulation forward®. These characterizations have not been performed for these TFV-PVA
formulations, as the focus of this work was to evaluate the potential for scale-up of drug-loaded
fibers from a laboratory scale to a manufacturing scale. Future work will investigate properties
such as pH, osmolarity, and rheology of electrospun fibers post-dissolution in physiologically
relevant conditions.

Overall, given the comparability of needle and wire electrospinning instruments in terms of
fiber morphology, drug loading, encapsulation efficiency, and release kinetics, these results
support the potential for scale-up of TFV-loaded fibers. The transferability of electrospun fibers

to manufacturing scale justifies continued investigation of fibers for use as topical microbicides.
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5 Nanoparticle-releasing Nanofiber Composites for Enhanced In Vivo
Vaginal Retention

Emily Krogstad, Renuka Ramanathan, Christina Nhan, Anna Blakney, Shijie Cao, Jake Kraft, Rodney Ho,
and Kim A. Woodrow (Manuscript in preparation)

5.1 ABSTRACT

Current approaches for intravaginal administration of nanoparticles in vivo result in poor
retention and extensive loss of the administered dose. To overcome these challenges, we
developed a nanoparticle-releasing nanofiber composite designed specifically for intravaginal
delivery, and evaluated its ability to improve nanoparticle retention in a murine model. We
individually tailored two components of this drug delivery system for optimal interaction with
mucus, designing mucoadhesive fibers for better retention in the vaginal tract, and using
PEGylated nanoparticles that will diffuse quickly through mucus and deliver their payload into
tissue. We hypothesized that this novel dual-functioning (mucoadhesive/mucus—penetrating)
composite material would provide enhanced retention of nanoparticles in the vaginal mucosa
compared to existing approaches for intravaginal delivery. Fluorescent polymeric nanoparticles
were successfully electrospun into nanofiber composites from two different mucoadhesive
polymers, poly(vinyl alcohol) (PVA) or poly(vinylpyrrolidone) (PVP). Equivalent doses of
fluorescent nanoparticles were vaginally administered to mice in either 25 yL water (aqueous
suspension) or ~3 mg PVA or PVP fiber composites, and fluorescent content quantified in
cervicovaginal mucus, vaginal tissue, and uterine horns at 24h. This study was repeated to
assess long-term retention for PVA fiber composites out to 7d, as well as for etravirine-loaded
nanoparticle composites to investigate the pharmacokinetics of this system. We found that our
composite materials provided approximately 30-fold greater retention of nanoparticles in the
reproductive tract at 24 hours compared to an equivalent dose delivered in an aqueous
suspension. Remarkably, the long-term retention study demonstrated that after a single
administration of PVA fiber composites, a mean of 39% of the total nanoparticle dose was
recovered after three days with 6.2% detected in the vaginal tissue. Here we show that fiber
composites significantly increase retention of both nanoparticles and drug in the reproductive
tract of mice compared to aqueous suspensions, demonstrating the capabilities of this new
delivery platform to sustain nanoparticle retention out to at least three days after a single
administration. This is the first report to our knowledge of nanoparticle-releasing fibers for
vaginal drug delivery, as well as the first study of a single delivery system that combines two

components uniquely engineered for complementary interactions with mucus.
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5.2 INTRODUCTION

HIV-1 disproportionately impacts women in sub-Saharan Africa, with infection rates two to
seven times higher among young women and adolescent girls than in their male counterparts’?.
With few options available that women can use to protect themselves against infection, new
methods for prevention are urgently needed, including more effective topical microbicides.
Exciting developments have recently been made in engineering nanoparticles to overcome
physiological barriers for intravaginal administration. Nanoparticles have been designed to
rapidly diffuse through the cervicovaginal mucus barrier by PEGylating the nanoparticle surface
to impart a net neutral surface charge3'4. The variable pH of the vaginal environment has been
considered in the design of pH-responsive Eudragit nanoparticles® and hyaluronidase-
responsive nanoparticles® that can release drug in response to changes in pH or enzyme
concentration due to the presence of semen. Nanoparticles have also been demonstrated to
improve drug delivery to vaginal tissue in vivo relative to free drug in suspension. A 5-fold
increase in drug concentration in vaginal tissue was observed for nanoparticles relative to free
drug in suspension in mice’, and greater protection against HSV-2 has been documented in
vivo for nanoparticles even when administered at 10-fold lower concentration than free drug3.
These developments may have application in creating more effective products for the
prevention and treatment of STls, including microbicides for female-initiated HIV prevention.

Current methods for intravaginal administration of nanoparticles are limited by extensive
leakage of the administered dose and poor retention. In vivo studies to date have used aqueous
suspensions (water or PBS) to intravaginally administer nanoparticles in mice®**’®. Extensive
leakage has been documented in vivo for aqueous suspensions, with over 50-70% of the
administered nanoparticle (NP) dose leaking out within 30 minutes, and <1-2% of the total
nanoparticle dose retained at 24 hours”®. Such administration methods also often require the
need to maintain mice in an inverted position for 1-10 minutes to reduce leakage’®, and
practical translation of such methods to clinical use is unlikely. Gel-based dosage forms used
once-daily or pericoitally have also been associated with poor adherence in clinical trials®°.
External leakage and messiness from liquid or gel dosage forms have been cited as reasons for
poor adherence'’. Given the combination of extensive leakage observed with liquids in
preclinical studies and poor adherence with gels in clinical studies, new dosage forms are
needed for the intravaginal administration of nanoparticles that can increase dose retention in

the reproductive tract and provide a more practical method for administration.
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Nanofibers have previously been investigated as a platform for vaginal drug delivery'"°.

Proof-of-concept of the application of electrospun fibers to vaginal drug delivery has previously
been demonstrated, showing that fibers can deliver active antiretroviral drugs and contraceptive
agents with diverse properties'®'®. Further work has shown that electrospun nanofibers can
incorporate a remarkably high drug content, up to 60% by mass'®, and that fiber polymer ratios
and core-shell structure can be tuned to control drug release kinetics'”'®. Nanofibers offer many
other advantages for vaginal drug delivery, including flexibility in processing parameters
(polymer/solvent selection, controllable fiber diameter, thickness), nearly unlimited material
space for electrospinning, ability to encapsulate diverse agents, and multiple conceptual

14,20,21

geometries for practical administration Electrospun fibers containing antiretroviral

2022 or microparticles® have also been fabricated using free-surface electrospinning, a

drugs
technique often used for production scale instrument. Scalability is an important consideration in
evaluating new dosage forms for feasibility as vaginal drug delivery products, particularly for HIV
microbicides.

We hypothesized that because nanofibers are a solid dosage form and offer a high surface
area-to-volume ratio for quick dissolution, they would provide enhanced retention and quick
release of nanoparticles in the vaginal tract. Nanoparticle/nanofiber composites have previously
been investigated as a strategy for sustaining drug or protein release®* %', but have not yet been
studied for their capabilities to sustain nanoparticle release separately from drug or protein
release, nor investigated for vaginal drug delivery applications. In this work, we aim to study the
release and biodistribution of nanoparticles from composite fibers after intravaginal
administration. We also compare the pharmacokinetics of drug after delivery in nanoparticles
from nanofiber composites compared to aqueous suspensions.

We designed nanoparticle-releasing nanofiber composites for increased nanoparticle
retention in the reproductive tract, individually tailoring each component for optimal interaction
with mucus. For the fiber component, we selected two mucoadhesive polymers, poly(vinyl
alcohol) (PVA) and poly(vinyl pyrrolidone) (PVP), aimed to increase retention in the vaginal tract
through association with the mucosa. Both polymers are hydrophilic and expected to dissolve
quickly to release nanoparticles, but PVP is slightly more mucoadhesive than PVAZ3'
providing an interesting comparison to study how mucoadhesivity affects NP delivery. Building
on recent work published on mucus-penetrating particles®, we used a similar strategy to
synthesize PEGylated PLGA nanoparticles designed to rapidly penetrate cervicovaginal mucus

and deliver the drug payload to vaginal tissue.
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We directly compared the retention of fluorescent nanoparticles in the reproductive tract of
mice after intravaginal administration in either composite PVA or PVP fibers or aqueous
suspensions. The pharmacokinetics of the antiretroviral drug etravirine (ETR) was also
compared over seven days for ETR-loaded nanoparticles delivered from either composite fibers
or aqueous suspensions. ETR, a non-nucleoside reverse transcriptase inhibitor (NNRTI), was
selected for its high potency, excellent resistance profile, and good penetration into the
cervicovaginal compartment®*>*. Here we show that fiber composites dramatically enhance
both nanoparticle and drug retention in the reproductive tract relative to aqueous suspensions

and sustain nanoparticle release out to three days after a single administration.

5.3 MATERIALS AND METHODS

5.3.1 Ethics statement
Animal studies were approved by the Institutional Animal Care and Use Committee (IACUC)
at the University of Washington (Protocol # 4260-01). All animals were obtained and cared for in

accordance with the IACUC guidelines.

5.3.2 Materials

PLGA (50:50 L:G, ester-terminated, inherent viscosity = 0.55-0.75 dL/g in HFIP) was
purchased from Lactel Absorbable Polymers. Rhodamine-B, Pluronic® F-127, agar, and
poly(vinyl pyrrolidone) (PVP) (Mw~1.3 MDa) were purchased from Sigma-Aldrich. Poly(vinyl
alcohol (PVA) (Mw~105 kDa, P1180) was purchased from Spectrum Chemical. Other reagents
used include acetone (Fisher), ethanol (Decon Laboratories, Inc.), dimethyl sulfoxide (DMSO)
(BDH Solvents), sodium chloride (EMD Millipore), and PBS (1X, Mediattech, Inc.). All solvents
used for HPLC were of HPLC grade, including water (Fisher), acetonitrile (ACN) (Fisher), and
ammonium acetate (Sigma-Aldrich). Etravirine was given as a generous gift from Dr. lan
Suydam at Seattle University (Seattle, WA).

5.3.3 Nanopatrticle synthesis

PLGA nanoparticles were synthesized using a nanoprecipitation technique based on
modifying previously described methods® for passive PEGylation with Pluronic® F-127°. PLGA
was dissolved in acetone at 20 mg/mL and added to 0.1% (w/v) Pluronic® F-127 at a 1:11 (v/v)
ratio with a syringe pump at a flow rate of 1 mL/min. Acetone was evaporated from the aqueous
phase over 4-6 h in a fume hood. Particles were then washed by centrifugation at 10,000g x 20

min and resuspended in water using alternating vortexing and water bath sonication as needed.
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Aliquots of NP suspension were lyophilized and analyzed for fluorescence or drug content.
Remaining suspensions were stored at 4°C until further use.

For fluorescent nanoparticles, we first synthesized a rhodamine-B-PLGA conjugate using
methods described by Costantino et ai*®. We determined the conjugation efficiency to be 15.7%
(loading of 0.169% (w/w) rhodamine B:PLGA) by dissolving polymer conjugate and measuring
fluorescence. Rhodamine-B-PLGA conjugate was dissolved in acetone and NP formed as
described above. To synthesize drug-loaded NP, we dissolved ETR at 10% (w/w ETR/PLGA)
theoretical loading to the PLGA/acetone solution. ETR-NP were synthesized as described
above, except that the NP suspension was filtered after evaporation using 2 micron syringe filter
to remove any drug precipitate before washing. Characterization of ETR-NP in terms of size,
zeta potential, PDI, drug loading, and encapsulation efficiency is described in the supplementary

results (Supplementary Table S1).

5.3.4 Composite electrospinning
Nanoparticle/nanofiber composites were fabricated using the “direct addition” method that

263739 Preformed nanoparticles

has been most commonly used to create composites
concentrated in suspension were directly added to either PVA or PVP polymer solution prior to
electrospinning, mixed well, and electrospun into composite materials. Polymer solutions for
electrospinning were prepared by dissolving PVA at 22% (w/v) in water and heating gently for 1-
2h, and by dissolving PVP at 24% (w/v) in ethanol. Solutions were placed on a slowly rotating
rotisserie apparatus overnight to ensure complete dissolution. Composite materials were
fabricated by adding equivalent volumes of freshly synthesized NP (resuspended in water at
34.4-37.5 mg/mL) to PVA or PVP polymer solutions. Solutions were slowly rotated for 20-30
minutes prior to electrospinning. The electrospinning set-up consisted of a high voltage power
supply (Gamma High Voltage Research) and syringe pump (New Era Pump Systems, Inc.).
Polymer solution was loaded into a plastic 6 mL syringe (ThermoScientific) with 18G needle (2
inches long) and a rubber stopper (size 10) to focus the electric field. Fibers were collected onto
brown waxed paper on a house-made rotating mandrel collector (diameter = 5 inches, speed =
1725 rpm, electrically grounded with a graphite brush) to provide consistent fiber mesh
thickness. Electrospinning parameters were optimized independently for each polymer to result
in a stable Taylor cone with minimal polymer dripping. PVA composite fibers containing PLGA-
NP were electrospun at 22.5 kV, 10 cm collector distance, and 10 pyL/min flow rate. PVP
composite fibers containing PLGA-NP were electrospun at 21 kV, 15 cm collector distance, and

25 uL/min flow rate. All composites were electrospun using a total of ~3.5 mL of polymer
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solution per mesh. Electrospun composites were stored under vacuum desiccation until further

use.

5.3.5 Transmission electron microscopy
Freshly synthesized blank PLGA NP and ETR-PLGA NP were dried on TEM sample grids
and imaged using transmission electron microscopy (TEM) with a FEI 200 kV Tecnai G* TEM at

the University of Washington Nanotechnology Facility.

5.3.6 Scanning electron microscopy

Composite fibers were imaged using scanning electron microscopy (SEM) with a Sirion SEM
at the University of Washington Nanotechnology Facility. Samples were placed on carbon tape
and sputtered for 70s with gold/palladium. Images were taken at 5.0 kV, 5 mm working distance,
and spot size of 3 at 500x, 5000x, and 20000x magnification from random locations on the
sample. Fiber diameter was measured as previously described’. Briefly, Imaged (National

Institutes of Health) was used to measure the diameter of at least n=45 fibers per sample.

5.3.7 Confocal microscopy

Fiber samples were collected onto glass slides for 10-15 seconds during composite
electrospinning and imaged using a Zeiss 510 META confocal microscope at the Keck
Microscopy Facility at the University of Washington. Contrast and gain were adjusted uniformly

across an image for optimal imaging of Rho-NP using Fiji/lmageJ*.

5.3.8 Composite dissolution in vitro

We placed fiber samples on agar hydrogels to visually observe wetting and dissolution time
based on previously described methods'®. Circular punches of PVA or PVP fibers were obtained
using a metal die punch to obtain samples with constant area and basis weight (mean of 20 mm
diameter, 4.32 mg, 13.8 g/m? basis weight). Black agar hydrogels were prepared by dissolving
agar in water 1.5% (w/v) and adding several drops of India ink to provide sufficient black color
contrast to the white fibers. Fiber samples were gently placed on agar hydrogels, and fiber

wetting and dissolution was assessed over 2 hours by video recording using an iPhone4
(Apple).

5.3.9 In vitro nanoparticle release from composites
For in vitro release experiments, 4 mg of PVA or PVP composite fibers were placed in 2 mL
of deionized water (n=3 per fiber type). At various time points (1.5 min, 10 min, 20 min, 30 min,

1h, 2h, 6h, 24h, and 72h), 100 L of release media was removed and volume replaced. Release
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samples were dissolved in 500 yL DMSO and fluorescence content determined using a TECAN
infinite M200PRO fluorescent plate reader (Tecan Austria GmbH) with wavelength set to
570/620 nm Ex/Em.

5.3.10 Nanoparticle integrity post-release

In parallel with in vitro release experiment, dynamic light scattering was used to measure the
size and colloidal properties of released nanoparticles from samples taken at at 10 min, 60 min,
and 24h during the in vitro release study. Samples were diluted in 10 mM NaCl and size, zeta,

and PDI were measured using a Zetasizer Nano ZS90 (Malvern Instruments).

5.3.11 Actual loading of Rho-NP composites and ETR-NP composites

To determine the actual loading of nanoparticles within Rho-NP composite fibers, 3 mg fiber
samples (n=3) were dissolved in 100 yL H20 for 45 min. 500 yL DMSO was then added,
samples were dissolved an additional 1 hour, and fluorescence measured using a fluorescent
plate reader as described above. Fluorescent content in aqueous NP suspensions was
measured by adding 75 uL water to 25 pyL aqueous suspension of Rho-NP (n=3), and then
adding 500 pL DMSO and measuring fluorescence as for the fibers. The concentration of
aqueous suspension used for in vivo studies was adjusted to match the fluorescent signal from
composite fiber dose to ensure dose equivalency.

Actual drug loading of ETR-NP was measured by dissolving samples (n=3) of lyophilized NP
in DMSO and determining drug content with HPLC methods. Samples of ETR-NP composites
were dissolved as described above and analyzed using HPLC to determine drug content.
PLGA-NP content in drug-loaded composites calculated directly from the actual drug loading of
ETR-NP. Equivalent doses of ETR-NP were delivered for fibers and aqueous suspensions for in

vivo studies.

5.3.12 Animals

Female C57/BI6 mice (The Jackson Laboratory, Bar Harbor, ME) 8-9 weeks old were cycled
three days prior to intravaginal administration by subcutaneously injecting with 2 mg
medroxyprogesertone acetate (Greenstone LLC). Medroxyprogesterone acetate has been
shown to induce a diestrus-like state in mice, resulting in a thinned vaginal epithelium layer,

thicker mucus barrier, and reduced variability from mouse-to-mouse based on time of cycle®’*".

5.3.13 In vivo methods
Animals were abdominally taped prior to administration to prevent self-grooming. Mice were

anaesthetized with isoflurane during abdominal taping and intravaginal administrations.
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Equivalent doses of NP were administered intravaginally in either aqueous suspensions (25 pL)
or 2.8-3.5 mg composite fibers. Composite fibers were cut in the form of circular discs using
metal punches (punch size = 16-18 mm). Fibers were then rolled up and folded to fit into
modified 10-100 pL positive displacement pipette tips (Rainin), which functioned similarly to
tampon applicators for administering fibers in mice. Immediately after intravaginal
administration, mice were allowed to recover in the resting prone position. No vaginal pre-
treatments, mucus alteration or removal, or inverting mice to prevent leakage were used for
these studies. After administration, mice were individually caged to prevent cross-grooming
between mice and given ad libitum access to food and water.

Mice were sacrificed at specified time points by cervical dislocation (Rho-NP studies) or
cardiac exsanguination under isoflurane overdose for terminal blood collection (ETR-NP
studies). Immediately after death, one of two washing methods was used to separate mucus-
associated NP and undissolved fibers from vaginal tissue: (1) placing vaginal tissue in washing
buffer (6 mL PBS) or (2) cervicovaginal lavage (4 x 50 uL water). Necropsy was performed and
specified organs removed, including draining lymph nodes (iliac and inguinal), reproductive tract
(cut above cervix to separate uterine horns from vaginal tract), rectum, and liver. Organs were

massed and stored at -80°C until processing.

5.3.14 Washing methods for removing mucus-associated NP and undissolved fibers

The most common method for doing removing vaginal mucus is by cervicovaginal lavage,
where the vagina is washed 2-4 separate times by repeatedly pipetting with 50 yL of water or
PBS>"%%2 We initially tried this method for PVA and PVP fibers, but found that while this
method worked for PVA, it did not completely remove undissolved PVP fibers (Supplementary
Fig. S4). PVP was so mucoadhesive that it was still visibly stuck to vaginal tissue, even after the
lavage. Instead, we developed a more stringent washing method intended to remove any
undissolved fibers. After dissection of the reproductive tract, the vaginal tract was separated
from the uterine horns and cut open longitudinally up to the cervix. Vaginal tissues were then
placed in a wash buffer containing 5 mL PBS and agitated at 37°C on an orbital shaker for 30
min. Wash buffer and vaginal tissue (post-wash) and were analyzed separately for NP content.

Studies were performed to compare the ability of the wash buffer vs. the lavage method to
remove undissolved fibers for Rho-NP (PVA and PVP) (Figure 5-4, Supplementary Figure S4),
and for ETR-NP (PVA only) (Supplementary Figure S5). For PVA fibers, both the wash buffer
and the lavage method worked to remove undissolved fibers, and amounts of NP detected in

the wash buffer and lavage were similar. For PVP fibers, neither the wash buffer nor the lavage
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method worked to fully remove undissolved fibers.

We used the wash buffer method for all Rho-NP composite studies, and have discussed
resulting limitations resulting from undissolved PVP fibers sticking to tissue. We used the lavage
method for ETR-NP composite PK studies, since only PVA fibers were carried forward into PK
study and the lavage method worked to fully remove any undissolved PVA fibers. The lavage
method allowed for more direct comparisons of results to be made to previous studies that used

the same method”®.

5.3.15 Fluorescent nanopatrticle in vivo studies

For the 24h Rho-NP study (Figure 5-4), four groups were compared: untreated/blank fiber
control, Rho-NP in aqueous suspension, Rho-NP in PVA composite fibers, and Rho-NP in PVP
composite fibers, with n=7 mice per group (n=5 for blank control). Equivalent doses of Rho-NP
(~298 pg) were administered intravaginally to mice in either aqueous suspensions (25 uL water)
or 2.8 mg composite fibers. Untreated mice received no treatment (abdominal taping only).
Blank fibers were PVA composites with a similar loading of blank PLGA NP as Rho-PVA
composites. Mice were sacrificed at 24h by cervical dislocation, and draining lymph nodes (iliac
and inguinal) and reproductive tracts excised. Whole reproductive tracts were imaged using
Xenogen IVIS® Spectrum imaging system before washing, and then opened vaginal tracts were
imaged again after the wash method. Mucus-associated NP and undissolved fibers were
removed by cutting open vaginal tract up to the cervix and placing tissue in wash buffer (5 mL
PBS) for 30 minutes. Lymph nodes, vaginal tract (post-wash), and uterine horns were weighed
and stored at -80°C until analysis. Xenogen images were taken at 570/620 nm ex/em and a 30s
exposure time. Images were analyzed using Living Image® 4.0 Software (Caliper Life Sciences,
Inc.).

Wash buffer (5 mL PBS) samples were frozen at -80°C and lyophilized for at least 48h.
Lyophilized buffer was dissolved in 600 pL 1:5 H20:DMSO for 1-2h to dissolve NP. Wash buffer
samples were then centrifuged at 10,000g for 10 min. The supernatant was analyzed for
fluorescent content using a TECAN plate reader at 570/620 nm. Vaginal tracts and uterine
horns were thawed and minced with scissors in 500 pyL DMSO/organ. Tissues were
homogenized using a Precellys 24-Dual bead homogenizer (Bertin Technologies). One mixed
zirconium oxide bead kit (Bertin Technologies) was used per tissue, containing ~650 mg 1.4
mm beads and six 2.8 mm beads. Precellys settings were 6,500rpm x 20s x 3 cycles, with a 30s
pause in between each cycle. Two homogenization runs completed with these settings to

ensure full homogenization, with a 10 minute incubation at 4°C in between runs to allow for
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cooling. Samples were centrifuged at 5,000 rpom for 15 min. Supernatant was analyzed for
fluorescent content in triplicate for each sample using a TECAN plate reader as described
above and compared to a standard curve of Rho-NP prepared in blank organ homogenate.
Linearity was established from 0.5 ug to 298 ug (0.2-100% total Rho-NP dose).

The same methods were used for the 7d Rho-NP study (Figure 5-5) to evaluate NP
retention from PVA composite fibers over a longer time. Two groups were compared at each of
four time points (2d, 3d, 5d, and 7d): untreated control (n=1) and Rho-NP in PVA composites
(n=3). Equivalent doses of Rho-NP (~368 pg NP in 25 pL water or 3.5 mg composite fibers)

were administered for the long-term retention study.

5.3.16 Black paper leakage study

In parallel with the 24h Rho-NP study, we measured external leakage (Figure 5-3) based on
methods previously described by Cu et alf’. Immediately after intravaginal administration of
equivalent doses of Rho-NP in either composite fibers or aqueous suspensions, mice (n=4 per
group) were placed in plastic beakers lined with circles cut from black paper (Artagain® 400
Series, Strathmore) and allowed to recover normally for 1h. Leakage of Rho-NP on black paper
circles was measured using Xenogen imaging to detect fluorescent content. Fluorescent signal
was quantified by drawing an ROI defined around each black paper circle and quantifying

maximum radiance.

5.3.17 ETR nanoparticle in vivo studies

Two groups were compared for this study: aqueous suspensions versus composite PVA
fibers containing equivalent doses of ETR-NP (~446 pg ETR-NP containing 11.42 ug
ETR/dose), with n=5 mice per group per time point. Doses were administered intravaginally to
mice in either aqueous suspensions (25 pyL H20) or in 2.8 mg PVA composite fibers. At various
time points (1h, 6h, 12h, 24h, 2d, 3d, 5d-fibers only, 7d-fibers only), mice were sacrificed by
cardiac exsanguination under isoflurane overdose. At least 500 pL of blood per mouse was
collected in K,EDTA-coated tubes (BD Microtainer®). Blood samples were centrifuged at
1,300g for 10 min and plasma separated. Cervicovaginal lavage was performed immediately
after death (4 x 50 pyL H20), and organs excised for drug content analysis (draining lymph
nodes, vaginal tract, uterine horns, rectum, liver). All samples were massed and kept at -80°C
until analysis.

Lavage samples were thawed and 800 yL DMSO added to dissolve NP. After rotating for 4
h, samples were centrifuged at 13,000g for 10 min. Supernatant was diluted if necessary to be

within the linear range for quantification and analyzed for ETR content using HPLC methods
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described below. Plasma samples were thawed and 25 uL of plasma was added to 50 uL ACN
to precipitate protein content, followed by a 30 min on a plate shaker. Plasma was centrifuged at
5000g x 10 min, and supernatant analyzed for ETR content using LC-MS/MS methods. Vaginal
tissue (post-lavage), uterine horns, rectum were homogenized in 500 yL ACN/organ using
Precellys bead homogenizer as described above. Livers were homogenized in 1 mL ACN/organ
using a probe homogenizer (Tissue Tearor, Biospec Products, Inc.) and centrifuged at 4700 rpm
for 5 min at 4°C. Supernatant from homogenized organs was filtered through a 0.22 yL syringe
filter and analyzed for ETR content using LC-MS/MS methods.

5.3.18 HPLC

HPLC methods were used to quantify ETR content for drug loading measurements of NP
and composites, in vitro release experiments for ETR-NP, lavage samples from PK study, and
for pilot PK studies. A Prominence LC20AD (Shimadzu) HPLC system was used that was fitted
with a photodiode array detector and Phenomenex Kinetex C18 column (250x4.6 mm, 5 ym
particle size). Mobile phase was 65% ACN:35% ammonium acetate buffer (10 mM) at a flow
rate of 1 mL/min under isocratic conditions. The column oven was set to 30°C. ETR was
detected at 309 nm at a retention time of 6.3 min. Linearity was established from 0.024 — 100
pg/mL using a 10 pL injection volume (standard curve in DMSO). Blank samples containing
homogenized organs from untreated mice were run in parallel with mice from treatment groups
to ensure there was no background interference, as well as standards and spiked samples in

blank tissue homogenate (Supplementary Fig S6).

5.3.19 LC-MS/MS
Mass spectrometry methods were used to quantify ETR content in all organs for the PK study
except the lavage, including vaginal tissue, uterine horns, rectum, liver, and plasma.

Sample Prep. Etravirine-"*C¢ was used as an internal standard. All samples were vialed at a
volume of 50 yL and spiked with 5 yL of a 10 ng mL™ solution of the internal standard mix (50
pg per sample). A standard curve ranging from 0.01-100 ng mL™" was prepared in ACN and run
before and after unknown sample sets.

Mass Spectrometry. ETR concentration in tissue was analyzed using LC-MS/MS method
on a Waters Xevo TQ-S couple with an I-Class Acquity UPLC (Waters Corporation, Milford, MA,
USA). All analytes were acquired in electrospray positive mode and used the following
parameters: capillary voltage of 3 kV, source temperature of 150 °C, cone gas flow of 150 L hr™",
desolvation gas flow of 1000 L hr, and collision gas flow of 0.15 mL min™. The spectrometer

was analyzing during minutes 2-7 of each run. The drug and internal standard were analyzed at
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the following m/z transitions: 435.22 to 162.98 (ETR) and 441.20 to 162.98 (ETR-"°C¢). All
species were analyzed as a cone voltage of 50 kV and collision energy of 28 V (full list of
parameters can be found at Blakney et al., publication in process).

Liquid Chromatography. A Chromolith Performance RP-18e 100-3mm column was used
for analysis, with a gradient method of 10 mM formic acid in H,O (Mobile Phase A) and 10 mM
formic acid in 80:20 ACN:MeOH (Mobile Phase B). The gradient consists of 98% A + 2% B for 1
minute, transitioning to 100% B by 6 minutes and holding for an additional 1 minute, and then
transitioning back to 98% A + 2% B over 1.5 minutes (see Supplementary Table S2), with a flow

rate of 0.5 mL min™ and an injection volume of 20 L.

5.3.20 PK parameter analysis

Pharmacokinetic parameters were analyzed using noncompartmental analysis with sparse
sampling using Phoenix WinNonlin software (Version 6.4). The terminal elimination rate
constant (),) was estimated from the data by the software (see Supplementary Fig. S7, S8), and
terminal half-life (t4,2,) calculated as 0.693 / A,. The ratio of AUC values shown in Table 5-3 was
calculated as AUCs, / AUCgus = AUC 35.72.29n, fibers / AUC1 35-72.29n, suspension- Differences in AUC and
Cmax Were assessed using two-tailed, Student’s t-test, assuming equal variance (GraphPad
Version 6.0f).

5.3.21 Statistical Methods

Data is presented as mean +/- standard deviation unless otherwise indicated, with statistical
significance defined as p<0.05. Statistics were calculated using Prism 6.0 (GraphPad Software,
Inc.). For Rho-NP studies where there were multiple groups, one-way ANOVA with Bonferroni
correction for multiple comparisons was used to compare all groups. For ETR studies, an
unpaired t-test (equal variance assumed) was used to compare two groups within the same time
point. Grubb’s test for determining outliers was used to remove outliers prior to PK analysis
(alpha = 0.01).

5.4 RESULTS AND DISCUSSION

5.4.1 Nanoparticle/nanofiber composite fabrication

We optimized nanoparticle/nanofibper composite materials for the following design
constraints: (1) nanoparticle diameter of ~200-500 nm, (2) neutral nanoparticle zeta potential
(+/- 10 mV), (3) quick fiber dissolution (<30 min), (4) fast release of nanoparticles from fiber

composites, and (5) released nanoparticles retained similar size and surface charge.
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Nanoparticles with a diameter of 200-500 nm and neutral surface charge have previously been
shown to be optimal for mucus-penetration*®. Since we aimed to deliver intact nanoparticles to
tissue as opposed to sustaining drug release, quick fiber dissolution and nanoparticle release
was important.

We synthesized rhodamine-conjugated PLGA nanoparticles (Rho-NP) and etravirine-PLGA
nanoparticles (ETR-NP) using a nanoprecipitation technique. Actual loading of nanoparticles in
Rho-NP composites and ETR-NP composites was measured to ensure dose equivalency
between composites and aq. susp for in vivo studies. Actual loading of nanoparticles within
fibers (wt NP / wt composite fiber) was found to be 10.6% for Rho-NP/PVA composites, 9.7%
for Rho-NP/PVP composites, and 15.9% for ETR-NP/PVA composites. NP loading was higher
for drug-loaded composites to ensure detectable drug concentrations for PK studies while
keeping fiber dose consistent with fluorescent studies. Additional data on characterization of
ETR-NP is found in Supplementary Table S1 (see Appendix E for supplemental information).

TEM micrographs showed that nanoparticles were spherical and smooth, and SEM
micrographs showed that both PVA and PVP composite fibers had smooth, cylindrical
morphology (Figure 5-1). Uniform morphology is ideal for predictable dissolution and drug
release kinetics. Composite fiber diameter and nanoparticle diameter were both around 200-300
nm, with PVA fibers having a mean diameter of 248 + 88 nm, PVP fibers of 297 + 125 nm, and
PLGA nanoparticles of 172 £ 19 nm (Figure 5-1). Nanoparticle size in the range of 200-500 nm
has been found to be optimal for mucus penetration®*, meaning that Rho-NP are near the
desirable size range to diffuse quickly through mucus. Matching the fiber diameter to the
nanoparticle diameter may facilitate quick dissolution and release of nanoparticles by reducing
the thickness of the fiber polymer coating that must dissolve before nanoparticles can be
released.

We used confocal fluorescent imaging to probe the sub-structure of the composite fibers
since nanoparticles could not be visualized within fibers using SEM. Punctate fluorescent
particles were visible within fibers for both PVA and PVP and were uniformly distributed within
the fibers (Figure 5-1). Fiber density was higher in SEM images compared with confocal images
due to differences in imaging techniques. A full-thickness fiber mesh was imaged for SEM,
versus a thin single fiber layer collected onto glass slides for confocal imaging. Some images
showed fluorescence within fibers, although the fluorescence signal was low relative to that of
NP. We expect that the amount of free rhodamine within fibers was small relative to PLGA-
conjugated rhodamine due to the multiple wash steps during rhodamine-PLGA conjugation and

nanoparticle synthesis, and that the ratio of free vs. conjugated rhodamine was consistent
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among all groups tested for in vivo studies. These results demonstrate that
nanoparticle/nanofiber composites were successfully electrospun from both PVA and PVP
solutions with similar mean diameter and nanoparticle uniformity, and that this method is

suitable for fabricating composite materials.
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Figure 5-1. Fiber composites successfully formed with similar nanoparticle and nanofiber
diameter. (A) TEM micrograph of blank PLGA nanoparticles. (B, E) SEM micrographs of PVP (B) or PVA
(E) composite fibers containing rhodamine-PLGA nanoparticles. (D) Diameter (mean +/- S.D.) of
rhodamine-NP, Rho-NP / PVP composite fibers, Rho-NP / PVA composite fibers, and ETR-NP / PVA
composite fibers. NP diameter measured using DLS; fiber diameter measured from SEM images. (C, F)
Confocal imaging of rhodamine-PLGA np electrospun within PVP composite fibers (C) or PVA composite
fibers (F).

5.4.2 Considerations in using the direct addition method for composite fabrication for
nanopatrticle delivery
This “direct addition” method of forming nanoparticle/nanofiber composites in which
preformed particles are added directly to a polymer solution and then electrospun has been
frequently used in literature?®*"%. While this strategy has worked to successfully electrospin
composites for sustained drug release, it has limitations for sustaining nanoparticle release.

Most significantly, the solvent for electrospinning fiber polymer must be compatible with the
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nanoparticle system. Otherwise, the nanoparticle may swell, release drug into fiber polymer
solution, or dissolve prematurely during electrospinning.

Using this work as an example, a volatile solvent such as 100% ethanol (EtOH) was most
suitable for electrospinning PVP. However, the polymer used for nanoparticles (PLGA) swelled
in EtOH. This swelling may cause premature drug release from nanoparticles into fibers during
electrospinning, or may result in nanoparticle aggregation that clogs the needle. For our PVP
fiber system, we aimed to find the lowest amount of EtOH necessary as an electrospinning co-
solvent that would still produce consistent fibers as opposed to films. We tested a range of
EtOH:H20 ratios, and found the lowest concentration for stable electrospinning was 50:50
EtOH:H20 (anything with higher water content produced films instead of fibers). We then
measured the drug release kinetics of ETR from ETR-NP in this solvent system, and found it to
be minimal (~3% of total drug content released in 24h, see Supplementary Fig S1). We also
chose to limit the theoretical NP loading within fibers to <15% (w/w) for PVP to prevent issues
with needle clogging. Water was used as both the electrospinning solvent and nanoparticle
resuspension media, so this was not a problem for PVA composites containing PLGA
nanoparticles. For future work using the direct addition method to form composites, solvent
compatibility with nanoparticle system, nanofiber polymer, and encapsulated drug need to be
carefully considered. Higher nanoparticle loading in fiber composites may be achieved by
exploring alternate methods for composite fabrication, such as aerosolization of spray-dried or

lyophilized particles.

5.4.3 Fiber composites dissolve quickly in vitro to release intact nanoparticles

A key design constraint for nanoparticle-releasing nanofiber composites is that the fibers
must wet out rapidly to release nanoparticles. We observed that both PVA and PVP composite
fibers rapidly wet out within 30s on black agar hydrogels (Figure 5-2). PVP composites wet out
immediately upon contact (<1s), whereas PVA composites took slightly longer to wet out (within
30s). Interestingly, PVP fiber meshes did not change in area as they wet, but PVA fiber meshes
reduced by about 50% in total area within 30s. This difference may be to PVA fibers initially
being mechanically stretched during electrospinning onto a rotating collector, and subsequently
relaxing when in contact with water. Additionally, the hydroxyl and acetyl groups present on
partially hydrolyzed PVA polymer chains can form hydrogen bonds with water, potentially
causing rearrangement and shrinkage of the fiber chains as they realign toward the most

energetically favorable state in water.

135



(A)

PVP

PVA

B -
( ) 140 : -0~ Rho-NP / PVP fibers
® 1201 -= Rho-NP / PVA fibers
E 100 N
- L= ==
S 801 m
2
.g 60
®
S 404
£
F
© 201 €—— Fibers fully dissolved by 20-30 min
0 T T I e e
0.0 0.5 1 1.5 2.0 24 48 72

Time (h)

Figure 5-2. Fiber composites dissolve quickly in vitro to release nanoparticles. (A) Composite
fiber dissolution on black agar hydrogels used to simulate low fluid volume conditions. White dotted
circle represents original area of fiber mesh. (B) Cumulative rhodamine-NP release from composite
fibers under in vitro sink conditions (4 mg composite fibers in 2 mL water). Dotted line at 0.5 h
indicates time when both PVA and PVP fibers had fully dissolved.

Even though the time to wet out is different for PVA and PVP composite fibers, both fibers
were observed to dissolve within 30 minutes under in vitro sink conditions in water. PVA and
PVP composites both resulted in burst release to give >85% cumulative nanoparticle release in
less than 30 min (Figure 5-2). The burst release kinetics of nanoparticles is consistent with our
hypothesis for quickly dissolving, hydrophilic polymers. At early time points (< 30 min),
nanoparticle release from PVP fibers was measured to be >100%. This is attributable to PVP
fibers initially breaking into very small pieces that were inadvertently included during sampling at
early time points, leading to an inaccurately high estimation pre-complete fiber dissolution. For
PVA fibers, nanoparticles took slightly longer to dissolve out of hydrated gel/fiber network as it
continued to wet and dissolve over 30 minutes. This study is significant in that it demonstrates

that particles are able to diffuse out of the polymer network in vitro.
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However, a significant limitation of the in vitro release study is that in vivo release occurs
under much different conditions. In the vaginal lumen, the fibers would dissolve in a low fluid
volume comprised of highly viscous mucus and hydrated polymer gel (3 mg fibers/~50-100 yL
mucus), instead of in vitro sink conditions of excess water (4 mg fibers/2 mL H20). Composite
fiber dissolution and nanoparticle release are expected to be much slower in vivo, even for
hydrophilic polymers like PVA and PVP. Mun et al have studied nanoparticle trafficking in dilute
polymer solutions in vitro, and attributed differences in diffusion to varying degrees of interaction
with the nanoparticle surface and polymer solution**. Although actual in vivo conditions would
likely be concentrated polymer gels rather than dilute polymer solutions, we hypothesize that the
PEGylated nanoparticles used in this work would diffuse faster in PVP solutions than PVA
solutions due to differences in hydrogen bonding. Since PVP and PEG both act as proton
acceptors, they are expected to have minimal interactions compared to PVA, which can act as a
proton donor and form hydrogen bonds with PEG. Nonetheless, the in vitro dissolution and
release studies confirm that PVA and PVP composites meet the design constraints of fast fiber

dissolution and quick nanoparticle release.

5.4.4 Nanoparticle properties are retained after in vitro release from composite fibers

Nanoparticles recovered from the composite release studies were found to have similar
physical and colloidal properties to the original nanoparticles used to make the composites
(Table 5-1). It is important that the nanoparticles maintain a size and surface charge amenable
to diffusing through mucus after release from fibers so that they can traffic through mucus
towards the vaginal tissue target. Overall, this data is the first to our knowledge that
demonstrates that nanoparticles can retain their physical properties after release from
composite fibers.

Along with changes in fiber dissolution kinetics, nanoparticle properties may also differ
under actual in vivo conditions in the presence of mucus and hydrated polymer gel. The fiber
polymer may interact with the nanoparticle directly to slow or speed its diffusion, but may also

alter the properties of mucus itself. Recent work has shown that the presence of a PVA coating

Table 5-1. Physical properties of nanoparticles before and after release from composite fibers.

Sample Z-avg size (nm) PDI Zeta potential (mV)
Rho-NP (original) 171.9 £ 19.1 0.089 £ 0.011 -5.64 £ 0.80
Rho-NP, released from PVP composites 204.9 + 39.0 0.247 + 0.060 -5.56 + 1.49
Rho-NP, released from PVA composites 2949+93 0.078 + 0.027 -0.58 + 0.06

®Data presented as mean = S.D with n=4 for each sample (n=2 for Rho-NP-PVA composites).
*Measured using dynamic light scattering in 10 mM NaCl solution (pH = 5.7)
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on nanoparticles results in slower diffusion through human cervicovaginal mucus, and that
Pluronic® F-127-coated nanoparticles also have reduced diffusion when in solutions containing
PVA®. Thus, the PVA present from fibers may interact with the Pluronic® F-127 coating on
nanoparticles and reduce their mucus-penetrating potential. On the other hand, the fiber
polymer may induce changes in the overall mucus structure, making it either more or less of a
barrier to nanoparticle trafficking. Pretreatment of human cervicovaginal mucus with 1%
Pluronic® F-127 has been shown to enhance diffusion of conventional polystyrene
nanoparticles, likely due to changes in the diffusive properties of the mucus network itself*.
Others have shown that the presence of polymer can have dramatic effects on the mucus
structure by altering water content, pore size, or packing of mucin fibers**®. Nanoparticle
diffusion through mucus may potentially be enhanced due to the fiber polymer favorably
changing the structure of the mucus. For example, since PVP is hygroscopic, it may be
expected to absorb water from the mucus, resulting in the reduction of mucus pore size and
aggregation of mucin fibers such that it is no longer a barrier. The complex interactions between
fiber polymer, mucus, and nanoparticles are challenging to recapitulate in vitro and point to the

need for in vivo models for evaluation.

5.4.5 Negligible external leakage in vivo from composite fibers within 1h

After comparing the amount of external leakage of Rho-NP within one hour of intravaginal
administration, we found that composite fibers resulted in significantly less leakage than
aqueous suspensions (Figure 5-3). All mice receiving PVA and PVP composite fibers were
found to have no detectable leakage above control mice that received blank composite fibers,
whereas significant external leakage was visible for all mice that received aqueous suspensions
of Rho-NP (Figure 5-3). These findings are consistent with previous reports for intravaginal
administration of NP in aqueous suspensions in vivo that report that more than half of the total
NP dose is unaccounted for within 30 minutes of administration”®. Cu et al measured that ~3-
13% of total NP dose had leaked externally within 30 min, but also report total NP dose
recoveries of 30-49% at 30 minutes, suggesting that an even higher fraction of the dose leaked
externally within this time®. Das Neves et al reported that ~70% of the total NP dose was
unaccounted for within 30 minutes of administration, which they attributed to external leakage’.
These data support the hypothesis that composite fibers provide enhanced retention of NP in
the reproductive tract compared to aqueous suspensions currently used for in vivo intravaginal

administration of NP.
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Figure 5-3. Significantly less external leakage of nanoparticles is observed for PVA and PVP
composite fibers compared to aqueous suspensions. (A-D) Xenogen imaging of black paper circles
used to measured external leakage for 1 h immediately after administration, with n=4 mice per group. In
(A), the top two circles represent mice receiving blank PVA composite fibers, and the bottom two circles
represent untreated mice. All images were set to the same scale of minimum and maximum radiance. (E)
Maximum radiance quantified from Xenogen images in (A-D).
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5.4.6 Enhanced in vivo nanoparticle dose retention for composite fibers at 24h

To test our hypothesis that composite fibers significantly enhance dose retention relative to
aqueous suspensions, we intravaginally administered equivalent doses of Rho-NP in aqueous
suspension or composite fibers to mice and measured fluorescent content in the reproductive
tract at 24h. We found that Rho-NP were significantly better retained in the reproductive tract at
24h for both PVA and PVP composite fibers relative to aqueous suspensions (Figure 5-4).

Xenogen imaging of whole reproductive tracts prior to washing shows greater fluorescence
for all mice that received PVA and PVP composite fibers compared to mice that received
aqueous suspensions at 24h (Figure 5-4). Total percent dose recovery was calculated by

summing total Rho-NP content in wash buffer, homogenized vaginal tissue, and homogenized
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Figure 5-4. Fiber composites result in increased nanoparticle dose retention in the reproductive
tract and trafficking to vaginal tissue at 24h. (A) Whole reproductive tracts imaged after dissection at
24 h, pre-wash. (B) Opened vaginal tissue imaged after wash (tissues placed in 5 mL PBS for 30
minutes). (C) Dose recovery of fluorescent nanoparticles at 24h in wash buffer (open circles) or
homogenized vaginal tissue, post-wash (squares). (D) Total dose recovery is the sum of dose recovered
at 24h in wash buffer, vaginal tissue (post-wash), and uterine horns. *** p<0.0001 relative to all other
groups (one-way ANOVA comparing all four groups within same tissue type).
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uterine horns. A mean of only 1.4% of initially administered Rho-NP dose was recovered for
mice receiving aqueous suspensions, while almost half the dose was retained for both PVA
(50.3%) and PVP fibers (45.4%) (Table 5-2). This 32- to 35-fold increase in total nanoparticle
dose retention at 24h is very significant in context of previous work on the intravaginal
administration of nanoparticles. Other in vivo studies using aqueous suspensions that have
measured NP dose retention based on initial dose have shown 0.6-2% total NP dose recovery
at 24h, and report extensive NP external leakage as a major limitation”®. These results
demonstrate that composite fibers can dramatically increase local retention of NP over a much
longer time period than existing methods for nanoparticle delivery, providing a more flexible
platform for sustained nanoparticle delivery and the potential for greatly enhanced local NP

concentration.

Table 5-2. Fluorescent nanoparticle recovery in the reproductive tract at 24h.

Wash Buffer Vaginal Tissue Uterine Horns ;:iaolvgc:;f
0, 0, 0,
(% Total Dose NP) (% Total Dose NP) (% Total Dose NP) (% Total Dose NP)
Ag. susp. 1.1+£11 0.3+0.6 N.D. 14+£13
PVA fibers 43.6 +6.6 6.8+2.8 04+1.0 50.3+5.5
PVP fibers 8.2+15.6 36.5+17.2 N.D. 454 7.0

Data shown is mean + S.D. of n=7 mice per group.

®Total dose recovery is the sum of the total dose of nanoparticles administered recovered in the wash
buffer, vaginal tissue (post-wash), and uterine horns.

N.D. = not detected (signal below blank/untreated control)

5.4.7 Nanoparticle association with vaginal tissue at 24h

For many agents of interest in intravaginal delivery, including ARVs that act intracellularly
like tenofovir and etravirine, the vaginal tissue is the ultimate target for drug action. The ideal
dosage form would not only be able to provide high dose retention in the reproductive tract, but
also release nanoparticles that can diffuse through cervicovaginal mucus into the vaginal
epithelium. Therefore, we sought to compare the amount of NP associated with the vaginal
tissue for each dosage form. We aimed to separate the amount of nanoparticles associated with
the lumenal mucus (or still remaining in undissolved fibers) from nanoparticles that had
trafficked into vaginal tissue using a wash procedure. After washing vaginal tissues in 5 mL PBS
for 30 minutes, the opened vaginal tracts were imaged again using Xenogen, and the
fluorescent NP content in the wash buffer versus homogenized vaginal tissue post-wash was

measured (Figure 5-4).
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We found that NP association with vaginal tissue was higher for both composite fibers (PVA
and PVP) compared with aqueous suspension (Table 5-2). Xenogen imaging of opened vaginal
tracts after the wash procedure showed greater fluorescence dispersed uniformly in the vaginal
tract for both PVA and PVP fibers compared to the limited, non-uniform coverage observed for
aqueous suspensions (Figure 5-4). We found that that a mean of 1.1% of the total dose of Rho-
NP were recovered in the wash buffer for aqueous suspensions, versus 43.6% for PVA fibers
and 8.2% for PVP fibers. In the vaginal tissue, 0.3% of the total dose was recovered for
aqueous suspensions, versus 6.8% for PVA fibers and 36.5% for PVP fibers. These results
show that in addition to enhancing total NP dose retention in the reproductive tract by >30-fold,
composite fibers also significantly increase NP delivery to vaginal tissue by 22-fold or higher at
24h.

We tested two fiber materials with varying mucoadhesivities to study the effect of fiber
mucoadhesivity on NP retention and trafficking. We found that PVA fibers resulted in greater NP
association with the lumenal mucus (wash buffer), while PVP fibers result in greater NP
association with the vaginal tissue. This is consistent with the higher degree of mucoadhesivity
for PVP compared to PVA. However, there is an important observation regarding the wash
method for PVP fibers only. The wash method worked well for separating undissolved PVA
fibers from vaginal tissue, with all undissolved PVA fibers separating completely from the tissue
during the wash (visible as a large fiber piece in the buffer). Conversely, the washing method
did not work for PVP: small pieces of undissolved PVP fibers were still visibly stuck to the
tissue after the wash.

This limitation is important for interpreting the data in Figure 5-4 in terms of differentiating
between NP associated with the lumenal mucus/undissolved fibers versus the vaginal tissue.
For PVP only, the amount of NP that are associated with the vaginal tissue was confounded by
the presence of small pieces undissolved fibers stuck to the vaginal tissue. In other words, for
PVP fibers, the 37% total NP dose associated with the vaginal tissue not only includes NP that
have left fibers and ftrafficked into vaginal tissue, but also includes NP trapped within
undissolved fibers. In contrast, for PVA fibers, the 7% of total NP dose associated with the
vaginal tissue represents only the portion of total NP dose that has left fibers and trafficked into
vaginal tissue. Continued method development would be needed to separate undissolved PVP
fibers from the vaginal tract in order to make any claims concerning in vivo nanoparticle release
from PVP fibers. However, claims about fotal dose retention in the reproductive tract are still
valid for both PVA and PVP fibers. Given this limitation, we chose to move forward with PVA

fibers only for future work. It is not necessarily that PVA fibers are better than PVP fibers for
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intravaginal delivery, but that with the current methods, we are able to differentiate where

nanoparticles are trafficking with more confidence for PVA than PVP.

5.4.8 Long-term nanoparticle retention and in vivo release kinetics for PVA fiber composites

Given that nanoparticle retention was >50% of the total dose at 24h for PVA composite fibers,
we next evaluated how long nanoparticles were retained in the vaginal tract after a single
administration. We intravaginally administered Rho-NP in composite PVA fibers and measured
fluorescent content as described previously at 2d, 3d, 5d, and 7d after administration. We found
that nanoparticles were retained in the reproductive tract and vaginal tissue at detectable levels
out to 3 days for composite PVA composite fibers, visible by Xenogen fluorescent imaging
(Figure 5-5). At 72h after administration, a mean of 38.5% of the total NP dose was retained in
the reproductive tract overall, and 6.0% of the total NP dose was associated with the vaginal
tissue (Figure 5-5). The total NP dose recovery decreased slightly from a mean of 47.0% of the
total NP dose at 48h to 38.5% at 72h, and then dropped off to below detection (<0.2%) after 5d.
These NP release kinetics are consistent with the hypothesis that in low fluid volume conditions
in vivo, the fiber polymer wets and dissolves slowly to sustain release of nanoparticles. After
release from fibers, some nanoparticles diffuse through the lumenal mucus into the adherent
mucus and/or vaginal tissue, while some nanoparticles are lost externally due to mucus
turnover. This study is significant in that it is the first to our knowledge showing capability for
sustained released of nanoparticles for intravaginal delivery out to three days by using a fiber
dosage form.

Interestingly, we found that both PVA and PVP fibers dissolved more slowly in vivo than we
predicted based on results from in vitro fiber dissolution and NP release experiments. We
observed during necropsy that undissolved fibers were still visibly present in the vaginal tract of
mice at 24h for both PVA and PVP composites. Even at 72h, we observed that some animals
still had a much smaller but visible portion of undissolved PVA fibers inside the vaginal tract. As
discussed previously, this is likely due to the low fluid volume conditions and presence of
viscous mucus that slowed the in vivo dissolution of fibers. Additionally, a relatively large dose
of composite fibers was administered to mice (~3 mg), which took up ~25-50% of the mouse
vaginal tract by volume. A dosing study was performed in which doses of 1, 3, and 5 mg fibers
were administered to mice, and the 3 mg dose was chosen to maximize detectability but still
allow for fiber dissolution (Supplementary Fig S2). Even though both PVA and PVP are
hydrophilic polymers, their wetting and dissolution requires a sufficient volume of water. The NP

release kinetics could potentially modulated by using different polymers and/or excipients for the
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fiber material, altering NP:fiber loading, or changing the total dose of composites administered.
In future studies, the in vivo release rate may also be controlled by using more hydrophobic
polymers for the fiber material to sustain release out to even longer times, or using excipients to

increase water uptake in fibers to provide faster NP release.

E= Uterine horns
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Figure 5-5. Nanoparticles are retained in the reproductive tract out to three days after a single
PVA composite fiber administration. (A) Whole reproductive tracts, pre-wash. (B) Opened vaginal
tissues post-wash, cut open to the cervix. Minimum and maximum radiance were set to the same
values for all Xenogen images taken in (A) and (B). (C) Dose recovery of fluorescent nanoparticles at
1d, 2d, 3d, 5d, and 7d, measured by tissue homogenization methods, plotted as mean +/- S.D. For
each time point, n=3 animals received PVA composite fibers and n=1 untreated mouse was used as a
control (1d time point from Fig. 4, different study with same methods, but n=7 mice per group).
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5.4.9 Pharmacokinetics of ETR after infravaginal delivery in fibers vs. suspensions
Pharmacokinetic parameters were calculated for mice receiving aqueous suspensions
(sampled from 1h to 72h) and for mice receiving composite fibers (sampled from 1h to 7d), with
n=5 mice for each condition tested. Cmax is defined as the maximum observed concentration,
Tmax is the time at which Cmax occurred, AUC is the area under the concentration-time curve,
and ty, as the terminal elimination half-life (estimated from the terminal phase of the log-linear

concentration-time curve).

5.4.10 Cervicovaginal lavage PK

Drug release kinetics in the cervicovaginal lavage were also remarkably different for
aqueous suspensions compared to composite fibers. Aqueous suspensions provided an initial
burst release of drug at early time points, shown by the high Cmax, short Tmax, and shorter
terminal half-life relative to composite fibers for most organs, including the lavage (Table 5-3).
For mice that received aqueous suspensions, Cmax occurred at around 1h, with a mean 9.72
g ETR /mL detected in the lavage (17.0% total ETR dose administered). The drug
concentration fell rapidly, down to a mean of 0.67 yg ETR /mL (1.2% total dose) by 24h. For
PVA composite fibers, Cmax also occurred around 1h, with a mean of 47.5 uyg ETR /mL

detected in the lavage (83.7% total ETR dose). However, for fibers, the drug concentration
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Figure 5-6. PVA composite fibers result enhanced ETR retention over 7 days in the cervicovaginal
lavage and vaginal tissue relative to aqueous suspensions. (A) ETR content in 200 L cervicovaginal
lavage, including any undissolved fibers present (analyzed by HPLC). (B) ETR content in homogenized
vaginal tissue, post-lavage (analyzed by LC-MS/MS). **p<0.01, **p<0.001. n=5 mice per group at each
time point out to 72h, with fiber group only extended to 5d and 7d. Statistical outliers were identified with
Grubb’s test (alpha = 0.01) and were not included for PK analysis or displayed in this figure.
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decreased much more slowly in the lavage out through 72h compared to aqueous suspensions.
At 72h, there was still 33.1 yg ETR/mL (44.0% total dose) was detected in the lavage, which is
quite similar to the 38.5% total dose of Rho-NP recovered in the lavage for the PVA composite
fibers (Figure 5-5).

Table 5-3. Effect of nanoparticle dosage platform on pharmacokinetic parameters of ETR
following intravaginal administration using noncompartmental analysis.

oa Crmax (1g/g)” AUC1 35.7220n (hr*ig/g)”

SB;?]L%?'ecal ETR formulation E;Sé ;rh";ax Mean p Mean p ﬁggﬁb/
(= SEM) (+ SEM) sus

. 9.72 202.11

Vaginal Suspension 36.41 1.35 (1.96) (29.01)
<0.0001 <0.0001 12.53

lavage Fibers 6209 135 47.51 2,531.69

) ) (0.94) (85.63)

. 4.66 44.29

Vaginal Suspension 21.08 1.35 (0.35) (5.42)
. 0.0002 0.1419 1.23

tissue Fibers 3313 135 1.93 54.29

) ) (0.24) (2.88)

Suspension 17.09 1.35 (00'0%253 (00622673
Liver . 0.1247 . 0.0005 1.81

Fibers 4487 6.47 0.018 0.481

) ) (0.003) (0.027)

Suspension NA 1.35 (00'002403 (00'16025
Rectum . 0.5213 ) 0.0238 2.29

Fibers 2569 24.38 0.033 1:431

) ) (0.013) (0.270)

. 0.041 0.654

Uterine ~ Suspension NA -~ 135 (0.015) (0.109)
>0.9999 0.0258 2.02

horns Fibers 2599 1252 0.041 1.322

) ) (0.017) (0.219)

. 0.0038 0.0255

Suspension 7.58 1.35

Plasma (0.0006) 0.0170 (0.0024) 0.0003 1.75

Fibers 2211 1.35 0.0019 0.0446

) ) (0.0002) (0.0021)

@ Calculated using data from 0-3 days for suspension (upon which values reached baseline) and 0-7 days for fibers
b pg/mL for vaginal lavage and plasma

¢ hreug/mL for vaginal lavage and plasma

NA, not available.

At 5d or longer, the drug concentration in the lavage for PVA fibers became more variable,
but declined overall to a mean of 8.1 uyg ETR/mL (14.3% total dose) at 7d. The terminal half-life
values for the two NP dosage platforms show the differences in drug release kinetics, with
aqueous suspensions having an ETR terminal half-life of 36.4h in the cervicovaginal lavage,
versus 62.0h for the PVA fibers (Table 5-3). The differences in release kinetics in the lavage are
likely due to the high degree of external leakage at early time points for aqueous suspensions,

compared to the enhanced retention, slow hydration, dissolution, and subsequent release of NP
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provided by fibers. At 5-7d, we observed some mice that received PVA fibers had a small,
hardened chunk of polymer and/or mucus near the vaginal opening, while other mice had no
visible sign of undissolved fibers. Since there were still undissolved fibers present at 5-7d, it
suggests that the total mass of fibers administered (2.8 mg) was relatively high compared to the
volume of fluid available for dissolution. Perhaps using a smaller dose (mass of fibers) in future
studies would allow for a higher fluid:solid mass ratio and provide quicker in vivo fiber
dissolution and increased release and diffusion of NP into vaginal tissue.

One limitation of the study design is that neither the lavage nor the wash method was able
to differentiate between NP/drug trapped within undissolved fibers, and NP/drug that was
released from fibers into the mucus. Both undissolved fibers and cervicovaginal mucus were
“counted” as part of the lavage. It is possible that much of the ETR dose detected in the lavage
was actually still within undissolved PVA fibers. Still, the results demonstrate that the hypothesis
tested was true: composite fibers did indeed result in much less leakage and greater retention of
ETR in the reproductive tract than aqueous suspensions did. Given the extremely high drug
concentrations detected in lavage for the PVA composite fibers, the current platform may be
suitable for agents that act as entry inhibitors to HIV-1 like maraviroc, griffithsin, or cyanovirin-N.
High concentrations of entry inhibitors are desirable in the vaginal lumen to prevent virus from
trafficking further into vaginal tissue and entering cells. Further studies will investigate how to
optimize the composite fiber delivery system for increased diffusion of NP into vaginal tissue,
the target for drugs that have intracellular mechanisms of action like ETR or other NNRTIs.

Although ETR has not been evaluated in clinical studies as a vaginally applied product,
comparisons can be made from oral dosing studies. The DIVA-2 study evaluated ETR
concentrations in cervicovaginal fluid (CVF) after oral dosing of ETR in HIV-1-infected women,
and found good penetration of ETR into the CVF at concentrations of 0.857 pg/mL*. In
comparison, the PVA fiber group provided ~10-fold higher ETR concentration in lavage at 7 d
after a single dose. Overall, the dramatically enhanced ETR retention in the vaginal lumen and
increased terminal half-life for composite fibers demonstrates the potential of fibers to increase
retention and sustain drug release relative to aqueous suspensions. The data suggests that a
fiber platform could provide sustained release of both NP and drug in vivo. Since nanofibers are
also able to deliver drug in a burst release manner'>'®, the fiber platform may be able to meet
design criteria for new microbicide technologies designed for both “on-demand” / pericoital use

and sustained protection®’.

147



5.4.11 Vaginal tissue PK

We found that PVA composite fibers resulted in slightly increased ETR bioavailability to
vaginal tissue from 1-72h, with relative bioavailability (AUCsbe/AUCsyspension) Of 1.23 (Table 5-3).
The overall drug delivery to vaginal tissue as a function of percent total dose delivered is low
relative to the cervicovaginal lavage for both platforms (Cmaxaq susp. = 1.90% total dose ETR,
Cmaxspers= 0.94% total dose ETR). Similar to the cervicovaginal lavage release kinetics,
aqueous suspensions resulted in a high Cmax at early time (4.66 ug ETR/g at 1h), but tissue
levels dropped quickly, down to 0.094 ug ETR/g at 24h. This compares to PVA composite
fibers, which provided a lower initial drug concentration, but more constant, sustained ETR
delivery to vaginal tissue out to 72h. For PVA fibers, Cmax occurred at 1h (1.93 pg ETR/g) and
decreased slowly to 0.078 ug ETR/g at 72h. Vaginal tissue concentrations were approximately
two-fold higher for fibers than suspensions from 24h-72h (Figure 5-6). The prolonged release
kinetics is also captured by the longer terminal half-life value for fibers (33.1h) relative to
aqueous suspensions (22.1h) (Table 5-3). This data is significant in that the vaginal tissue is
where etravirine would be expected to actively inhibit HIV-1 reverse transcriptase.

However, the two-fold enhancement in ETR content in vaginal tissue provided by fibers is
much lower than anticipated based on fluorescent NP experiments. We described previously in
this manuscript that the Rho-NP content in vaginal tissue at 24h was approximately 20-fold
higher for fibers relative to suspensions (Figure 5-4, Table 5-2). An important difference to
highlight is that for this PK study, we tracked the movement of drug as opposed to fluorescent
nanoparticles. Since the fluorescent NP studies and PK studies are tracking two different
components (drug vs. nanoparticle), differences are expected. One likely explanation for the
differences in vaginal tissue content between these studies is that the ETR burst released from
the NP in the lumen while the NP were still diffusing out of the fibers and through the mucus.
The NP may have eventually trafficked to the vaginal tissue, but released nearly all of their drug
contents in the lumen before getting to their target. The physicochemical properties of ETR may
also contribute to drug partitioning into mucus instead of tissue. Protein binding is a significant
factor in mucosal drug delivery®®, and since ETR is 99.9-99.8% protein-bound in plasma®’, its
penetration into vaginal tissue may also be limited by protein binding in vaginal fluid. Therefore,
testing other ARVs with different physicochemical properties in this system would be useful to
understand drug properties contribute to differences in drug tissue concentrations and
elimination kinetics for the composite fiber system.

To test the hypothesis that ETR burst released before reaching vaginal tissue, we measured

the in vitro release from ETR-NP under sink conditions and found that >95% of drug had
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released within 2 h (Supplementary Fig. S3). As discussed already, the low volume conditions
for in vivo release are not likely to be recapitulated by sink conditions established for the in vitro
release experiment. However, burst release of ETR in the lumen would account for the
observed high concentrations of drug in the lavage relative to the vaginal tissue. For future
studies, this nanoparticle formulation may be further optimized to limit burst release. Along with
optimizing NP for sustained release, NP should ideally be optimized for trafficking through the
vaginal epithelium in addition to mucus. While PEGylated PLGA NP have been shown to diffuse
quickly through mucus>*, there is limited knowledge on the transport mechanisms of these NP
in the vaginal tissue. PEGylation of the nanoparticle surface has been demonstrated to result in
decreased cell uptake and reduce efficiency of endosomal escape®. Thus, there is need for
development of new strategies to create NP that can cross the vaginal epithelial barrier and be
taken up intracellularly by target cells for HIV-1.

Another possibility is that the fluorescent NP studies were confounded by the presence of
free rhodamine along with nanoparticle-conjugated rhodamine, resulting in artificially high
values for the total dose of nanoparticles associated with vaginal tissue. Rhodamine was
conjugated to PLGA via an ester bond and can be dissociated by hydrolysis by water or
enzymes present in vaginal fluid. As mentioned previously, the rhodamine-PLGA conjugate was
washed several times during the conjugation reaction and nanoparticle synthesis, so we expect
the amount of free rhodamine to be small relative to conjugated rhodamine for the initial
nanoparticles administered. Even if a large proportion of rhodamine did hydrolyze in vivo, we
expect this amount to be consistent between both the aqueous suspension and fiber groups.
Thus, this explanation still would not account for the large differences (>22-fold) in Rho-NP
retention at 24h between composite fiber and aqueous suspension groups. We plan to directly
measure the amount of free rhodamine versus nanoparticle-conjugated rhodamine in vitro using
various buffers to test this explanation in future studies.

Vaginal tissue concentrations of ETR observed in this study are lower than those reported
for some other studies for intravaginal administration of nanoparticles in mice, but still relevant
in the context of establishing protective drug concentration for HIV-1 prevention. Das Neves et
al studied biodistribution and pharmacokinetics of dapivirine (DPV), an NNRTI with similar
physicochemical properties to ETR’. They detected a mean of ~3 ug ETR/g in the vaginal tissue
at 24h after administration of DPV-NP (dosed at 5 ug DPV/mouse). In contrast, we observed a
mean of 0.29 ug ETR/g for aqueous suspensions at 24h, and 0.79 ug ETR/g for PVA fibers
(dosed at 11.5 pg ETR/mouse). Disparities may be due to differences in drug loading and

release kinetics of nanoparticle formulations, as well as variations in administration methods
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(das Neves et al positioned mice in an inverted position for 1 min after administration to reduce
leakage). Cu et al did not directly measure drug content, but reported that nanoparticle content
in vaginal tissue had decreased to near background levels by 24h®. Even though we observed
low drug concentrations in vaginal tissue, the amount of drug present is still relevant in terms of
being in range for protective action against HIV-1. The mean vaginal tissue concentrations
detected for the PVA fiber group at 72 h was 293 ng/g, nearly 150-fold higher than the in vitro
ICso for ETR of ~2 ng/mL*. Dapivirine vaginal ring studies in humans reported vaginal tissue
concentrations in the range of 0.3 to 3.5 ug/g®, similar to the range of ETR detected for the PVA
fiber group between 1-72h for this study of 0.3-1.9 pg/g. Overall, the PK data for vaginal tissue
showed that composite PVA fibers improved ETR delivery to vaginal tissue by about two-fold

relative to aqueous suspensions out three days after a single application.

5.4.12 Secondary organs PK

We found that systemic exposure to ETR was very low for both delivery platforms (Figure 5-
7). Maximum ETR concentrations in the uterine horns, rectum or liver were approximately two
orders of magnitude lower (50-fold to 70-fold less) than maximum concentration in the vaginal
tissue (Table 5-3). Maximum ETR concentrations in the plasma were even lower, about three
orders of magnitude (1000-fold to 1200-fold less) than the Cmax in vaginal tissue for both
delivery platforms. These concentrations represent than 0.02% of the total ETR dose
administered for the uterine horns and rectum, and less than 0.25% of the total dose for liver.
This data is consistent with previous reports for intravaginal delivery of antiviral drug-loaded NP
showing low systemic exposure’, corroborating the rationale for local vaginal drug delivery to
provide high concentrations of drug in target tissue while limiting systemic exposure and
corresponding side effects.

For the secondary organs located anatomically closest to the vaginal tract, the rectum and
uterine horns, we observed unique patterns in ETR drug exposure for aqueous suspensions
compared to composite fibers (Figure 5-7). For aqueous suspensions, all secondary organs
resulted in Cmax occurring at the earliest time point (1h) and decreasing rapidly to the last time
point (72h) (Table 5-3), consistent with release kinetics observed for lavage and vaginal tissue.
For PVA fibers, we observed a delay in Cmax, with the uterine horns and rectum reaching
Cmax at 12h and 24h, respectively. Fibers also show a long terminal elimination half-life of 25-
26h for both the uterine horns and rectum. The delay in Cmax for composite fibers is consistent
with visual observations of slow fiber degradation over the course of days and hypothesis that

fibers would take a longer time to hydrate, dissolve, and release NP. The AUC.7,, was about
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Figure 5-7. Low systemic drug exposure observed for both delivery platforms, with sustained
release observed for the PVA composite fibers. (A)-(D) ETR content detected by LC-MS/MS in
homogenized tissues. *p<0.05, **p<0.01, **p<0.001. n=5 mice per group at each time point out to 72h,
with fiber group only extended to 5d and 7d. Statistical outliers were identified with Grubb’s test (alpha =
0.01) and were not included for PK analysis or displayed in this figure.

two-fold higher for fibers than aqueous suspensions for both uterine horns and rectum, showing
significantly higher overall drug exposure to tissue for fibers (Table 5-3). Though low relative to
vaginal tissue AUC values, this data also supports the claim that the fiber platform is more
suitable for sustained release of drug over the course of days, compared to the burst release
over minutes or hours seen for the aqueous suspension group.

The drug concentrations measured in liver and plasma follow similar patterns for both total
drug exposure and release kinetics, with overall low concentrations detected, but significantly
higher drug concentrations for fibers than aqueous suspensions from 24h — 72h (Figure 5-7).
The terminal elimination half-life in liver was longer for the PVA fiber group compared to the
suspension, at 44.8h compared to 17.6h (Table 5-3). Following a similar pattern, the terminal
elimination half-life in plasma was longer for PVA fibers, at 22.1h, compared to 7.6h for

suspensions. These release kinetics observed in the liver and plasma for PVA fiber composites

151



parallel the two-fold increase in vagina tissue ETR concentrations seen for fibers (Figure 5-6).
Again, this data supports the claim that composite fibers can provide sustained release of ETR

over the course of three days.

55 CONCLUSIONS

In this work, we explored electrospun fibers as a novel intravaginal delivery platform for
nanoparticles. We demonstrate the ability of composite fibers to release intact nanoparticles
with maintained size and surface properties. Significantly, composite fibers were shown to
enhance retention of NP and drug in the reproductive tract and sustain release of both NP and
drug in vivo out to at least 3 days. This work demonstrates the capability of fibers as a sustained
release platform in vivo and has potential applications in clinical use as a long-acting
microbicide. It is the first report to our knowledge evaluating the in vivo retention of an
intravaginal dosage form for NP delivery other than aqueous suspensions. This work is also
significant in that two components within a single delivery platform were engineered
independently for optimal interactions with cervicovaginal mucus. Such a system may have
applications to other target sites for mucosal delivery including pulmonary, nasal, and buccal
delivery.

From the pharmacokinetic study, we observed extremely high drug concentrations retained
in the cervicovaginal lavage out to 7 days and a two-fold increase in ETR concentration in
vaginal tissue from 24-72h for PVA composite fibers relative to aqueous suspensions. While
there are still many variables left to explore for optimizing drug delivery to vaginal tissue from
composite fibers, this work clearly demonstrates that composite fibers substantially improve
both nanoparticle and drug retention in the reproductive tract. Composite fibers offer a new
platform for the intravaginal administration of nanoparticles that is both solid-state and practical

to administer.
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6 Summary and Future Perspectives.

6.1 OVERALL SUMMARY AND CONCLUSIONS

In this dissertation, nanomaterial platforms for drug delivery including nanoparticles and
electrospun nanofibers were investigated for the context of vaginal drug delivery. This work was
especially motivated by the high global burden of HIV-1, particularly in low-resource settings like
sub-Saharan Africa, and the lack of female-initiated prevention methods for HIV-1. We loaded
antiretroviral drugs in nanoparticles and nanofibers and evaluated their ability to retain drug
activity against HIV-1 in vitro and sustain release of drug for longer-acting protection. We then
studied the potential of electrospun fibers for multipurpose prevention of HIV-1, HSV-2, and
unintended pregnancy, as well as the scalability of this platform using a production-scale
instrument. Finally, we combined the nanoparticle and electrospun fiber platforms into
composite materials and investigated their potential as a novel dosage form for increasing
vaginal retention of nanoparticles using in vivo murine models.

In Chapter 2, we synthesized and characterized antiretroviral drug-loaded nanoparticles for
their physicochemical properties, drug loading, toxicity and ability to prevent HIV-1 infection in
vitro relative to free drug. We found that the nanoparticle platform can enhance drug activity
against HIV-1 by up to 50-fold for efavirenz nanoparticles, demonstrating that nanoparticles can
improve ARV delivery to cells. Toxicity to TZM-bl cells and macaque cervical explant tissue was
found to be low, suggesting good biocompatibility of the PLGA nanoparticle system for topical
vaginal application. Importantly, we applied the TZM-bL cell reporter assay to determine the
added benefit of using nanoparticles to delivery drug as opposed to free drug, and also to
evaluate synergism obtained by delivering ARV nanoparticles in combination with tenofovir.
While this work was applied specifically for efavirenz or saquinavir-loaded PLGA nanoparticles,
we expect the methods to be translatable for evaluating other candidate drugs or carrier
systems as next-generation microbicides.

In Chapter 3, we investigated electrospun fibers as a vaginal drug delivery platform for
simultaneous STI prevention and contraception. We fabricated electrospun fibers containing
antiretroviral drugs with action against HIV-1 and HSV-2, as well as chemical inhibitors of sperm
motility. Proof-of-concept was demonstrated for fibers as a multipurpose prevention technology,
as fibers were shown to load and release ARVs that potently inhibited HIV-1 in vitro in addition
to acting as a physical and chemical barrier to sperm. Significantly, we also showed by

modulating polymer type and content in fibers, both burst and sustained drug release kinetics
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were achieved. This work is relevant for the field of multipurpose prevention technology in that it
introduces a new platform for intravaginal administration that meets many key design criteria for
new products. We showed that electrospun fibers are incredibly versatile with regard to the
types of polymers/agents that can be incorporated, can provide both burst and sustained
release (significant for both pericoital and sustained dosing frequency), and can act as a
physical barrier to sperm (new potential contraceptive method).

In Chapter 4, we evaluated the manufacturing scale-up potential of drug-loaded electrospun
fibers. We electrospun tenofovir-containing PVA fibers on a small-scale needle rig system
(commonly used in laboratories) and a production-scale free surface electrospinning instrument.
We characterized the properties of fibers produced using each system and found that fiber
diameter, actual drug loading, encapsulation efficiency, and burst release kinetics were similar
for fibers produced on both the small-scale and production-scale instruments. These results
demonstrate that tenofovir-containing PVA fibers are scalable to the production scale, and
results may be translatable for other types of drug-loaded fibers. This is an important finding for
the microbicide field in that scalability and cost-effectiveness are necessary for evaluating new
dosage platforms. Surprisingly, we found that at least 60% TFV (drug:fiber mass) could be
incorporated into fibers, meaning there was more drug by mass than fiber itself within the fiber
meshes. This is remarkably high relative to similar solid state dosage forms, vaginal films, which
only have reported drug loadings of up to 1.3% (w/w). This means that fibers may be able to
provide the same amount of drug as similar dosage forms using a much smaller dose (>45x
less by mass) or deliver drugs with reduced potency, which may expand the types of vaginal
products achievable for the fiber platform.

In Chapter 5, we addressed a major gap in the microbicide field by investigating a new
platform for the delivery of nanoparticles: nanoparticle-releasing nanofiber composites. There
have been many advances made in engineering nanoparticles to overcome physiologic barriers
to vaginal drug delivery, but the field currently lacks a practical method for administering
nanoparticles. In this work, we directly compared the vaginal retention of nanoparticles delivered
in aqueous suspensions versus composite nanofibers in mice. We found that fibers enhance the
retention of nanoparticles in the reproductive tract at 24h by over 30-fold relative to aqueous
suspensions. Further, we found that fibers can sustain significant amounts of nanoparticle
retention in the reproductive tract (and vaginal tissue) out to three days, compared to <1% of
total dose remaining for aqueous suspensions at 24h. Importantly, we learned that composite
fibers behave very differently in vivo that predicted by in vitro experiments under sink conditions,

likely due to much lower fluid volumes in vitro and interactions with cervicovaginal mucus.
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Overall, we found that both nanoparticles and nanofibers have high potential for enhancing
vaginal drug delivery, with many impacts for the microbicide field as a whole. Nanoparticles
were found to be able to load high amounts of antiretroviral drugs and enhance efficacy against
HIV-1 in vitro compared to free drug alone. Nanofibers were demonstrated to be able to load
many agents relevant to vaginal drug delivery at remarkably high levels (up to 60% by mass),
provide both quick and sustained drug release, release active drug with action against HIV-1,
and act as a physical and chemical barrier to sperm. Both particle and fiber platforms
demonstrated good biocompatibility, showing maintained vaginal epithelial integrity when tested
ex vivo tissue explants and comparable cytotoxicity to media controls in a human cervical
cancer cell line. Fibers were shown to be scalable to the manufacturing level, an important
criterion for developing cost-effective microbicides and advancing studies to human clinical
trials. Finally, nanoparticle/nanofiber composites were found to dramatically enhance retention
in the reproductive tract of mice and delivery to vaginal tissue, characterizing a new platform for
vaginal administration of nanoparticles that is both solid-state and practical to administer.

Many aspects of this work were novel: (1) the first demonstration of using electrospun fibers
as a platform for multipurpose prevention of HIV-1 and contraception; (2) the first in vivo studies
testing electrospun fibers for intravaginal administration; (3) the first studies exploring glycerol
monolaurate for its ability to inhibit sperm motility; (4) the first investigation of using electrospun
nanofibers to deliver intact nanoparticles (as opposed to drug/protein); (5) the first platform
containing two components uniquely tailored for optimal interactions with mucus (mucus-
penetrating and muco-adherent components); (6) the first in vivo studies of vaginally
administered nanoparticle/nanofiber composites.

Several limitations were discovered while completing this work. In Ch. 2, we found that
nanoparticle loading was limited to ~7 wt% and that encapsulation efficiency was limited to
around 50% for this particular system. It is also unclear if these nanoparticles can provide
significant sustained release beyond 24h. Release may be limited by either drug solubility in
PLGA or the nanoscale dimensions that provide fast diffusion. In Ch. 3 and 4, further work is
needed to optimize the uniformity of fiber thickness when electrospinning on the manufacturing
scale. Additionally, more in-depth toxicity and safety studies should evaluate how vaginal tissue
responds to the presence of nanofibers, including characterizing changes in inflammation, pH,
cell populations, and the vaginal microbiome. Finally, in Ch. 5, we were unable to differentiate
between drug that was still entrapped in nanoparticles versus released drug for our in vivo
pharmacokinetic study. Future studies are needed to explore alternate methods for fabricating

composite materials and for independently tracking free drug vs. nanoparticle-associated drug.
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6.2 FUTURE DIRECTIONS

There is much left to be explored for all of the nanomaterial platforms studied in this
dissertation. For nanoparticles, exciting developments have been made in engineering
nanoparticles to diffuse rapidly through mucus'?, but work is still needed to design nanoparticles
for increased transport through the vaginal epithelium and enhanced cellular uptake. Future
challenges for the fiber platform include further characterizing in vivo dissolution and effects on
mucus barrier properties, as well as determining the appropriate dosing for pericoital and
sustained use products. Moving forward, since user adherence has been a major challenge in
many vaginal microbicide clinical trials®*, it will also be important to obtain feedback from
potential end-users on their preferences for product attributes in a fiber-based platform. For the
nanoparticle/nanofiber composite platform in particular, several studies are described below that

would be informative for the continued investigation of fibers as a vaginal delivery platform.

6.2.1 Nanofiber composites for the release of other types of nanocarriers.

Composite fibers could be studied for their ability to release other types of delivery vehicles
beside PLGA-ETR nanoparticles. Drug and protein release, but not nanocarrier release, has
been evaluated for electrospun fiber composite materials. Our PLGA nanoparticles described in
Ch. 5 likely resulted in burst release of ETR. Studies could be done to test the potential of this
system for nanoparticle that shows sustained release of drug over 5-7 days in vitro, matching
the in vivo elimination rate of the PVA fibers that we observed in Ch. 5. Other studies could
investigate using composites to deliver nanoparticles that are engineered to specifically
penetrate the vaginal epithelial barrier. Finally, other types of carriers including liposomes,
mesoporous silica nanoparticles, and dendrimers could be electrospun into fibers and
characterized for their nanoparticle:fiber loading potential, nanoparticle release kinetics,

physicochemical properties after release.

6.2.2 Identifying a method for removal of undissolved PVP fibers from vaginal tissue.
Continued methods development could be done to find an appropriate method to fully
remove undissolved PVP fibers from vaginal tissue. PVP fibers could not be removed from
vaginal tissue using either the wash buffer or lavage method described in Ch. 5 due to their high
degree of mucoadhesivity, confounding our ability to make claims regarding nanoparticle
trafficking into vaginal tissue. To more fully dissolve mucus and PVP fibers, various wash
buffers that contain different concentrations of enzymes, mucus thinning agents, or PVP

solvents could be tested for their ability to dissolve cervicovaginal mucus from excised
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reproductive tracts of mice. Alcain blue staining could also be used to probe for the presence of
mucus as described previously®. In parallel, complete removal of undissolved fibers could be
determined by using fluorescently conjugated PVP fibers, and fluorescence microscopy and
homogenization techniques described in Ch. 5 to detect fibers remaining after the wash
procedure. After a method is identified to remove PVP fibers from tissue, PVP fibers could be
added as comparison group for the long-term retention (Rho-NP) study and pharmacokinetic
study presented in Ch. 5 and compared to results for PVA composite fibers and aqueous

suspensions.

6.2.3 Alternate methods for fabricating nanoparticle/nanofiber composites.

Fourth, challenges related to finding a solvent that is compatible with all composite
components may be overcome by exploring alternate methods for composite fabrication. The
optimal composite fabrication strategy would result in high nanoparticle:nanofiber loading and
uniformity across a large area of fiber mesh. Alternate methods for fabrication may allow for
different spatial presentation of nanoparticles on fiber structures (i.e., on the outside of fibers
versus the inside) that could improve nanoparticle release kinetics from fibers and allow for
higher nanoparticle loadings to be achieved. There are few reports of methods for fabricating
composites other than the “direct addition” method. lonescu et al electrospun a second
“sacrificial” fiber polymer containing nanoparticles that was dissolved away to leave
nanoparticles trapped within a primary fiber polymer®. However, this method still requires
considering solvent compatibility with all components and is unlikely to be feasible for
hydrophilic fiber polymers.

Two other strategies for composite fabrication could be explored: nanoparticle
aerosolization and nanoparticle “rubbing”. Aerosolization of nanoparticles has previously been
investigated for administering dry nanoparticles in powdered form for pulmonary applications”®.
Nanofibers have been extensively investigated for use as air filters because of their high
efficiency at trapping fine particles on the order of 10-500 nm®'®. By simultaneously applying
these concepts, fibers could be used as a filter to trap aerosolized nanoparticles as a method for
fabricating nanoparticle/nanofiber composites. Second, composites could be created by
‘rubbing” dry nanoparticles onto nanofiber mats. “Rubbing” has been described for creating
uniform monolayers of particles on a rubber substrates'’, but has not yet been described as a
method for fabricating composites using electrospun composites. Future studies could test a
‘rubbing” method as a means of distributing large amounts of nanoparticles uniformly across a

fiber surface. This work would provide valuable data on two new methods for fabricating
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nanoparticle/nanofiber composites in terms of highest achievable nanoparticle:nanofiber loading
and nanoparticle uniformity across the fiber mesh, two key parameters in the development of a

new vehicle for vaginal application of nanoparticles.

6.2.4 Effects of fiber composites on cervicovaginal mucus properties and nanoparticle
diffusion.

Studying the effects of fiber composites on the barrier properties of cervicovaginal mucus
and nanoparticle diffusion would be valuable for better predicting how composites will behave in
vivo. It has been shown previously that presence of polymer can affect the physical properties of
cervicovaginal mucus by causing mucin fiber aggregation'? or result in changes in nanoparticle

diffusion through polymer/mucus’™.

It will be important to evaluate how high polymer
concentrations on the order of those provided by composite fibers affect the properties of
cervicovaginal mucus. In vitro studies could be performed to study the effects of high
concentrations of polymer addition on mucus network, including imaging of the mucin network to
probe for physical changes. Further studies could also measure how nanoparticle diffusion is
altered in combination mucus/polymer gels by developing new tracking techniques that are

better suited for viscous polymer solutions containing biological components.

6.2.5 Effect of modifying nanoparticle/nanofiber composite parameters on in vivo fiber
dissolution and nanoparticle release in the vaginal tract.

Fifth, electrospun fibers are a newly investigated dosage form for vaginal drug delivery, with
the first reports of in vitro testing for vaginal application occurring only within the last three
years'®'®. As such, there is limited data on how fibers behave in vivo after intravaginal
administration. To our knowledge, the only reports are those presented in Ch. 3' and Ch. 5.
There is therefore much left to explore with regard to the in vivo behavior of the fiber platform for
vaginal drug delivery. The vaginal mucosa is dynamic, with an overall low volume of fluid for
dissolution, highly viscous mucus, variable pH, and high degree of mucus turnover'’. Since it is
difficult to recapitulate all of these conditions for in vitro dissolution or release studies, there is
need for further investigation using in vivo models to understand how varying parameters of the
fiber platform affect its dissolution in the vaginal tract.

Building on work presented in Ch. 5 on nanoparticle-releasing nanofiber composites for
vaginal drug delivery, another idea is to explore in more depth how modifying various

parameters of the fiber platform affect in vivo dissolution. The effect of modifying the following
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four parameters on in vivo fiber dissolution time could be studied: (1) fiber dose administered,
(2) polymer type, (3) use of dissolution-enhancing excipients, (4) geometry of fiber for insertion.
This work may help identify key attributes of composite fiber meshes that significantly impact in
vivo dissolution time in the mouse vaginal tract. In addition, it would provide valuable data on
how these parameters also influence nanoparticle delivery from composite fibers and retention
in vaginal tissue over time. This understanding would be greatly impactful for continued
development of the nanofiber platform for vaginal drug delivery applications, including HIV
microbicides, STI prevention and treatment, and contraception, as well as for drug delivery to

other mucosal sites.
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APPENDIX A. Properties of Selected Antiretroviral Drugs

MW BCS - . Mechanism
Drug (g/mol)  Class Solubility pKa logP Half-life (h) of action*
72-73 (plasma)
Dapivirine 329.4 Il <10 ug/mL 5.27 5.27 15-17 (vaginal NNRTI
fluid)
Efavirenz 315.7 Il <10 ug/mL 10.2 3.68 40-50 NNRTI
Etravirine 435.3 v <10 ug/mL 3.5 5.2 30-40 NNRTI
Maraviroc 513.7 i ~tmg/mL 3.3,7.9 4.37 14-18 El
Raltegravir 482.5 Il <1 mg/mL ~1.25 1.06 9 Il
2.22
Saquinavir 670.86 mg/mL
mesvlate (free I (aq) 7.00r5.5 2.73 7-12 Pl
y base) ~73 ug/mL
(pH 6.5)
13.4 177150
Tenofovir 287.2 i ’ 4.1 -1.1 (plasma / NtRTI
mg/mL .
intracellular)
Tenofovir 13.4 177150
disoproxil 635.5 i ’ 3.75 1.25 (plasma / NtRTI
mg/mL .
fumarate intracellular)

*NRTI= nucleoside reverse transcriptase inhibitor, NtRTI=nucleotide reverse transcriptase inhibitor,
NNRTI=non-nucleoside reverse transcriptase inhibitor, lI=integrase inhibitor, Pl=protease inhibitor, El
=entry inhibitor
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APPENDIX B.

Antiretroviral Drug Structures
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APPENDIX C. Supplementary Information for Chapter 3

Available electronically in online publication:

Ball, C., Krogstad, E., Chaowanachan, T. & Woodrow, K. A. Drug-Eluting Fibers for HIV-1 Inhibition and
Contraception. PLoS ONE 7, e49792 (2012)

Supporting figures

10007 n>100

8003 ,ns

D
o
T

Fiber Diameter (nm)
ey
o
Y

N
o
N

e

70% PLLA, 70% PLLA, { 30% PLLA, { 30% PLLA,
30% PEO in | 30% PEOin | 70% PEO in { 70% PEO in
(3:1) (1:1) (3:1) (1:1)
chloroform/ i chloroform/ { chloroform/ i chloroform/
2,2,2-TFE 2,2,2-TFE 2,2,2-TFE 2,2,2-TFE

. 15 wt% Polymer & 10 wt% Polymer ] 5 wt% Polymer
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Fig. S2—Material efficiency was positively correlated with % wt/vol of polymer in solution for most
polymer blends. Here we define material efficiency as the percent polymer recovered from the mandrel
by mass. For 30:70 PLLA/PEO blends, material efficiency increased with the % wt/vol of polymer in
solution. Material efficiency is important for cost effectiveness. Based on these results, we chose the 15%
(wt/vol) 70:30 PLLA/PEO in 1:1 chloroform/TFE and 15% wt/vol 30:70 PLLA/PEO in 3:1 chloroform/TFE
as the base formulations for all further work with drug encapsulation.
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Fig. S3—Electrospun fibers can be made sufficiently thick to be easily pushed out of a tampon
applicator. The mesh device can be loaded into standard packaging (top and bottom images on the left),
and resembles a tampon once opened (2nd to left, top — mesh, bottom — tampon). The device is delivered
by pushing the inner cardboard tube through the outer cardboard tube of the applicator, revealing the
fiber mesh, which would then hydrate and release active agents (3rd to left, top — mesh, bottom —
tampon). A side-by-side comparison of a tampon and the tubular mesh reveals comparable geometry

(right).
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Fig. S4—Electrospinning does not alter drug retention time with HPLC. (a) Representative
chromatogram for AZT. (b) Representative chromatogram for MVC. Peak shapes and retention times do
not change for unformulated drugs (gray lines) compared with drugs released from fibers (black lines).

168



1800~
1500+
1200+

900+

Fiber diameter (nm)

600+

300+

0_
BLK MVC AZT  ACV  GML MBCD Fe/Asc
. (30:70) PLLA/PEO . (70:30) PLLA/PEO

Fig. S5— Drug incorporation into 30:70 and 70:30 PLLA/PEO electrospun fibers can alter fiber
diameter distributions. Geometric mean fiber diameters with 95% confidence intervals are shown for
70:30 PLLA/PEO fibers (red) and 30:70 PLLA/PEO fibers (blue) incorporating MVC, AZT, ACV, GML,
MBCD, or Fe/Asc compared to blank fibers.
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Fig. S6—Agent incorporation into fibers influences material efficiency. Incorporating drugs into
30:70 and 70:30 PLLA/PEO blends (blue and red, respectively) affected polymer recovery. Interestingly,
MVC dramatically increased material efficiency for 70:30 PLLA/PEO fibers.
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70:30 PLLA/PEO 30:70 PLLA/PEO

10 um

Fig. S7—Fiber morphology and alignment for antiviral compounds ACV, MVC, and AZT. Increased
alignment of 70:30 PLLA/PEO fibers is apparent in 1% MVC samples. Increased alignment of 30:70
PLLA/PEO fibers is apparent in 1% AZT samples. Differences in fiber diameter, previously shown in Fig.

S5, are also apparent.

70:30 PLLA/PEO 3 LLA/PEO

10% GML

10% Fe (I1) D-gluconate
bic acid

Fig. S8—Fiber morphology and alignment for contraceptive compounds GML, Fe/Asc, and MBCD.

Increased alignment of 70:30 PLLA/PEO fibers is apparent in 10% GML samples. Increased alignment of
30:70 PLLA/PEO fibers is apparent in 10% MBCD samples. Differences in fiber diameter, previously

shown in Supporting Fig. S5, are also apparent.
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Fig. S9—Fiber diameters of 70:30 PLLA/PEO with 1% (w/w) MVC. Geometric mean fiber diameters
with 95% confidence intervals are displayed for 70:30 PLLA/PEO fibers with 1% (w/w) MVC made by
varying polymer concentration and electrospinning parameters. Geometric mean fiber diameters of all
three mesh types are significantly different from each other (p<0.0001). These fibers correspond to
cumulative release curves displayed in Fig. 3b.

560 nm 70:30 PLLAYS 1% (wtiwt) MVC 1.5 um 70:30 PLLA/PEO 1% (wt/wt) MVC 3.4 um 70:30 PLLA/PEO 1% (wtiwt) MVC

f b,
Vs

99:1 PLLAIPEO 1% (wtwt) MVC PLLA 1% (wthwt) MVC

25:75 PDLLA/PLLA 1% (wtiwt) MVC 50:50 PDLLA/PLLA 1% (wt/wt) MVC

371 nm PCL 1% (wt/wt) MVC 1.3 um PCL 1% (wtwt) MVC

Fig. S10—Morphology of additional polymeric fibers incorporating 1% (wt/wt) MVC. Scanning
electron micrographs of fibers made from different polymers incorporating 1% (wt/wt) MVC are shown,
including 70:30 PLLA/PEO of three fiber diameters (560 nm, 1.5 ym, and 3.4 ym), 99:1 PLLA/PEO, PLLA,
25:75 PDLLA/PLLA, 50:50 PDLLA/PLLA, and PCL of two fiber diameters (371 nm and 1.3 ym). These
fibers correspond to cumulative release curves displayed in Fig. 3.
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Fig. S11—Fibers are not cytotoxic to TZM-bl cells. Cytotoxicity was tested using the CellTiter-BlueTM
cell viability assay by culturing TZM-bL cells with disks of blank and drug-loaded meshes (n = 3) for 48h.
Fluorescence signals for each condition are plotted as log-transformed values. Media-only treated cells
and fiber-treated cells show significantly less cytotoxicity than bleach-treated cells (p<0.05).
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Fig. S12—Flow rate influences modulus of PCL fibers incorporating 1% (w/w) MVC. Moduli of PCL
fiber meshes made from electrospinning at varying flow rates (5, 50, and 100 yL/min) were measured.
The modulus of PCL fibers electospun at a flow rate of 50 yl/min is significantly different than the modulus
of PCL fibers electrospun at 5 pL/min (p<0.05).
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Supporting Tables

Table S1—GML inhibits sperm motility in swimout sperm at 0.05 and 0.5% (wt/vol).

. . Percent Motility Cor_npl_ete
Solution Concentration (wt/vol) . Inhibition
at2 min within 5 min
PBS 1x 89 No
Nonoxynol-9 0.4% 0 Yes (< 30 s)
Glycerol Monolaurate 0.5% (pH 7) 30 Yes (< 4 min)
0.05% 28 Yes (< 5 min)
0.005% 55 No
0.0005% 84 No
0.00005% 75 No
Fe(ll) D-gluconate 5% 52 No
L-ascorbic acid 5% (pH 2) 0 Yes (< 30 s)
0.5% (pH 4) 21 No
Fe(ll) D-gluconate + L- 5% / 5% 0 Yes (< 30 s)
ascorbic acid
0.5% /0.5% (pH 4) 12 No
0.05% / 0.05% (pH 5.5) 85 No
Methyl-B-cylcodextrin 5% 94 No

We tested the contraceptive agents for their ability to inhibit sperm motility in a dose response motility
experiment. Equal amounts of drug solution and human swimout sperm were combined on a glass slide.
Changes in sperm motility over 2—5 min were recorded using a microscope and video recording system.
Time point controls with PBS were performed to ensure drug effects on motility were independent of
sperm incubation time. PBS percent motility at 2 min reflects average over all PBS control
measurements, with range from 72%-100%.

Table S2—Electrospun fibers effectively block sperm migration in a transwell assay.

30:70 PLLA/PEO fibers Control membranes

6.05 £ 0.036 6.52 £ 0.25
10 10

Upper chamber sperm mL™ sperm mL™

4.76 £ 0.405
10

Bottom chamber 0 sperm mL™ sperm mL™”

We tested the ability of electrospun fiber mats to block sperm migration in a transwell assay. 30:70
PLLA/PEO fibers without drug were used to replace existing membranes in transwell cups. Motile sperm
collected by swimout into media were added to the upper chamber (inside of the cup) and allowed to
attempt to enter the bottom chamber for 2 hours. Sperm were then counted in both chambers to assess if
sperm could penetrate the meshes.
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Supporting videos
Videos show sperm motility at 5 min after addition of GML, PBS, or Nonoxynol 9. See published version
online for links.

Video S1—Sperm in PBS. 10 uL of PBS were added to 10 uL of swimout sperm and then a glass
coverslip was added to the sample while imaging at 100x magnification. The edges of the coverslip were
sealed with clear nail polish to prevent streaming. Shown in this video are the PBS-treated sperm after 5
minutes of imaging. The sperm are clearly still motile.

Video S2—Sperm in nonoxynol-9. 10 uL of 0.4% wt/vol nonoxynol-9 were added to 10 uL of swimout
sperm and then a glass coverslip was added to the sample while imaging at 100x magnification. The
edges of the coverslip were sealed with clear nail polish to prevent streaming. Shown in this video are the
nonoxynol-9-treated sperm after 5 minutes of imaging. The sperm are clearly completely immotile. Loss
of motility was instant following addition of nonoxynol-9.

Video S3—Sperm in 0.5% wt/vol GML. 10 uL of 0.5% wt/vol GML were added to 10 uL of swimout
sperm and then a glass coverslip was added to the sample while imaging at 100x magnification. The
edges of the coverslip were sealed with clear nail polish to prevent streaming. Shown in this video are the
GML-treated sperm after 5 minutes of imaging. The sperm are clearly immotile. Loss of motility was
complete in under 4 minutes.

Video S4—Sperm in 0.05% wt/vol GML. 10 uL of 0.05% wt/vol GML were added to 10 uL of swimout
sperm and then a glass coverslip was added to the sample while imaging at 100x magnification. The
edges of the coverslip were sealed with clear nail polish to prevent streaming. Shown in this video are the
GML-treated sperm after 5 minutes of imaging. The sperm are clearly immotile. Loss of motility was
complete in under 5 minutes.
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APPENDIX D. Supplementary Information for Chapter 4

Available electronically in online publication:
E. Krogstad and K.A. Woodrow, Manufacturing scale-up of electrospun poly(vinyl alcohol) fibers
containing tenofovir for vaginal drug delivery. Int J Pharm 475, 282-291 (2014).
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Supplementary Figure 1. X-ray diffraction (XRD) analysis of ground TFV powder and TFV fibers. XRD
confirms presence of crystalline TFV drug in 60% TFV fibers (pH 3), but not in 60% TFV fibers (pH 7). (A)
Comparison of blank fibers, TFV powder, and 60% TFV fibers (pH 3 and pH 7). (B) Inset view of 60%
TFV fibers (pH 3) and 60%TFV fibers (pH 7). Fiber meshes used for this analysis were electrospun using

the wire instrument.
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Supplementary Figure 2. Drug loading and release kinetics are unchanged for fibers stored under
laboratory and accelerated conditions. Fiber samples were stored under laboratory conditions (room
temperature and humidity) for 1 month, laboratory conditions for 13 months, or accelerated conditions
(laboratory conditions for 12 months and an additional 30 days at 40°C/ 75%RH). Drug loading (A) and
release (B, C) were measured in 25 mM citrate buffer, with n=3 for each sample. Cumulative release is
displayed at 5 min (B) and 1 h (C).
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Supplementary Figure 3. SEM of fibers stored under varying conditions. Scale bar = 1 micron.

Supplementary Table 1. Electrospinning parameters for needle v. wire instruments

Parameter Needle Wire
Scale Laboratory Manufacturing
Voltage 20 kV -26 kV / + 60 kV
Distance to collector 9-12 cm 16 cm
Flow rate: Volume processed:

Volumetric productivity

10-100 pL/min

0.5-0.7 mL/min

Wire (length=25 cm,

Electrode 21 G needle diameter=0.2 mm)
0.7 mm diameter orifice

Collector Metal block Parallel wires

Substrate Waxed paper Spunbond polypropylene

Amount spun

500 pL

30 min run time (~15-20
mL)
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Supplementary Table 2: Polymer crystallinity in PVA/TFV fibers.

Normalized polymer

Electrode Sample Tm (°C) Enthalpy (J/g) crystallinity (%)

-- PVA powder 193.3 39.6 28.6
0% TFV, pH 5 193.1 421 30.4
10% TFV, pH 3 186.6 38.0 29.6
Needle 10% TFV, pH 7 186.0 35.6 28.9
60% TFV, pH 3 189.2 12.6 21.7

60% TFV, pH 7 nd nd nd
0% TFV,pH 5 193.0 40.2 29.0
10% TFV, pH 3 186.4 37.0 28.9
Wire 10% TFV, pH 7 185.3 32.0 25.9
60% TFV, pH 3 187.4 16.3 22.8

60% TFV, pH 7 nd nd nd

Normalized polymer crystallinity has been corrected by actual mass fraction of polymer in sample and
normalized to literature enthalpy value for 100% crystalline PVA (138.6 J/g, Peppas and Merrill 1976). nd
= not detected.

Supplementary Table 3: Fiber mesh dissolution in PBS and citrate buffer.

Dissolution Rating (avg, n=3)

PBS (pH 7.4) Citrate buffer (pH 4.3)
Electrode Sample 5 min 1h 24 h 5 min 1h 24 h
0% TFV (pH 5) 2.0 4 4 1.0 1.0 1.7
10% TFV (pH 3) 3.7 4 4 3.3 4 4
Needle 10% TFV (pH 7) 3.0 4 4 3.0 4 4
60% TFV (pH 3) 27 4 4 2.0
60% TFV (pH 7) 3.7 4 4 2.0 3.0 3.0
10% TFV (pH 3) 4 4 4 3.0 4 4
Wire 10% TFV (pH 7) 4 4 4 3.0 4 4
60% TFV (pH 3) 4 4 4 4 4 4
60% TFV (pH 7) 4 4 4 3.7 4 4

Qualitative dissolution rating: 0= not wet out, fiber mesh intact 1= wet out; 2= broken into large pieces; 3=
broken into small pieces (less than a pinhead in size); 4=fully dissolved (no mesh visible to naked eye).
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Supplementary Table 4: Polymer and drug crystallinity in fibers stored under varying

conditions.
Normalized Relative
. e a Tm, PVA Polymer Tm, TFV Drug
Formulation Storage Conditions °C) Crystallinityb (°C) Crystallinity®
(%) (%)
1 mo. Lab 186.4 28.9 nd nd
0,
1(()?_'T3F)V 13 mo. Lab 185.6 30.2 nd nd
P 12 mo. Lab + 1 mo. Accel. 188.2 32.6 nd nd
1 mo. Lab 185.3 25.9 nd nd
0,
1?A|’_IT7F)V 13 mo. Lab 185.6 257 nd nd
P 12 mo. Lab + 1 mo. Accel. 180.7 22.9 nd nd
1 mo. Lab 187.4 22.8 291.9 96.3
0,
6(() A;_IT;;V 13 mo. Lab 187.1 20.8 291.7 95.5
P 12 mo. Lab + 1 mo. Accel. 187.7 23.3 291.7 91.0
1 mo. Lab nd nd 293.5° 2.0
0,
6((’ A;_IT_,F)V 13 mo. Lab nd nd nd® nd
P 12 mo. Lab + 1 mo. Accel. 192.1 0.8 nd® nd

“Storage conditions indicate fiber samples stored under laboratory conditions (room temperature and
humidity) for 1 month, laboratory conditions for 13 months, or accelerated conditions (laboratory
conditions for 12 months and an additional 30 days at 40°C/ 75%R.H.).
°Normalized polymer crystallinity has been corrected by actual mass fraction of polymer in sample and
normalized to literature enthalpy value for 100% crystalline PVA (138.6 J/g, Peppas and Merrill 1976). nd
= not detected.
‘Relative drug crystallinity was calculated from differential scanning calorimetry (DSC) thermograms and
is reported as percentage of crystalline TFV in fibers relative to the heat of fusion of TFV drug in powder

form, correcting for mass fraction of drug in sample.

For 60% TFV (pH 7) samples only, a second peak was detected near 275°C for all three storage
conditions tested.
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APPENDIX E. Supplementary Information for Chapter 5

Table S1: ETR-PLGA nanoparticle characterization

Fo&r:}l;;i:n Siz?;"i-)avg PDI Zeta (I:‘o\tl()ential fg:::;;;;g EE (%)
87, 88 2 176.0 0.074 -5.19 3.29 36.2
89, 90 2 178.2 0.091 -4.03 3.17 34.9

91, 92, 93 3 173.5 0.069 -5.13 2.56 28.1
Average: 1759+ 24 0.078 +0.012 -4.78 £ 0.65 3.01+£0.39 33.1+44

All data represent mean +/- standard deviation.
Theoretical ETR Loading (w/w ETR:PLGA) = 10%; same synthesis conditions for all replicates above.
Zeta potential measured in 10 mM NaCl (pH unadjusted, ~5.7).
%EE is calculated from actual ETR drug loading (%EE= actual DL / theoretical DL*100).
NP Formulation 91, 92, 93 (combined) used for PK study.

(A) ETR Release in H20 v. EtOH (B) ETR Solubility
50 e E3 H20
— a H20, 1h .
% B H20 72h 80 EH 50:50 EtOH/H20
B 49 B 50:50 EtOH/H20, 1h  ~
8 o 307 £
e 2 S
x5 2
X 201 J
[E— [
w § 104 8
e-/ 1 1 é . 1 5
5% 10% 15%
Drug Loading Time (h)
Buffer Solubility Limit (1h) Total ETR Released in 4 mL % Total ETR in
solution (1h) free form
H20 ~5 ug/mL 20 ug 0.3%
50/50 EtOH/ ~50 ug/mL 200 ug 3.1%
H20

Fig S1. Predicted release of ETR during electrospinning in 50:50 EtOH:H20. (A) ETR release in from
nanoparticles with varying theoretical loadings (5%, 10%, 15%) in H20 vs. 50:50 EtOH/H20. H20 is the
electrospinning solvent for PVA composites, and 50:50 EtOH/H20 is the electrospinning solvent for PVP
composites. (B) ETR solubility in H20 vs. 50:50 EtOH/H20 at 1h and 24h when added to solution in
excess. The table shows predicted release of ETR from ETR-NP during electrospinning of PVP
composites, assuming 15% theoretical ETR loading.

For these conditions, a negligible amount of ETR would be expected to release from ETR-NP during. This
data would be important to obtain for any drug / solvent pair using the direct addition method for
composite fabrication to understand how much drug is in NP-associated form versus free form.
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Fig S2. Pilot dosing study of 1, 3, 5 mg composite Rhod-NP / PVP fibers in mice. We dosed Rhod-
NP / PVP composite fibers at 1 mg, 3 mg, or 5 mg doses, with n=2 mice per group. Tissue
homogenization results at 24h after administration for (A) lavage (4x50 uL), (B) vaginal tissue (after
lavage), and (C) uterine horns (tissues homogenized in 500 uL DMSO), with y-axis in showing raw
fluorescent intensity at 570/620 nm. Blank mice (n=3) received blank PVP fibers only (n=1 at 1 mg, 3 mg,
and 5 mg). We visually observed that undissolved fibers were still present at 24h for both the 3 mg and 5
mg dose, but less so for 3 mg dose. We also observed that undissolved PVP fibers were more associated
with the vaginal tissue than the cervicovaginal lavage.
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Fig S3. In vitro release of ETR from PLGA-NP under sink conditions. We placed 3.9 mg of ETR-NP
in 50 mL of 2% solutol/PBS buffer to maintain sink conditions (n=2). Samples (1 mL) were taken at
various times and volume replaced. Samples were centrifuged at 14,000g x 10 min and supernatant
analyzed for drug content using HPLC. We observed burst release kinetics of >95% of drug contents
within 2 hours, which is similar to what das Neves et al observed (release of ~80% of drug contents within

2-4h under sink conditions for their dapivirine-PCL nanoparticle. See Das Neves et al, 2014 in manuscript
reference list).
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Fig S4: Lavage method for removing mucus-associated Rho-NP and undissolved PVA and PVP
composite fibers (n=9 per group). (A) Xenogen imaging of whole reproductive tracts after
cervicovaginal lavage. (B) Total Rho-NP dose recovery from tissue homogenization (sum of Rho-NP
content in lavage, vaginal tissue, and uterine horns). (C-E) Tissue homogenization results for individual
compartments: lavage (C), vaginal tissue (post-lavage) (D), and uterine horns (E).

We visually observed during the lavage method that PVP fibers were still associated with vaginal tissue
(small pieces came out in all four lavages). The lavage method for PVA was more consistent:

undissolved PVA fibers came out in one viscous chunk/plug. Both lavage and wash buffer method worked
well to remove undissolved PVA fibers. Results from the lavage method show consistency with wash
buffer method for total dose recovery (~50% total dose recovered for both PVA and PVP, for both lavage
and wash buffer methods). The lavage method showed slightly increased PVA nanoparticle association
with vaginal tissue (12-13%) at 24h relative to sink method (~7-8%).

182
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Wash buffer (% total dose) 83.88 2.05 49.84 10.62
Vaginal tissue (ug ETR/g tissue) 1.97 3.01 1.73 0.84
1h 24h
Lavage Method Fibers Aq susp Fibers Aq susp
Lavage (% total dose) 100.06 8.94 83.25 2.07
Vaginal tissue (ug ETR/g tissue) 1.36 4.06 1.36 117

Fig S5: Lavage and wash buffer method comparison for ETR-NP / PVA composite fibers. We ran
two pilot studies (n=2 or 3 mice per group, depending on study) to compare the lavage and wash buffer

methods for removing undissolved ETR-NP / PVA composite fibers from the vaginal tract. (A) and (B)

show results for wash buffer and vaginal tissue (post-wash) for ETR Pilot Study #1 (wash buffer method).

(C) and (D) show results for lavage and vaginal tissue (post-lavage) for ETR Pilot Study #2 (lavage

method). Equivalent doses of ETR (14.72 ug ETR / mouse) in 2.8-3.4 mg composite fibers or 25 uL H20

for aqueous suspensions for both Pilot #1 and Pilot #2. Mean values for each group are shown in the

tables below as a function of % total ETR dose and ug ETR / g tissue.

Similar trends wereseen for both methods, with about two-fold higher vaginal tissue concentrations for
PVA fibers than for aqueous suspensions at 24h. The lavage method was chosen for scaled-up

pharmacokinetic study due to higher overall dose recovery and to allow for more comparisons to previous
reports in literature that have used the lavage method
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(A) ETR Standards in Tissue Homogenates (ACN) (B)
120 1
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Conc. (ug/mL)
VT Horns Rectum Spleen Kidneys Lungs ACN only
Straight line
Best-fit values
Ylntercept 331.0 93.18 1151 1275 2256 111.2 196.3
Slope 51689 54106 54642 53964 52572 52927 56984
Std. Error
Yintercept 33.93 37.72 2260 45.03 71.66 53.68 14.04
Slope 993.0 1320 791.0 1576 2508 1879 685.7
95% Confidence Intervals
Ylntercept 250.7t0 411.2 3.970to 182.4 61.64 to 168.5 20.9510 234.0 56.14 to 395.1 -15.74 10 238.2 165.9 to 226.6
Slope 49340 to 54037 | 50985 to 57228 527721056513 | 50237 to 57691 4664210 58503 | 48485t057370 | 55503 to 58465
Goodness of Fit
Degrees of Freedom 7 7 7 7 7 7 13
R square (weighted) 0.9974 0.9959 0.9985 0.9941 0.9843 0.9913 0.9981
Weighted Sum of Squares (1/(X*X)) 4.325e+007 5.368e+007 1.928e+007 7.651e+007 1.937e+008 1.087e+008 7.335e+007
Sy.x 2486 2769 1659 3306 5261 3941 2375
Number of points
Analyzed 9 9 9 9 9 9 15

Fig S6: Standards and spiked controls of ETR-NP in blank tissue homogenates from untreated
mice (HPLC). (A) Standard curves created by spiking 10 uL of ETR-NP standard into 90 uL of

supernatant from blank tissue homogenate over a range of concentrations for vaginal tissue (VT), uterine
horns (horns), rectum, spleen, kidneys, lungs, and acetonitrile (ACN) only. Linear regression of standard

curves for each organ is shown in the table. (B) Percent ETR recovery for organs from untreated mice

spiked with a known concentration of ETR prior to homogenization. There was minimal background
interference on HPLC for all organs analyzed here.

Supplementary Table S2. Gradient method for LC-MS/MS detection of etravirine.

Time % A % B
0 98 2
1 98 2
6 0 100
7 0 100
71 98 2
8.5 98 2
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Supplementary Fig S7. Terminal elimination half-life estimation by Phoenix WinNonlin for PK

parameters for plasma, vaginal lavage, and vaginal tissue. Aqueous suspension is shown on the left side,

composite fibers are shown on the right side.
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Supplementary Fig S8. Terminal elimination half-life estimation by Phoenix WinNonlin for PK
parameters for liver, rectum, and uterine horns. Aqueous suspension is shown on the left side, composite
fibers are shown on the right side.

186



(1102) L12—¥0Z ‘051 osesjoy psjjouoD [ *jeje 'S 'Y HBJBMON ‘G '(ZL0Z) ¥8Y1—89¥| ‘62 'S8y Wieyd (e }9 T ‘'seraN sed v LOE0'ZL0Z PIe/680L 0L 1op
"(€102) sesniinoljey “WnH 'sey SAIY 8 19 'V ‘BleqUS'e (Z102) 9y—0EY ‘96 'Soy [eiAjuy ‘e e 'Y 'Y ‘eled ‘¢ (6002) 861 ‘6 "SI 108Ul NG ‘e 19 T D ‘Bydelsed L

1S90Ud19)9Y
(uonenuadsuod AW €Z + 0} Zp- 'B197
Bnip eipaw jo sso|piebal)
. dv.1i0d
ALV PUE A43 10} (26°0) AIH Isutebe pUE ‘IdSA00029IdW
uonoajold Jaybiy o) paje|allod ‘2814 ()
*ou02 Bnup Jejnjj@oesyul JaybiH
3d4SA000293dw
AJIAIOE ‘osea)al eIpaw ‘UonuS}al pue gglLd (v)
A _e_sv% l18d uo uommw paJoos 5 PGl (sooud Sas pue ggld (€)
|ej0} 0z) suonenwioS :du-Ayy | palojuow pue abueyo sabeydoioew ZUBlIABLS pue wu QL§
eipaw 9)9|dwod paALap ‘lIneuezele $as pue vAd (2) (sjeyshio
1102 S|0UOD | uBy) ‘yg painyno ‘s|jeo -a1ko0uowWw) “JIABUOJ 8gld (1) Bnip pezis-oueu)
}90BMON Bnip 931y Jualtedde ou :sBnap aal4 0} pappe juawjeal| PGSl AW uewnH ‘JIABUIpUl :p8)se) sjueoRLNS G LJLyyoueu, pajjiw-}op
SONgd vewny AW 8+ ‘)87
(poojq piod (ap1wouq
Buneos aoeuns yium abeianod [ES1IqWIN UBWNY wnjuowwejAyawiy
[ered Ajuo sejeaipul sejoied wouy) s|jeo 1K190) gv 10 (€)
03d Jo [enusjod e}z anjebaN oupuUsp 00L-0d
AON_\/_\O_)_ AW 8G- ‘Bl9Z
s||99 onkoobeyd 1oy Aejnoed OoSna 80IW) LVl (ereyInS
‘Bnup aa1) 0} aAne|al sadAy ul paJaAldp Add 9.4 ) |Aane| wnipos) STS (2)
1199 }sow Joj} s|aAd| Bnup Jejnjj@oesyul (painseaw S0 19-NZL
Jaybiy pey du AYY :du-ANY jusjuo9 uidjoid) e19H AW BZ- ‘e197 wu 061
pasA| pue sgd ynm (s1190 [eraypde (4N 801 4 @dwoIn|d) (uoneydioaidoueu
2102 du-A¥Y XZ POYSEM S||99 ‘S||90 [euibea uewny) 4N 8£¢ Jawexojod / Juswaoe|dsip
S8ABN sep uey} y g Je 'ouoo Jomo :sbnup saug 0} pappe juswieal | uo 2393/2HN auuiadep Odd /03d (1) JusAjos) 1Od
(sl189 ,01/Bn G1-Z|) sueIqBW
ul Bnip Jsow yym ‘p / Jaye
SUO[}OB.l} JB|N||92QNS || Ul Pa)os)ap p / painyno uay
ALY pue ‘AdT ‘Ad43 :du-A¥Y pue yyg Jsye paysem Jineuojl AW gL- ez wu ggl
aO1 mojag siayjo ‘p 2 Jaye | s|1@0 {(uonosyul-isod) p (auy ‘ineurdoj (2z14 2woionid) 0% (uoneziuabowoy
£10¢ eleqys sl|82 ,01/6n Z'0 1 ALY :sPnup saug | 1e pappe juswieal | P/ | 1199 | uewny) gH ‘Zualineje | Jawoxo|od ‘Odd/O3d ainssaid ybiy) void
sisfjeue Jo
P 9 Jeye QOTMOeq vy P L | Aep uo parowsai elpsw (aur 190 |enpyyde AW €2- ‘eyo7 wu 08
Joy s|180 0}/Bu 0GL< A4F :du-A¥Y |le ‘sAep g-z Alans |e21IAI90 uBwNY) Jinelba)jel (221 (uoisinwa
210z @eq pa)sa} jJou :sBnip aai4 pabueyoxs z; elpay Pyl S||199 B9H ‘zualineyd | Jawexo|od) ‘Odd/O3ad 9|buis) vo1d
AW |- ez
Jineuojl (221 wu 092
6002 p 8z 1o} Tw/bn 6 0< :du-A¥VY shep ¢-z Aana ‘Jineurdo| | -1swexolod) Odd/O3d (uorsinwa
ayoejsaQ ygy ul pajeulwid :sbnip aaig pabueyoxs 7, elpay P8z SONgGd uewnH ‘zualineyd | ‘(eseyd snoanbe) yAd albuis) vO1d
@oinosg s)nsay suonipuo)d M_M_whw adA] 119D pnug Buneosn sa|o1ed

sa|oiedoueu AYY JO AIDAIBP OJ}IA Ul Jd)je S|9A3] Bnup Jenjjaoeaul

:uosuedwod ainjetd)i ‘4 XIANIddVY

187




188

(dN

(ve4) onin up sepeq pue Buljesy punom paje.s|addy- 03d ul gg-49dd pue ‘4N

(€102) e 39 21X Buiieay punop p / JoA0 g9-490d 0 8sedjal paulesng- / uesojyo VOld | Ul 493A) SI0}0E} Yimol

(z102) Buieay POE 10} AJAIOE paulejulew pue ss}isodwiod (¢-494)

/e jo oyed|op-Jowoz | punom :Bunesuibua anssi| dN/dN wolj Z-494 jJo ases|al Japlo-01a7- uesolyn unedsH J0108}) yimoub sejqouqid

(493)

VAd Uim Jojoey yimoub [ewspid3y

(6002) /e 32 BuoQ Buniesuibus anssi| pawuoy Ajjnyssaoons sajsodwod 4N/dN- nd pajeod \Nd 1o yoid vsg
dN aJeq uey} sajsodwod

Bunesuibus 4N/dN Wouj }sing 1omoj| ‘ases|as pabuojoid- saJaydsouoiw (vsg)

(9002) 1219 1D anssi ‘Aanjjap Bnig Buluuidsouosje uois|nw3- v11d ajeulbje wnioe) ulwng[e wnias auinog

SJ0joB) YMo.b pue suisjoid

sa)sodwod (Ajuo 4N un)

XG'| AQ [eAININS 4N/dN ut Bnup Buneiodiooul Aq pamols ases|ay - (Ngl) usyoidnq)

pabuojoid pamoys (a91w) 9]euoqJesiq wnipos ‘(dN) @1euoquelq

(5L02) /e Jo uen |[9pOW Jowny JaAI| OAIA U] JO UolIppe 0} aNp 4N Wol} 8sea|al dAlIsuas-Hd- v11d eol|is snolodosapy wnipos pue XOd

Asaniiap Bnup oijiydoapAy

sa)sodwod
4N/dN ui Bnup Bunelodiooul Ag pamols asesjay-
4N wouJj shep / Jano asesjal bnip (D/¢

uesoyo pue

(y102) /e 10 Bueny ‘oseajal pa||0Ju0D -Gz) anIsuodsal-jeay pue (2-z Hd) aaisuodsal-Hd- ‘WYVdIN ‘NNd uesolyo a)ejoAy aulphohxoq
saipadoid awAzua Jo adouasaid
01]0J9[0S0I8yjenUE 10 /-z wouy abueyd Hd Aq pasabbu) asesjay-
‘aAljepIxonue dN wouy 10e1)xd o1j4eb Jo ases|al
(#102) je }o e}sooy ‘lelqosoiwnuy | Aisuodsal-inwns Joy 4N 4o ubisap 81eb Jejnos|op, - 9-UOJAN eol|is snojodosal 10BIIX3 OljlIeD)
(swiAzus 4o ‘Jeay ‘Hd) asesjas bnip aAisuodsai-inwnsS
(syuedwi (ubisep AN

|eaibuns ‘Buijeay punom)

DN JO osesjal Jse4-

I19YS-2.100) 8)}e8|0-Uol| (onn

(£102) /e 18 NnoH AKianijap Bnup [essuan) P9 JaA0 XO( Jo ases|al paule}sns- unelab / 10d / eol|is snolodosapy uioeyjdWoOpUl pue XOd

S|199 g Ul AJIAIIOE JoWwN}iue OJjiA Uj-
(Ajuo siaqy wouy 3sing paonpal (wuJoy pou)

(g102) /e 10 Buayz 4 juswieal) Jaouen Ajjeoirewelp) pog Jano XOQd Jo aseajal pauleisng- vOld a)edeAxolpAy-oueN X0d
Aoeoiye Jownyjue

(gL02) 1B 12 NID Juswjeal) Jaoue) oJIA Ul “XOQ jo Buipeo| ybiy pue asesjal paule}sns- v11d eol|is snolodosapy (x0Q) upignioxoq

aseajas bnup 4N ul (Bnip sjnosjow

‘alel uonepelbap Jaql ajeinpow 4N sse|b aanoeoig- |lews oiqoydoupAy)

(£102) /& 18 1ynoy uofelauabai suog p/ JOAO UlJe}SEAWIS JO 9SES[D) PaUIB)SNS- 10d dN-sse|b anoeolg unejseAwls

Bunesuibua pg J1ano uaxoideN

(L102) /e 18 Buepp anssiy ‘Alanljep Bnig sBnup Jo ases|al }sing paonpal sa)sodwod 4N/dN- 10d uesolyo g sujwepoyy

auo|e dN 10 sJaqy 0O3d Jo

(0102) 18 suopeoldde | O3d ‘sieqy YAd O} pesedwod s1aqy YA PaNulssoId ‘VAd-PoXquIISs0I0 (ohp

Jo Japisyoloig-yoeg |eaipawolq ‘Asaaliep Bnig ul Yiyz 19no Bnup jo asesjas pamojs Apybis- ‘YAd vO1d | 9o1goydoipAy) g-uewno)

sbn.p 10 se/Ap ajnosjow [jlews

leuajew |euajew (4N 10 dN u)

HonEN uoeayddy sunsas foy (dN) JeqyoueN (dN) @jo131edouenN «Paje|nsdeous jusby

suolnesijdde jesipaw Joj sajyisodwod saqiyoueu/djdijiedoueu Uo MalAaI ain}eldll ‘o XIANIddVY



189

"(6002) Z151—80G| ‘G /ews "1adi4 undsolos|3 8|buls e Uiy spunodwo) [edlbojolg aidin|Al Jo uolensdesus '3 'O HBUM B 'F N ‘UNwWS “'g ‘Buoqd ‘0L
"(9002) 0£€Z—L2€T ‘L S8inodsjowodeWwOlg
"JUBWISSasSSY ases|ay Aleulwlald pue uonezuaioeiey) ABojoydiopy :Buluuidsonos|g uoisinwg AqQ siaqgi4 Ui siioAlasay Bniq jo uonensdeousy “Buepp @ T ‘NX “'d ‘NH ‘1D 6
(5102) 9vve—9eve ‘e g
wayo Jejeyy [ "sployess snoiql undsoujos|d anisuodsal-Hd papeoj-bnip-jenp eia Adeiay) ewouroied Jejnjigooieday ur sAkemyied Buijeubis Jowny Jo uoneipaw 2i3sIBIBUAS e jo "7 ‘ueny '8
"(¥102) 6052-L6%2
‘L 8sojnjjen “Jauied Bnip e se uoien|eas s}l pue sajoiedoueu paseq-ueso}iyd pappaquia YliM pPjoygeds snolqioueu aAlisuas-Hd pue -owlsy) e jo uoneledald e jo "H-"D ‘Bueny
($102) 0979-€G19 ‘9 saoeuajul Jsjeyy “jddy SOV “eses|ay pa||0uo) puewWWO)-UQ Jo} sjeusiely snojodosay pajes Buiuiejuo) saysodwo? JowAjod e jo "D ‘Bisooy
(€102) 28Y6—C.¥6 ‘6 Jinwbue] "saniadold ases|ay |enplAlpul Yyim walsAg Asaalieg sbnig |enq se slaqi4 aysodwo) uoisianuoodn undsou}os|3 /e 18 "7 ‘noHy
(€102) L¥6-££6 ‘v woyd
wAjod "siaquoueu a)sodwod (pioe 21j00A|6-00-0110e])Ajod—aliiedeAxolpAy-oueu undsoujos|d papeO|-uIdIgNIOXop JO ADBDIS Jownliuy "X ‘IS % ' ‘Nyz “IN ‘uays s ‘Buepp 4 ‘Busyz ¢
(£102) S901—2G01 ‘82z I ‘Buz "ways ‘suonesidde uonessusbal suoq 1o} ases|al Bnip o)A Ul pue uonezusoeleyd
‘uoneledald :siaquoueu aysodwodoueu unelseAwis pue sajoiledoueu sse|b aaoeolq pajelodiooul (suojoejoided-3) Alod "H N ‘1Yyied 9 [ ‘Zesoysie N ‘POUSION N ‘Iynoy ‘g
(1102) €8Y—-8.1 ‘S¥ I "‘wAjod ~sbnip [enp jo ases|al ajqewwelboid ay} 10} sojoiedoueu Bujuiejuod siaqioueu ajsodwod undsoljoa|3 e jo "A ‘Buepy 'z
"(0102) GESL—L2S1 ‘0L
10S0Ig "Jowo.Ioeyy "SUBAOA\-UON JaquoueN ojul pajejnsdeou] sspoiuedoueN sjqepelbapolg :Alaaljog Bnig paulelsng Joj sayisodwo) ,0ueN Ul OUBN, [9AON ‘J& 18 "I\ ‘Japisyoloig-yoag |

0o~

CELIVETETEN
(opiwejAioejojAylow pioe (211024|6-00-010€))Aj0d = YO 1d slaqioueu = 4N

-N-00-wyVvdIN)Ajod = NNd (epixo ausjAype)Ajod = O3d uroignIoxop = X0d

(joyooje JAuin)Ajod = WAL (opiwejfioejAd (suojoejoiden-3)Ajod = 10d pjob = ny
(sueyjain)fjod = Nd -oudosi-N)Ajod = wyvdINd sajoiuedoueu = N JaA[Is = By

:suoneInaIqqy

pajels asimIaylo ssajun sajoiedoueu ul pajejnsdeous si Juaby,

5., @oueJeadde jo Ispio u| :s80UBI8jeY

(5102-0102) Sieak oAy 1se| 8y ul paysignd 3Jom uo Buieussuod L0z ‘€z 18go0 uo pawlopad yoless ainjelsy| e sjuesaidal pue ‘suoneoidde [esipawolq Joj Asoaliep Bnip jo
plal 8y} 0} saysodwoo jo suoneolidde uo pasnoo} usaq sey )| "aAnejuasaldal Ajuo ‘einjessyl| ul paysiignd yiom slsodwod Jagyoueu/soiuedoueu e Jo s 9)9|dwoo e jou s a|ge) siyL
:S8J0U}00 BjqE]

Buusauibua anssi OAIA Ul uoneJjauad 1se|qoaiso panoduw- (dD4g) e1eydsoyd
(€102) /e 10 yurj eg pue uonelausabal suog sajuadoud [eojueyosw parosdw|- unePs / vAd dN-dDg wniofeo oiseydig
oJ3iA ur pol 01 dn Ajanoe Burouajis auab 9,0G-
(z102) e 38 Usyo uonosjsuel) YNY!IS (yuspuadap-Hd) pQg oo ases|al YNYIS Pa||0u0D- vOld uesoNyo VNYIS
19410
210 PUNOM ‘JuBW)es} paouByUS S}08d |elsjoeqiue OJIA Uj-
(r102) /e o 097 onoiqiue |eoido | dN-BV jo Buipeo| a|qejjouoD- uesonyo dN-BY | (dN-By wody) suol JoAlls
suoneoldde awny Bupjuiissouo Jaql Buikien Aq ygy Jano payulSS0ID dN-NyY
(£102) /8 19 J UBA [eaipawolq ‘Asaaep bnig BSE9[9J DAEINWND %,G9-(0Z) Sed|al 8|qe||0u0D- ‘YAd/Uesonyo dN-ny X0oda
sojoiedoueu ojjejepy
|eLiayew |eLiayew (4N 10 dN
Honeno uoyeoljddy sunsai Aoy (4N) JoqioueN (dN) s1onsedouen | ui) pajejnsdeaus jusby




190

(€102) €272—2L¥C ‘Y101 ¥ 'SoY Jsjepy "pawolg  syoep
eleAled jes ul uofjelauabal auoq Joy ajeydsoyd wniojed oiseydiq jo seporedoueu Bujuiejuod unejabyjoyoole |Auinfjod jo jew Jagoueu [euonound “1-'q ‘997 %9 "H-"M ‘@97 “1 "N ‘yui] eg ‘9l
(Z102) v¥8r—ge8y ‘9 oueN SOV A1eAlleQ YNY!S 104 s1aqyoueN YO T1d Ul pajeinsdeouy sejpiedoueN YNYIS/UESONYD e jo ._\,_A»cm_\_nw Sl

(v1L02
1€G—0ES ‘L1 ‘WAjod UpAyoqied "Ayanoe [elsioeqiiue pue uonezusioeleyd ‘uoleledald 'sajoiiedouBu JBA|IS JO S|9AS| PI||0JIUOD Y)IMm S1agijoueu ueso)yod undsouos|3 e jo 'S ‘997 'yl
(€102) SOv—19% ‘€€ O "Bu3 108 Jajepy “sanladoid asesjal o)A Ul JIdy} pue sapiedoueu Ny BulAjoAul s1aqioueu alisodwod uesolyo/joyodje [Auiakjod undsou}os|3 e o "3 ‘UeA "€l
‘(£102) 6GE£6—1SE6 ‘6 “ojewolg ejoy ‘Buijeay punom Joj SIaqioueU jeuonouny-ijinw Buises|as Jojoe} yimolb [enq e je 7 ‘aix "zl
(Z102) 6SSL—LSS|L ‘g Jojewolg ejoy siaqy uesojyd undsoljos|d wodj AlaAlap Jiay) pue ‘sajoiedoueu paseg-ulieday Buisn AjiAlzoe0Iq g-494 JO UoljeAlasald ‘Je }o "4 ‘ojed|oA Jowoz ||



	Front matter_Dissertation_12.18.15
	TOC, Sp Aims, Acknowl, Dedication_12.18.15
	Chapter 1_Dissertation_12.18.15
	Chapter 2_Dissertation_12.18.15
	Chapter 3_Dissertation_12.18.15
	Chapter 4_Dissertation_12.18.15_FINAL
	Chapter 5_Dissertation_12.18.15_FINAL
	Chapter 6_Dissertation_12.18.15_FINAL
	Appendix A to E _Dissertation_12.18.15_FINAL
	Appendix F, G landscape tables_Dissertation_12.18.15_FINAL



