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Women are disproportionately affected by the HIV epidemic, especially in sub-Saharan Africa, 

where the majority of the world’s HIV burden is located. The development of female-initiated protection 

methods is motivated by the gender power disparity between men and women, which often leads to 

inability for women to negotiate condom use and/or faithfulness, coupled with the greater risk of male-to-

female than female-to-male transmission per sex act. The current prevention strategy, referred to as 

‘microbicides’, is to incorporate one or more antiretroviral drugs into a delivery vehicle, such gels, 

intravaginal rings, tablets, films, and injectables, all of which are in varying stages of development. 

Recently, electrospun fibers have been explored in proof-of-concept studies as a novel microbicide 

delivery vehicle. Drug-eluting fibers offer a number of advantages including the possibility of discreet use 

by women, the potential for easy scale-up, the ability to incorporate multiple physicochemically diverse 

drugs, and the use of different polymers and microarchitecture to tailor release of active compounds.  



   

 

Here, we investigate the role of formulation, including microarchitecture and the use of novel 

polyurethane polymers, on in vitro release of antiretroviral drug combinations with varying 

physicochemical properties. We have developed a pre-clinical in vitro hydrogel release model that allows 

for rapid, high throughput and anisotropic evaluation of microbicide formulations. Finally, we tested two 

formulations of electrospun fibers containing a triple-antiretroviral combination for safety and efficacy 

against RT-SHIV challenge in a nonhuman primate model.   
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DEDICATION 
 

To the women of the world: let us lift each other up. 

 

  



Chapter 1. Executive Summary And Specific Aims  

Women are disproportionately affected by the HIV epidemic, especially in sub-Saharan Africa, 

where 70% of the world’s HIV burden is located.1 Development of technologies that allow for women to 

protect themselves from HIV is motivated by gender power disparity between men and women, which 

often leads to the inability for women to negotiate condom use and/or faithfulness, coupled with the 

greater risk of male-to-female than female-to-male transmission per sex act.2 Preventative treatments, 

including male circumcision, treatment of other STIs and the development of an HIV vaccine, have been 

largely unsuccessful to-date. A microbicide is a product that can be applied either vaginally or rectally 

for the prevention of STIs, including HIV.3 The current microbicide strategy is to incorporate one or 

more antiretroviral drugs into a delivery vehicle, including gels, intravaginal rings, tablets, films, or 

injectables, which are in varying stages of the development pipeline. 

 Recently, electrospun fibers have been explored in proof-of-concept studies as a novel 

microbicide delivery vehicle.4, 5 Fibers offer a number of advantages including the possibility of discreet 

use by women, the potential for easy scale-up, the ability to incorporate multiple physicochemically 

diverse drugs, and the use of different polymers and microarchitecture to tailor release of active 

compounds. Electrospun fibers appear white, are silky, smooth and pliable to the touch, and can dissolve 

rapidly; attributes that may yield the microbicidal fibers acceptable to female users. Thus far, fibers have 

been shown to be a promising microbicide, but are still a naïve topical, vaginal dosage form, and have 

yet to undergo testing relevant nonhuman primate models. The goal of this dissertation is to characterize 

material and formulation properties of microbicidal electrospun fibers, probe the use of novel 

polyurethane polymers for sustained antiretroviral drug delivery, and test fibers in innovative yet 

relevant pre-clinical models to optimize electrospun fiber formulations that will be tested for safety and 

efficacy in a nonhuman primate challenge model.  
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1.1 AIM 1 

Aim: Influence of microarchitecture, thickness and polymer chemistry on delivery of physicochemically 

diverse drugs from electrospun fibers. 

Gap: Formulating multiple drugs with physicochemically diverse properties into electrospun fiber 

composites and controlling the release of encapsulated drugs is a challenge within the field of drug 

delivery. We investigated how microarchitecture and fabric thickness affect the release of drug 

combinations from electrospun fibers that were fabricated on a production-scale instrument with high 

drug loading. Furthermore, we sought to design PLGA-based polyurethane polymers that degraded on a 

physiologically relevant timescale, but maintained sustained drug release properties.  

Impact: In order to translate drug-eluting fibers to clinical applications, it is imperative that electrospun 

fibers have the capacity to be loaded with relevant, potentially high doses of encapsulated drugs, and be 

produced efficiently in the quantities needed for larger trials. In addition, while hydrophobic polymers 

have been shown to sustain drug release, they often degrade on timescales that far exceed the completion 

of drug release, thus it is necessary to decouple the degradation and release properties of electrospun 

fibers.  

Thesis Chapter(s): Chapter 3: Delivery of Multipurpose Prevention Drug Combinations from 

Electrospun Nanofibers Using Composite Microarchitectures, Chapter 4: Rapidly Biodegrading PLGA-

Polyurethane Fibers for Sustained Release of Physicochemically Diverse Drugs 

1.2 AIM 2 

Aim: Evaluation of burst- and sustained-release electrospun fibers in a hydrogel tissue mimic and 

corresponding explant tissue.  

Gap: Conventional in vitro release testing methods, such as an aqueous media sink, do not allow for 

anisotropic testing of complex fiber microarchitectures, wherein drug combinations with varying 

properties may affect the overall wetting and diffusion of co-encapsulated drugs from electrospun fibers.  
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Impact: An in vitro release platform that facilitates anisotropic evaluation of drug-eluting fiber 

composites intended for topical or transdermal drug delivery, and correlates the release profiles with 

release into the targeted tissue, allows for more rapid optimization of electrospun fibers formulations in 

the transition from in vitro testing to in vivo studies.  

Thesis Chapter(s): Chapter 5: In vitro-ex vivo correlations between a cell-laden hydrogel and mucosal 

tissue for screening composite delivery systems 

1.3 AIM 3 

Aim 3: Safety, pharmacokinetics and efficacy of electrospun fibers for prevention of HIV in nonhuman 

primates 

Gap: Electrospun fibers offer many advantages for vaginal, topical delivery of antiretrovirals, including 

high drug loading and co-encapsulation of diverse drugs, but have yet to been tested for safety or 

efficacy in vivo.  

Impact: We have validated a method for detecting a triple combination of antiretrovirals in pigtail 

macaque vaginal secretions, tissue and plasma using a LC-MS/MS assay. The pharmacokinetic profiles 

will inform whether our dual layer and fiber-in-fiber formulations delivery adequate doses of a triple 

combination of antiretroviral drugs to vaginal tissue to prevent infection with RT-SHIV. Finally, the 

safety observations will provide insight into the acceptable dosing frequency of drug-eluting electrospun 

fibers to mucosal tissue. 

Thesis Chapter(s): Chapter 6: Simultaneous Measurement of Etravirine, Maraviroc and Raltegravir in 

Pigtail Macaque Plasma, Vaginal Secretions and Vaginal Tissue using a LC-MS/MS Assay, Chapter 7: 

In Vivo Pharmacokinetics and Ex Vivo Protection of Pigtail Macaque Vaginal Mucosal Tissue from RT-

SHIV by Drug-Eluting Fibers Containing a Triple Antiretroviral Combination 
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Chapter 2. Introduction 

Adapted from: Electrospun fibers for vaginal anti-HIV drug delivery. Anna K. Blakney, Cameron Ball, 
Emily A. Krogstad, Kim A. Woodrow. Antiviral Research 100:S9-S16 (2013). In pursuit of functional 
electrospun materials for clinical applications in humans. Ryan J. Stoddard, Arielle L. Steger, Anna K. 
Blakney, Kim A. Woodrow. Therapeutic Delivery 7 (6): 387-409 (2016). 
 

2.1 ABSTRACT 

Diversity of microbicide delivery systems is essential for future success in the prevention and 

treatment of HIV in order to account for the varied populations of women all over the world that may 

benefit from use of these products. Recently, a novel dosage form for intravaginal drug delivery has been 

developed using drug-eluting fibers fabricated by electrospinning. There is a strong rationale to support 

the idea that drug-eluting fibers can be designed to realize multiple design constraints in a single product 

for topical HIV prevention: fibers are able to deliver a wide range of agents, incorporate multiple agents 

via composites, and facilitate controlled release over relevant time frames for pericoital and sustained 

(coitally-independent) use. It is also technologically feasible to scale-up production of fiber-based 

microbicides. Electrospun fibers may allow for prioritization of physical attributes that affect user 

perceptions without compromising the capacity for biological efficacy. Electrospinning is a simple, low-

cost and versatile approach to fabricate multifunctional materials useful in drug delivery and tissue 

engineering applications. Despite its emergence into other manufacturing sectors, electrospinning has not 

yet made a transformative impact in the clinic with a pharmaceutical product for use in humans. 

Challenges in using fibers as a microbicide include issues related to vehicle deployment, spreading and 

retention in the vaginal vault. In addition, studies will need to address the interaction of the fibers with 

the mucosal environment, including unknown safety and toxicity. Sustained release fiber microbicides 

capable of delivering multiple antiretroviral drugs while simultaneously exhibiting tunable degradation 

or dissolution of the fibers is also a challenge. However, electrospun fibers are a promising new platform 

for vaginal delivery of anti-HIV agents and future research will inform their place in the field. 
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2.2 INTRODUCTION 

Topical microbicides are a critical component of the prevention portfolio to combat sexual 

transmission of HIV. One of the priorities in the field is to confront the low levels of user adherence that 

have been documented in clinical trials of microbicides. The early termination of VOICE due to low user 

adherence compromised evaluation of efficacy.6 Vaginal drug delivery systems (DDS) play a principle 

role in bridging biological efficacy and behavioral adherence, which collectively determine the overall 

impact of a topical microbicide product. It is unlikely that a single DDS technology will solve the 

prevention needs for all women, particularly for adolescent women in low-resource settings where the 

crises of women’s reproductive health is complicated by issues of poverty, malnutrition, poor education, 

and gender inequality. For this reason, the portfolio of available microbicide DDS needs to be numerous 

and diverse.  

The further advancement and development of any single microbicide DDS must now prioritize 

the capacity of the DDS to design for physical attributes that impact user perceptions without 

compromising the design for biological efficacy. The ultimate decision to use a microbicide product is 

influenced by a complex combination of product attributes (sensory perceptions, dosing frequency, coital 

association), user demographics (age, race, culture), and perceived risks for HIV as well as perceived 

benefits from product use. These user perceptions are the first barrier to designing effective microbicide 

products, but are often the last consideration in product development. In addition to being accepted by 

users, the product must deliver bioactive compounds, possibly in combination, over a relevant period of 

time (both coitally dependent and independent), be affordable, and have the ability to be produced on an 

industrial scale. Future development of products will likely incorporate design iterations informed by 

user perception as well as biological efficacy.  

A number of microbicide products are in various stages of the development pipeline, but the lead 

technologies include gels, films, tablets and intravaginal rings (IVRs).7-10 There are a number of 

advantages and disadvantages associated with the leading DDS. Vaginal gels are relevant for pericoital 
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or daily use but have limited ability to deliver physicochemically diverse agents, are not amenable to 

sustained protection and are messy and may leak out of the vaginal cavity after application. Tablets are 

easily formulated and manufactured but may leave a grainy residue in the vaginal cavity after 

dissolution.11 IVRs are currently the only sustained release dosage method and have enhanced product 

stability as a solid dosage form, but are relatively complicated and expensive to fabricate9. Vaginal films 

are also relevant for pericoital use, have demonstrated capability for delivering physicochemically 

diverse agents, and exhibit enhanced product stability compared to semi-solid dosage forms such as gels. 

However, vaginal microbicide films have reported loadings of < ~1%, and their low overall mass may 

preclude delivery of sufficient doses of certain APIs.8, 12, 13 It is also not clear if current films will be 

amenable for sustained drug delivery and coitally-independent applications. In addition, the bulk 

physical properties of films must be controlled to avoid sharp edges and corners that could induce 

abrasion upon application and use.  

Recently, a novel dosage form for intravaginal drug delivery has been developed using drug-

eluting fibers fabricated by electrospinning, a technique that applies electrostatic forces to form 

polymeric fibers. Electrospinning is an elegant and facile method for formulating a solid-dosage form 

microbicide product. The process of electrospinning fibers is well-established,14 efficient and relatively 

inexpensive, and since most synthetic and many biological polymers can be electrospun, there is a wide 

array of possible formulations envisioned for diverse antiretroviral drugs. A number of 

physicochemically diverse drugs have been encapsulated into electrospun fibers,15 typically with high 

encapsulation efficiency.16 Fiber-based “fabrics” are typically soft and non-abrasive, highly flexible, lack 

sharp corners and can realize a number of geometries (sheets, tubes, coatings). In addition, there is no 

leakage or mess expected with delivery of fibers into the vaginal cavity. Therefore, there is a strong 

rationale to support that drug-eluting fibers can be designed to realize multiple design constraints in a 

single product for topical HIV prevention. 
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2.3 ELECTROSPUN FIBERS FOR DRUG DELIVERY 

Two recent publications investigated electrospun fibers as a platform for vaginal delivery as a 

topical microbicide for HIV prevention.4, 5 Huang et al. encapsulated the reverse transcriptase inhibitors 

etravirine or tenofovir disproxil fumarate (Viread) into fibers based on cellulose acetate phthalate 

(CAP).5 CAP has documented anti-HIV activity, which is thought to be mediated by interactions of the 

polymer with HIV glycoproteins. In addition to its anti-HIV activity, CAP undergoes a solution-to-gel 

phase transition in response to pH due to the phthalate function group of CAP (pKa of ~5.5). In the low 

pH environment of the vagina (pH of ~4-5) CAP is a semi-solid, but dissolves upon a semen-induced pH 

change that increases the pH of the vagina. Thus, CAP fibers were designed to dissolve and release 

antiretrovirals within seconds to minutes after exposure to semen (Figure 2.1). CAP fibers were found to 

be safe in vitro at concentrations of up to 1.8 mg/mL, with minimal toxicity in both TZM-bl cells and 

vaginal epithelial cells. Exposure to only 0.05 mg/mL of CAP fibers resulted in 50% HIV neutralization 

and complete neutralization was achieved upon incorporation of 17.8% (wt. drug/wt. polymer) TDF, for 

a final concentration of TDF of ~0.1 µg/mL.   

 
Figure 2.1: Schematic by Huang et al. depicting a layer of vaginal epithelial cells covered by a 

web of electrospun fibers containing antiretroviral drug before (left) and after (right) contacting 

human semen contaminated with HIV.5 

 

Ball et al. fabricated nanofiber meshes from a polymer blend of poly-L-lactic acid (PLLA) and 

polyethylene oxide (PEO) with an assortment of antiretroviral and contraceptive agents for the dual 

prevention of HIV transmission and unintended pregnancy (Figure 2.2).4 Fibers were loaded with 
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maraviroc (MVC), an inhibitor of CCR5-mediated HIV fusion, or 3’-azido-3’deoxythymidine (AZT). 

Both ARV drug-fibers were found to be non-toxic to TZM-bl cells and macaque ectocervical explants. 

ARV drug-loaded fibers also had comparable HIV inhibition to the free drugs and maintained IC50 

levels at concentrations of 0.90 nM for MVC and 120 nM for AZT. Both MVC and AZT were found to 

exhibit burst-release from the fibers, but sustained release on the timescale of weeks was achieved by 

incorporation of poly-(D,L)-lactic acid into the fibers, although drug release was only monitored for 1 

week. Glycerol monolaurate (GML) was also incorporated into the fibers and was found to inhibit sperm 

motility and viability at concentrations of 0.05-0.5 % wt./vol.  With the inclusion of GML, the fibers 

formed both a chemical and physical barrier to sperm. Ball et al. electrospun fiber meshes in the 

geometry of a tampon applicator and observed release of a dye to assess coverage of the vaginal lumen 

and cervix in a mouse model.  

 
Figure 2.2: Potential manufacturing geometry as presented by Ball et al. A) a two-axis mandrel 

electrospinning rig for fiber collection, B) a mandrel in the shape of a tampon applicator that may be 

suitable for vaginal delivery, C) a fiber mesh removed from the mandrel with a hollow interior, D) a 

scanning electron micrograph of fibers with a porous microstructure, E) a schematic of a potential way to 

produce a layered mesh for a multifunctional material.4 

 

These papers establish the potential for using electrospun fibers as a platform for vaginal drug 

delivery of antiretrovirals. In addition, the drug-eluting fiber platform may represent a discreet, female-

controlled and reversible method of HIV prevention. The ability to combine antiretroviral therapy with 

other STI prevention or contraception offers an advantage that may increase user adherence and 

acceptance. For example, high-risk groups of women who have low perceived risk of HIV acquisition 
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may be more likely to employ a dual protection product that incorporates HIV prevention with a 

contraceptive.  

Electrospun fibers offer a number of significant advantages that enable their potential for use as 

a vaginal microbicide platform. They have been used to deliver a wide range of agents,17 and can be 

fabricated into composites for incorporation of multiple agents. Composites are created by spinning 

multiple solutions at one time,18 layering different solutions,19 coaxial spinning20 or emulsion spinning.21 

It is also possible to formulate fibers with controlled release over time frames relevant for both pericoital 

and sustained (coitally-independent) use. Electrospun fibers have been successfully formulated for 

quick22 and sustained23 release of drugs. In addition, the ability to scale-up manufacturing of microbicide 

products for use in human clinical trials as well as widespread use is essential. The infrastructure for 

mass-production of electrospun fibers has already been established, as electrospinning is used widely in 

industrial applications.24 Finally, the ability to design a fiber-based product to account for user 

preference could enhance performance regarding user adherence. Electrospun fibers offer a variety of 

possible geometries and mechanical properties that could enable user-centered design. In the following 

sections, we will discuss the delivery of diverse APIs using electrospun fibers, the ability to achieve 

quick and sustained release profiles, and current challenges with drug delivery from electrospun fibers.  

 

2.3.1 Breadth of API delivery using electrospun fibers 

Small molecules, peptides, nucleic acids, antibodies and nanocarriers all have potential for use in 

vaginal delivery systems for topical HIV prevention. The physico-chemical diversity of these agents 

alone and in combination demand that next generation microbicide dosage forms enable delivery of 

diverse agents. In addition, the vaginal environment consists of a low pH, degradative enzymes, 

microflora and other potential components that may inactive many microbicide agents before they can be 

effective.25 Encapsulating drugs in electrospun fibers offers a way to protect the active compounds until 

they are released. The electrospinning process is carried out at room temperature and, because many 
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polymers can be electrospun using only water as the solvent, the fabrication process is gentle. The wide 

variety of polymers that can be electrospun allows for the specific formulation of a single agent, and 

multiple agents can then be combined by layering fibers, using a multi-jet configuration to produce 

interwoven fibers, or by combining multiple drugs in a single fiber.  

Many studies have shown that electrospun fibers are capable of encapsulating drugs with a wide 

range of solubility.26 Electrospun fibers can also be used as a way to increase the bioavailability of 

therapeutic agents through solid dispersion. When incorporated into a DDS, the drug may exist as an 

amorphous, polymorphous or crystalline solid. The ability of the drug to be released may depend on the 

solid state, with an inverse relationship between the degree of crystallinity, solubility and thus 

bioavailability. Verreck et al. incorporated itraconazole, a highly water insoluble drug, into electrospun 

fibers to produce dispersions of amorphous drug, which was confirmed by no evident melting endotherm 

for itraconazole as analyzed by differential scanning calorimetry.27 Similarly, Yu et al. observed well-

dispersed amorphous ketoprofen, a water-insoluble non-steroidal anti-inflammatory drug (NSAID), and 

hypothesized that the distribution was due to hydrogen bonding between the drug and polymer 

nanofibers28. Thus, due to their solid dosage form and wide range of applicable materials, electrospun 

fibers offer the potential for excellent bioavailability of drugs. 

Biological agents such as peptides, antibodies, enzymes and nucleic acids have also been 

proposed for vaginal delivery, but current delivery vehicles limit usage. The challenge resides in 

delivering biologic agents to the vaginal mucosa without altering their activity. Loss of activity arises 

from instability in liquid based platforms or high temperature or abrasive solvents used in processing. A 

wide range of biologics have been encapsulated into electrospun fibers, including proteins,29 viruses,30 

DNA,31 siRNA,32 bacteria33 and cells.34 Maretschek et al. were able to tune the release of a model 

hydrophilic protein, cytochrome C, from a fiber blend of PLLA and PEG.35 Human β-nerve growth 

hormone and basic fibroblast growth factor have been encapsulated within23 or deposited on the surface 

of nanofibers,36 with intended use in tissue engineering. Liao et al. and Saraf et al. encapsulated 

adenovirus30 and plasmid DNA,31 respectively, using coaxial spinning for gene delivery purposes. Cao et 
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al. achieved controlled release of siRNA from PCL nanofibers for 28 days with a silencing efficiency 

comparable to conventional siRNA transfection.32 Though many of the applications of electrospinning 

have been focused on cancer therapy or tissue engineering, the foundation of incorporation of biologics 

into electrospun fibers exposes the potential for their use as delivery systems for antibodies against HIV, 

antigens for vaginal mucosal vaccines, delivery of bacteria in the treatment of bacterial vaginosis, or 

gene delivery.  

 In addition to delivery of biologics, electrospun fibers may also offer potential to deliver drug-

loaded nanoparticles. There is currently no well-established vehicle for vaginal delivery of nanoparticles, 

and the combination of nanofibers and nanoparticles could allow for enhanced precision control of drug 

release. As a solid dosage form, the fibers may overcome the issues associated with delivering 

nanoparticles in a vaginal gel, such as aqueous stability and long-term storage of the particles. Coumarin 

6, a model drug, was released from PLGA nanoparticles encapsulated in PVA/PEO blend nanofibers 

over a period of 2-8 hours, depending on the ratio of PVA to PEO.37 Beck-Broichsitter et al. were able to 

show an altered release profile, i.e. slower release, in vitro of coumarin 6 from the PVA 

nanofiber/nanoparticle composites compared to nanoparticles alone, but not for PEO meshes. FGF-2 was 

released from heparin-containing polyelectrolyte complex nanoparticles encapsulated in chitosan fiber 

networks over a period 30 days, with maintained bioactivity of the encapsulated drug.38 Furthermore, 

Volpato et al. were able to show the preservation of nanoparticle structure when encapsulated in 

electrospun fibers using fluorescent dyes and confocal microscopy. The duo of nanofibers and 

nanoparticles may broaden the delivery capabilities of fibers as a vaginal microbicide. 

 

2.3.2 Rapid and sustained release from drug-eluting fibers 

Drug release from polymeric fibers depends on the erosion and degradation of the polymer used 

and the diffusive properties of the incorporated drugs. Release of drugs from gels is governed by both 

erosion and diffusion and depends on hydration, swelling and dissolution of the polymer.39 The vaginal 
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film matrix also swells, but release largely depends on diffusion of the drug from the polymer matrix.40 

In contrast, intravaginal rings undergo very minimal swelling and erosion, but also rely on diffusion of 

the drug from the polymer matrix.41 Electrospun fiber meshes similarly rely mostly on diffusion for drug 

delivery, although erosion of individual fibers has been observed.42 

By utilizing a variety of polymers and blends of polymers, researchers have achieved both rapid 

(<15 minutes) and sustained (>7 days) release of various drugs from electrospun fibers (Table 2.1). This 

is a huge advantage in vaginal delivery of antiretroviral drugs, as there are a number of scenarios in 

which vaginal microbicides might require different timescales for delivery. Quickly dissolving fibers 

could be useful for a vaginal microbicide intended for pericoital use, in which rapid delivery of 

antiretroviral drugs would be imperative to act against immediate viral exposure. Although similar to 

vaginal microbicide films, electrospun fibers have the advantage of a silky texture as well as the ability 

to control micro-scale architecture for tuned release properties. Long-term release is coitally independent 

and would be preferable in a situation where a user could dose monthly and have sustained levels of drug 

in tissue for HIV prevention.  

Several groups have demonstrated rapid drug release from electrospun fibers by using quickly 

dissolving polymers such as PVA, PEO, alginate and chitosan. The use of quickly dissolving polymer 

fibers allows for burst release of drug. Li et al. used PVA nanofibers to burst-release caffeine and 

riboflavin. They observed dissolution of fibers within 5 seconds and 100% release of caffeine and 40% 

release of riboflavin within 60 seconds.43 Macri et al. used tyrosine-derived polycarbonate terpolymer 

fiber mats to deliver a hydrophilic peptide, P12, with complete release within 9 hours.44  
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Table 2.1: Reported in vitro release kinetics of small molecule drugs from polymeric fibers. 

Time-frame 
of drug 
release 

Released 
compound 

Fiber and Mesh Properties % 
Released 
at 24 h 

Time to 
release: Ref. 

    50% 100%  
Rapid release 

(<60 min) 
Azidothymidine 
(AZT), acyclovir 

(ACV), 
maraviroc 

(MVC) 

Polymer: PLLA/PEO 
Solvent: 

Chloroform/Trifluoroethanol 
Fiber diameter: 200 - 700 nm 

Drug loading: 1 wt% 

100% <1h <1 h 4 

 Cefoxitin Polymer: PLGA (75:25) 
Solvent: Dimethlyformamide 
Fiber diameter: 200 – 400 nm 

Drug loading: 1 - 5 wt% 

100% <1h <1h 45, 46 

Intermediate 
release (1-3 d) 

bis-
chloroethylnitros

ourea (BCNU, 
Carmustine®) 

Polymer: PEG-PLLA 
Solvent: Chloroform 

Fiber diameter: 700 – 1400 nm 
Drug loading: 5 – 30 wt% 

60-80% 5-15 h 70 h 47, 48 

 Ciprofloxacin Polymer: PVA/PVAc 
Solvent: Water/Acetic acid 

Fiber diameter: 400 – 500 nm 
Drug loading: 10 wt% 

40 - 50% <50 h >100 
h 

49, 50 

Sustained 
release (>7 d) 

Paclitaxel Polymer: PLGA (50:50) 
Solvent: Dichloromethane 

Fiber diameter: 700 – 2500 nm 
Drug loading: 10 wt% 

13-22% >20 d >60 d 4, 51 

 SN-38 Polymer: PCL/PGC-C18 (90:10) 
Solvent: Chloroform/methanol 

Fiber diameter: ~7000 nm 
Drug loading: 0.1 – 1 wt% 

~30% ~40 d >70 d 52 

 

Extended release kinetics of drugs from polymer fibers are also highly desirable for vaginal 

microbicides. A once-monthly dosage form, like vaginal rings, has potential to overcome challenges 

related to low user adherence. Long-term drug release from fibers has been demonstrated by a number of 

groups.22, 52 Sustained release is achieved using a variety of polymers and techniques that have been 

optimized for slowing release, including coating the fibers to prevent burst release,53 coaxial or emulsion 

spinning to create a shell around a core fiber of drug,54 or crosslinking the polymer.55 Jannesari et al. 

observed that by decreasing drug loading of ciprofloxacin HCl in PVA/PVAc nanofibers and increasing 

thickness, release could be extended to 80 days.49 Xie et al. delivered paclitaxel, a chemotherapy agent 

for the treatment of C6 glioma, for up to 60 days from PLGA micro- and nanofibers.51 Because many 
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sustained delivery fiber systems require the use of slowly degrading materials, the product might require 

removal, much like vaginal rings. By manipulating either polymer chemistry or physical attributes of the 

fibers, sustained delivery of therapeutics is achievable.  

The composition of the fiber formulation has a significant impact on the electrospinning process 

as well as the final fiber solid-state properties, which will impact safety and efficacy. Table 2.2 lists the 

most commonly investigated carrier polymers used in electrospinning for drug delivery applications.56 

Careful consideration of the thermal and solid-state properties of polymers used in the formulation is 

also critically important for modulating drug release from electrospun fibers. Polymer crystallinity 

defines the ratio of ordered, aligned crystalline segments of polymer chains relative to the random, 

disorganized amorphous regions. The degree of crystallinity influences mechanical properties such as 

hardness, modulus, tensile strength and melting temperature but will also impact drug release kinetics. 

Ball et al. found that the ratio of semicrystalline poly-L-lactic acid (PLLA) to amorphous poly-D,L-lactic 

acid (PDLLA) could be used to modulate the release of a water soluble antiretroviral drug.4 Although the 

polymers were chemically identical, incorporating more amorphous PDLLA likely enhanced the rate of 

water penetration into the polymer network and led to faster drug release from the fibers. The melt 

temperature (Tm) is used to measure the degree of crystallinity of both semi-crystalline polymers and 

crystalline drugs. Differential scanning calorimetry enables observation of melt peaks for both polymers 

and drugs, and can be used to characterize crystalline content in the solid dispersion. The absence of a 

polymer of drug melt peak can be an indicator of an amorphous dispersion and shifts in polymer Tm 

may be evidence of drug-polymer interactions.57 As was observed by Verreck et al. upon reaching 40% 

loading of itraconazole and ketanserin in polyurethane fibers, high drug loading can result in crystalline 

drug formation.58 Polymer glass transition temperature (Tg), which is the temperature at which the 

polymer transitions from a hard, rigid “glassy” state to a more compliant, pliable “rubbery” state due to 

increased chain mobility, is also an important factor influencing drug release from electrospun fibers. 

Peng et al. observed that incorporating a small molecule drug into PDLLA and poly(ethylene glycol-co-

D,L-lactic acid) (PELA) electrospun fibers reduced the polymer glass transition, likely due to the drug 
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allowing for more facile movement of polymer chains.59 The Tg of electrospun fibers was also decreased 

by higher percentage of PELA relative to PDLLA, and correlated with faster drug release. Drastic 

alterations in polymer Tg can directly influence the clinical relevance of electrospun materials. For 

example, if the Tg is below body temperature, fibers may transition into an undesired amorphous state 

and cause rapid drug release. Polymer crystallinity, Tg and Tm are not necessarily independent 

properties, but allow for strategic design of formulations with desired clinical performance. 

 

Table 2.2: Common attributes of electrospun materials used for drug delivery in vivo.60-78 
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Solid-state properties of the fiber-formulated drug or biologic also affects its solubility, 

bioavailability and stability. Amorphous solid dispersions (ASDs) occur when both the carrier polymer 

and drug co-exist within the fiber matrix in a molecularly dispersed state. ASDs are a useful category of 

drug delivery systems as they are able to achieve transient drug concentrations significantly higher than 

the equilibrium solubility of the drug due to the absence of crystalline lattice energy in amorphous solids 

Depending on polymer-drug compatibility, the high surface to volume ratio of electrospun fibers 

promotes rapid solvent evaporation and minimization of lattice energy between the polymer and drug. 

This may be particularly useful for pharmaceutical actives that are difficult to formulate or have poor 

solid state properties alone.79 For example, electrospinning poorly water-soluble drugs in carrier 

polymers as ASDs can enhance drug dissolution compared to the crystalline form, which may be more 

hydrophobic as well as needing to overcome the crystalline lattice energy.80 For example, Verreck et al. 

showed the release rate of two poorly water-soluble drugs was tunable by altering the drug to polymer 

ratio in hydrophobic polyurethane fibers.58 Because both drugs were distributed in an amorphous form 

within the carrier polymer, the rate-limiting solubilization step was avoided and a supersaturated system 

was generated to provide the chemical potential for drug release. ASDs of biologic payloads in a carrier 

polymer can also enable long-term stability of proteins as well as preserve bioactivity. Kim et al. showed 

that lysozyme formulated in fiber blends of PCL and PEO maintained 90% of its catalytic activity from 

the dried mesh.81 In summary, the mild electrospinning process and resulting ASDs enable the delivery 

and stability of challenging pharmaceutics, including poorly water-soluble drugs and fragile biologics. 

 

2.3.3 Challenges in electrospun fibers for vaginal delivery 

While electrospun fibers are a promising new platform for vaginal delivery of microbicides, 

there are a number of challenges that must be confronted. Co-delivery of multiple drugs from a single 

electrospun fiber mat with precisely controlled release profiles may be difficult. In addition, delivering 

multiple, physicochemically diverse agents may require a novel approach to design of the electrospun 
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fiber vehicle, such as manipulation of microarchitecture or use of polymer blends. Unlike drug-loaded 

nanoparticles, which are able to penetrate tissue and deliver their payload intracellularly, fibers are 

limited by the pharmacokinetics at the site of administration. The maximum achievable drug loading in 

fibers will likely be drug-dependent, as high loading into polymer solutions may negatively alter the 

ability to electrospin the solution. However, our lab has successfully electrospun fibers containing 60% 

tenofovir by mass with high encapsulation efficiency on a production-scale electrospinning instrument.82 

Future research into the area of the physics of electrospinning may offer more control over fiber sizes, 

drug distribution and release profiles.83 A clear mode of administration, i.e. the way the fibers will be 

inserted into the vaginal cavity, has not been established. It is also unclear whether any residual polymer 

film will persist in the vaginal cavity, which may impact user acceptability.  

In vivo testing of biocompatibility of fibers for vaginal drug delivery has not been conducted, 

and safety and toxicity studies will need to be performed before efficacy can be fully evaluated. Ball et 

al. did not conduct in vivo safety, toxicity or release kinetics but did observe release of dye and coverage 

of the cervicovaginal tract from ICG-loaded fibers in mice.4 However, there are a number of examples of 

fiber materials used in vivo that would support their safety and ability for sustained drug delivery. Silva 

et al. are currently conducting a Phase III clinical trial to evaluate efficacy of an electrospun fiber-based 

patch that releases nitric oxide for the treatment of diabetic ulcers.84 Ranganath et al. used an electrospun 

fiber patch to deliver paclitaxel in the treatment of malignant glioma in a mouse model and found 

increased tumor inhibition when compared to acute administration of Taxol.85 Furthermore, Hong et al. 

observed therapeutic effects based on mechanical properties as well as sustained antibiotic release from 

an electrospun fiber patch used after laparotomy.86 Though vaginal testing has yet to be completed, 

promising results from alternate routes of administration of drug-eluting electrospun fibers indicate the 

feasibility of their use in vivo.  
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2.4 SCALE-UP OF ELECTROSPUN FIBERS 

To date, only academic research laboratories have pursued the investigation of electrospun fibers 

as a platform for vaginal microbicides. One of the main challenges in translation of this research to a 

clinical setting, in addition to thoughtful design of the ideal product, is developing a clear strategy for 

product development and implementation. Clinical translation will require establishing the design, usage, 

storage parameters and production cost. Currently, parallel investigation into product design, including 

rationale, form, and deployment of a fiber-based vaginal microbicide as well as rigorous testing of 

established pre-clinical models for microbicides10 are acting to inform prototype development. 

Manufacturing requirements are a critical component to product realization, so we will discuss in the 

following sections the scalability and material requirements for a potential fiber-based microbicide 

product.   

 

2.4.1 3.1 Materials and capital investments 

The required materials for a fiber-based delivery system will be highly dependent on the 

intended use. A quick-dissolving fiber for pericoital use may have different requirements than a 

sustained-release fiber that is used monthly for HIV prevention. Composites containing multiple drugs, 

either combinations of antiretrovirals or antiretrovirals and contraception/STI prevention, may 

necessitate the use of different materials. While there is no consensus on the final form of a fiber 

delivery system at this point, the first fiber-based microbicide product to be realized may share a 

geometry similar to vaginal films, as this has been a relatively acceptable microbicide delivery mode. 

The International Partnership for Microbicides found that 85% of women in Burkina Faso, Tanzania and 

Zambia said they would use a vaginal film as an HIV prevention method.87 In addition, the ease of 

producing a simple geometry that resembles a film will establish the proof-of-principle for 

manufacturing scale-up of a fiber-based microbicide product. Prioritizing materials that have already 

been FDA-approved for use in vaginal delivery, such as polyvinyl alcohol (PVA), hydroxyethyl 
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cellulose (HEC), hydroxypropryl methylcellulose (HPMC) and polyurethane (PU) may enable more 

rapid clinical translation of this new technology. However, a fiber-based microbicide should focus on 

addressing gaps not currently addressed by the lead dosage forms. 

 

2.4.2 3.2 Manufacturing capability 

A number of large-scale electrospinning instruments exist due to applications of electrospinning 

in industries such as air and water filtration, energy and construction. Because of the large demand for 

fiber-based technologies, which are expected to reach $2.2 billion by 2020,88 the infrastructure for mass 

production is already established. However, there may be limitations to current large-scale 

instrumentation for production of electrospun fiber based dosage forms. Current production-scale 

instruments are not specifically made for pharmaceutical applications and may be challenging to adapt to 

FDA standards. Likewise, if coaxial fibers prove advantageous for sustained antiretroviral drug delivery, 

production-scale instruments capable of making this architecture are still in early development.  

 Production costs can be estimated by assuming that initial fiber-based products will be similar 

to a vaginal film or gel, as far as dosage requirements and size. Currently, vaginal films are dosed at 

around 300 mg and vaginal gels are dosed around 2 g (gel density ~0.6 g/mL).10 Production yields for 

large scale instruments could theoretically reach up to 6.5 kg/h, which would correlate to production of 

10-20 million doses annually.88 Therefore, although production will depend on the specific formulation, 

scale-up for a fiber-based microbicide is theoretically achievable on a production level that is necessary 

for human clinical trials.9 Additional constraints on manufacturing include initial capital investments, 

availability of raw materials, cost of APIs, utilities and infrastructure, and product reproducibility.    
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Table 2.3: Electrospinning platforms for scalable manufacturing.47, 80, 82, 89-104 

 

2.4.3 Scale-up equipment 

As shown in Table 2.3, there are four classes of electrospinning equipment that are 

commercially available, and of these the multi-nozzle and free-surface classes (Figure 2.3) are the most 

mature. Free surface (or nozzle-less) electrospinning initiates charged fluid jets from a free surface 

entrained with a thin film of solution rather than from a solution pumped through a needle tip.105 Free 

surface electrospinning is of particular interest for this review due to the high throughput achievable for 

these designs. Advantages of free surface technology emerge from avoiding needle clogging issues and 

avoiding nozzle-nozzle interactions since jets emanating from a free surface will achieve self-optimize 

spacing based on applied voltage and solution properties. Free surface designs may also allow for scale-

up of nanofibers containing particles or fiber mats fabricated with distinct microarchitectures for drug 

delivery applications.91, 106 Although both free surface and multi-nozzle designs have their advantages, it 

seems the industrial landscape has become more focused on free surface designs because of the 

increased compatibility with manufacturing. Many different free surface electrospinning designs have 

been developed, which can be evaluated by throughput capabilities for comparable electrode dimensions, 
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compatibility with technologies, and tunability of mass deposition profile (Table 2.3). Free surface 

designs widely used in academia include the rotating wire design, 47, 95, 107, 108 rotating coil design, 109 

oscillating carriage design,110 rotary cone design,111 and rotating disc/cylinder.112 The rotating cylinder, 

disc or wire designs are popular due to the simplicity of set-up and the detailed modeling efforts the 

Rutledge group has conducted focused on this design specifically.47, 95, 107, 108 However, these electrode 

configurations have fewer design parameters available to tune mass deposition of nanofibers. Further, 

the open solution bath may cause issues with solution aging in continuous processing. Although other 

free surface designs are not as widely studied, other configurations with more factors to control mass 

deposition include the rotating coil design113 (spiral distance, maximum coil diameter, relative coil 

diameters, and wire diameter) and oscillating carriage design110 (carriage speed and orifice size). 

Although free surface configurations are evolving to meet challenges in clinical applications, more 

research and development is required in order to accommodate emerging designs and translation of 

multi-phase precursors to free surface instrumentations. Through understanding of the current industrial 

landscape as well as the research literature, we feel that the free surface class of equipment is best suited 

for production of pharmaceutical products and tissue engineering scaffolds through electrospinning. A 

major consideration is process throughput; the multi-nozzle configuration is far less productive than 

mature fiber and film production technologies making economics unfavorable. Further, free-surface 

electrospinning is well poised to confront the remaining scalability challenges in production of 

electrospun medical fabrics. The self optimized jet spacing and throughput and elimination of nozzle-

nozzle interactions and jet clogging makes the free surface technologies more compatible with 

development of process and quality control mechanisms. Further, the relatively simplicity of the design 

and minimal contact components could also be beneficial for process approval as well as routine 

maintenance and cleaning requirements for pharmaceutical production. Finally, in lieu of coaxial 

spinning capabilities emulsion electrospinning from free surface electrodes is an emerging technique 

capable of producing the core-shell fiber architectures popular especially in controlled drug release 

applications. Although the commercially available electrospinning instruments have the desired capacity, 
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none are made specifically for pharmaceutical applications. Therein lie the challenges, and a potentially 

higher cost associated with scale-up of drug-eluting fibers to meet requirements for good manufacturing 

practices (GMP). Given the limited information available on the production cost of electrospun fibers, 

some reports show that the costs of fibers produced by an industrial-scale instrument is $1-$5 kg-1 88. 

These reported costs are likely to increase substantially based on the complexity of the GMP 

pharmaceutical manufacturing process required to produce an ARV-based microbicide, and we estimate 

that the cost for a 300 mg dose may be on the order of $0.50-$3.00 depending on the annual production 

volume. These estimates are based on incomplete information and rough assumptions for meeting 

stringent requirements for compliance with ISO and GMP. Based on these estimates, electrospun fibers 

would be a competitive with other ARV dosage vehicles, such as vaginal films and rings. Low-cost 

electrospun fibers would present another option for a globally accessible dosage form for ARVs.  

 
Figure 2.3: Comparison of multi-nozzle electrospinning and wire electrospinning.  Images show 

multi-nozzle electrospinning, where multiple Taylor cones form from separate nozzles, (left) and wire 

electrospinning, where multiple Taylor cones form on the same electrode (wire or cylinder) (right).18, 114 

 

2.5 CONCLUSION 

Electrospun fibers are a promising new platform in the context of vaginal delivery of 

microbicides. Fibers are a solid dosage form that offers a silky texture as well as enhanced product 

stability. Fibers are capable of delivering a number of therapeutics that may be useful for microbicides, 

including biologics and nanoparticles, and can exhibit burst, sustained and asynchronous release profiles. 

Because electrospinning is a well-established technology, there are already commercial-scale 
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instruments available, which would ease the translation to clinical applications and possibly widespread 

use. At this point, it is unclear whether fibers will be used for a quick pericoital dosage or a sustained 

monthly dosage, but the potential for both applications offers an exciting outlook to create innovative 

new designs as challenges in the field arise.  
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Chapter 3. Delivery Of Multipurpose Prevention Drug Combinations From 

Electrospun Nanofibers Using Composite Microarchitectures 

Adapted from: Delivery of Multipurpose Prevention Drug Combinations from Electrospun Nanofibers 
using Composite Microarchitectures. Anna K. Blakney, Emily A. Krogstad, Yonghou Jiang, Kim A. 
Woodrow. International Journal of Nanomedicine 9: 2967-2978 (2014). 
 

3.1 ABSTRACT 

Background: Electrospun drug-eluting fabrics have enormous potential for delivery of 

physicochemically diverse drugs in combination by controlling the underlying material chemistry and 

fabric microarchitecture. However, the rationale for formulating drugs at high drug loading in the same 

or separate fibers is unknown but has important implications for product development and clinical 

applications.  

Methods: Using a production scale free-surface electrospinning instrument, we produced electrospun 

nanofibers with different microscale geometries for co-delivery of tenofovir (TFV) and levonorgestrel 

(LNG) – two lead drugs being considered for multipurpose prevention of HIV acquisition and 

unintended pregnancy. We investigated in vitro drug release of TFV and LNG combinations from 

composites that deliver the two drugs from the same fiber (combined fibers) or from separate fibers in a 

stacked or interwoven architecture. For stacked composites, we also examined the role that fabric 

thickness has on drug release kinetics. Using an engineered HeLa cell line that is susceptible to HIV-1 

infection, we also measured the cytotoxicity and antiviral activity of the drugs delivered alone and in 

combination.  

Results: We report on the solution and processing parameters for free-surface electrospinning of medical 

fabrics with controlled microarchitecture and high drug loading (up to 20 wt. %). We observed that in 

vitro release of the highly water-soluble TFV, but not the water-insoluble LNG, was affected by 

composite microarchitecture, fabric thickness and drug content. Finally, we show that the drug-loaded 
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nanofibers are non-cytotoxic and that the antiviral activity of TFV is preserved through the 

electrospinning process and when combined with LNG.  

Conclusion: Electrospun fabrics with high drug loading content create multicomponent systems that 

benefits from independent control of the nanofibrous microarchitecture.  Our findings are significant 

because they inform the design and production of composite electrospun fabrics for co-delivery of 

physicochemically diverse drugs that may be useful for multipurpose prevention. 

 

3.2 INTRODUCTION 

The clinical use of drug combinations in the treatment of cancer,115 HIV/AIDS,116 and multi-drug 

resistant bacterial infections117 underscores their importance for realizing synergies that enhance 

treatment efficacy while reducing toxicity and addressing the emergence of drug resistance.118 However, 

co-delivering drugs requires strategies for combining physicochemically diverse agents and delivery of 

these combinations to target tissues and cells at therapeutically relevant concentrations.119, 120 To realize 

the full potential of drug combinations, advances in drug delivery systems must address these challenges.  

Electrospun fabrics are an ideal topical delivery system for co-delivery of multiple agents because of 

their proven capacity to encapsulate and deliver physicochemically diverse drugs and ability to modulate 

drug release kinetics over both short and long time frames.26, 43, 121 A specific application of electrospun 

fabrics for topical delivery that demands these versatile product attributes is in the development of 

multipurpose prevention technologies (MPT). MPTs are combination drug delivery systems capable of 

simultaneous prevention of HIV, other STIs and unintended pregnancy.122 Two leading drug candidates 

for MPTs that target prevention of unintended pregnancy and HIV acquisition are tenofovir (TFV), a 

hydrophilic nucleotide reverse transcriptase inhibitor (NRTI),123 and levonorgestrel (LNG), a widely-

used, hydrophobic hormonal contraceptive.124 TFV and LNG have physicochemical properties that 

prevent their easy combination at the high drug loadings that are useful for sustained prevention.  
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Ball et al. and Huang et al. have used electrospun fabrics to deliver a variety of ARV drugs but never in 

combination.4, 5 Combination drug delivery from electrospun fabrics can be achieved by co-delivery of 

multiple drugs encapsulated within the same fiber or into separate fibers. Okuda et al. used separate 

fibers that were combined in a multi-layer fiber mat for sustained delivery of two model drugs.125 In 

contrast, Xu et al. encapsulated paclitaxel and doxorubicin hydrochloride in the same PEG-PLA fibers 

and observed asynchronous drug release.126 However, in all of these studies to date, less than 1 wt.% of 

drug has been used alone or in combination, which makes these systems limited in scope to applications 

employing drugs with high potency. Even drugs with nanomolar potency are required at a minimum 

composition of ≥10 wt.% to be realistically useful as a medical fabric. Currently, no systematic study has 

been performed to assess the co-delivery of physicochemically diverse drugs at high drug loading 

composition in electrospun fabrics with different underlying microarchitectures. Here we demonstrate 

the feasibility of assembling electrospun fabrics, produced on a production-scale instrument, with 

different micro-scale geometries for co-delivery of a hydrophilic (TFV) and hydrophobic (LNG) drug. 

We show that medical fabrics with high drug loading content benefits from independent control of the 

nanofibrous microarchitecture to predict drug release kinetics. 

 

3.3 MATERIALS AND METHODS 

3.3.1 Polymer Solution Preparation 

 Polyvinyl alcohol (MW 85-124 kDa, 87-89% hydrolysis) and levonorgestrel were purchased 

from Sigma-Aldrich. Tenofovir was a generous gift from CONRAD. Alexa Fluor-488 and -555 

hydrazide sodium salts were purchased from Life Technologies. For all polymer solutions, PVA was 

dissolved in deionized water at 10% wt./vol. Drugs were mixed with polymer solution at 20% wt. 

drug/wt. polymer (for equal loading fabrics) or 0.0067% (LNG) and 15.3% (TFV) wt. drug/wt. polymer 

(for relevant daily dosage fabrics) and stirred for ≥6 hours prior to electrospinning. 
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3.3.2 Electrospinning 

 Polymer solutions were electrospun on a NS 1WS500U (Elmarco, Inc.) free surface 

electrospinning instrument and using the following processing conditions unless otherwise specified: 160 

mm wire electrode distance, -25 kV collecting electrode, 60 kV spinning electrode and 250 mm cartridge 

traveling distance. All microarchitectures were prepared using 15 mL batch volumes in the single 20 mL 

cartridge (Figure 3.2a), unless otherwise noted. For the stacked composite, we electrospun 7.5 mL of a 

LNG polymer solution followed by 7.5 mL of a TFV polymer solution. Interwoven composites were 

prepared similarly except the volumes were separated into different reservoirs of the 40 mL dual 

cartridge (Figure 3.2b). For the fluorescent fibers, LNG and TFV were combined with 0.025% wt./vol of 

either Alexa Fluor-488 or -555, respectively, and collected onto a glass slide. To prepare fabrics of 

different thicknesses, we decreased the travel distance of the cartridge. 

3.3.3 Solution, Fiber and Fabric Characterization 

 Density, conductivity, surface tension, viscosity and pH were measured in triplicate for all 

solutions prior to electrospinning. Density was measured by taking the mass of a known volume of 

solution. Conductivity and pH were measured using an Orion Star A212 conductivity (Thermo 

Scientific) meter and Orion Star A111 pH meter. Surface tension was measured using an AquaPi surface 

tensiometer (Kibron). Viscosity was measured using a TA Instruments AR-G2 Series Rheometer at a 

constant strain of 4% with a cone (angle = 1° 58’ 48”, diameter=40 mm) and plate geometry.  

For SEM images, fabrics were sputter coated with a mixture of gold and palladium for 90 s and imaged 

at magnifications of 500X and 5,000X using a Sirion scanning electron microscope at the University of 

Washington (UW) Nanotechnology User Facility. Cross-sectional SEMs were acquired by freezing the 

fabrics in liquid nitrogen for ~30 seconds and then abruptly fracturing the fabrics to provide a clean 

break. ImageJ (NIH) was used to determine fiber diameter by measuring 45 random fibers.  

Thermograms were generated using an Auto Q20 Differential Scanning Calorimeter (TA Instruments) 

for the purpose of calculating relative crystallinity of drugs in the electrospun fabrics at the UW 
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Materials Science Engineering User Facility. 5 mg samples were prepared in an aluminum pan (Tzero) 

and heated at a constant ramp from 10 to 350 °C with a sampling interval of 1 s/point. Heat flow was 

normalized to sample weight. TA Universal Analysis software was used for both rheometry and DSC 

data collection and analysis. The mechanical properties of electrospun fabrics were measured using an 

Instron 5543 series with a 10N load cell, a strain rate of 0.01/second, a single-column, screw-driven 

apparatus at 20 °C and relative humidity of 40%. The mechanical testing was performed according to 

method ASTM D5034-95, with a dog bone sample shape (ASTM D-1708-96) with length = 22 mm, 

width = 5 mm and variable thickness. The Young’s Modulus was calculated by analyzing the linear 

region of the resulting stress vs. strain curve, and the tensile strength was calculated by analyzing the 

peak stress that the sample was able to endure. The encapsulation efficiency (EE), percent yield, 

productivity and relative crystallinity127 were calculated using the following equations: 

𝐸𝐸 = 100 ∗
𝐴𝑐𝑡𝑢𝑎𝑙 𝑚𝑎𝑠𝑠 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑓𝑖𝑏𝑒𝑟𝑠
𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑚𝑎𝑠𝑠 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑓𝑖𝑏𝑒𝑟𝑠

 

 

% 𝑌𝑖𝑒𝑙𝑑 = 100 ∗
𝐴𝑐𝑡𝑢𝑎𝑙 𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑓𝑖𝑏𝑒𝑟𝑠

𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑚𝑎𝑠𝑠 𝑠𝑜𝑙𝑖𝑑𝑠 𝑖𝑛 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑎𝑑𝑑𝑒𝑑 𝑡𝑜 𝑐𝑎𝑟𝑡𝑟𝑖𝑑𝑔𝑒
 

 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝐴𝑐𝑡𝑢𝑎𝑙 𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑓𝑖𝑏𝑒𝑟𝑠

𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑓𝑖𝑏𝑒𝑟𝑠 ∗ 𝑆𝑝𝑖𝑛𝑛𝑖𝑛𝑔 𝑡𝑖𝑚𝑒
 

 

% 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 = 100 ∗
𝐴𝑟𝑒𝑎 𝑈𝑛𝑑𝑒𝑟 𝐶𝑢𝑟𝑣𝑒 !"#$%& !"#$ ∗𝑀𝑎𝑠𝑠 !"#$%&
𝐴𝑟𝑒𝑎 𝑈𝑛𝑑𝑒𝑟 𝐶𝑢𝑟𝑣𝑒 !"#$%#&% ∗𝑀𝑎𝑠𝑠 !"#$%#&%

 

 

Fabric thickness was measured using digital calipers and averaging three measurements from different 

locations at the center of the fabric. Fluorescent fabrics were imaged using a Zeiss Leica TCS NT/SP 

DMIRBE inverted confocal microscope located in the UW Keck Imaging Facility.  
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3.3.4  Drug Loading and Release 

 Drug loading was analyzed by dissolving approximately 5 mg of fabrics in 20 mL of a mixture 

of 1:1 isopropanol:water in a glass vial. In vitro release was analyzed at sink conditions (2.6 mg/mL) in a 

1:1 solution of isopropanol:water due to the limited solubility of LNG in water.122 Samples were 

incubated at 37 °C on a rotational shaker and replenished with fresh media upon sampling.  Triplicate 

samples were quantified using a Shimadzu Prominence LC20AD UV-HPLC system. A Phenomenex 

Luna C18 column (5 µm, 250x4.6 mm) and LC Solutions software were used to analyze samples. A 

method for dual analysis of TFV and LNG was developed using the following gradient method using 

mobile phase A (0.1% formic acid in water) and mobile phase B (acetonitrile). The run consisted of 5 

minutes 72% A, 5 minutes ramp to 15% A, 10 minutes 15% A, 5 minutes ramp to 72% A, 5 minutes 

72% A. The total method time was 30 minutes, with an oven temperature of 30 °C, flow rate of 1 

mL/min, and injection volume of 20 µL. LNG and TFV were detected at 238 nm and 259 nm, 

respectively, and at retention times of 18.5 minutes and 2.3 minutes, respectively. LNG had a linear 

standard range from 0.05 µg/mL to 100 µg/mL and TFV had a linear standard range from 0.01 µg/mL to 

200 µg/mL.The HPLC method was also validated for >95% recovery of a known concentration of both 

TFV and LNG, consistent retention time between standards and samples, and >95% recovery in a spiked 

sample containing dissolved fibers and a known concentration of TFV and LNG.  

3.3.5 Cytotoxicity and HIV Inhibition Assays 

 TZM-bl cells and HIV-1 BaL isolate were obtained from the NIH AIDS Research and Reference 

Reagent Program, NIAID. TZM-bl cells are a HeLa-derived cell line that express CD4, CCR5 and 

CXCR4.128-131 Cells were plated in a black 96-well plate at a density of 5,000 cells/well (Corning, 

Corning, NY) and maintained 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. Cells were incubated in 5% CO2 and 37 °C for 24 h prior to exposure to 
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drugs. Fabrics were sterilized by UV irradiation for one hour per side prior to use. Treatments were 

added at a volume of 50 µL. Cytotoxicity was analyzed using the CellTiter Blue assay (Promega) to 

assess TZM-bl cell viability after 48 h of exposure to drug eluates from fabric release in cDMEM (24 h 

release, in triplicate). Percent viability was calculated by normalizing to the average of media control 

wells (n=9). For composite fabrics, the drug concentration shown applies to both the amount of LNG and 

of TFV (1:1 ratio). Positive control (12.5% DMSO) resulted in 4.6% viability (not shown).  

For the HIV-infectious inhibition assay, 100 µL of HIV-1 BaL (240 TCID50/well) was added to 

wells 1 h after drug treatment (24h release eluates). Media was removed from wells after 48 h and 100 

µL of phosphate buffered saline (Gibco Life Technologies) and 100 µL of Bright-Glo Luciferase reagent 

(Promega) were added to wells. Inhibition of infectious activity was quantified by measuring 

luminescence on a plate reader (Tecan). IC50 values of drug compounds were estimated using sigmoidal 

regression in Graphpad Prism, version 5.0. 

3.3.6 Statistical Analysis 

 Drug release is reported as mean ± standard deviation, and values at each timepoint were 

compared using a two-way ANOVA to compare all microarchitectures and a Bonferonni post-test to 

directly compare values for two individual microarchitectures. Two-sided tests were used at a 

significance level of α=0.05 for all hypothesis testing. Statistical analyses were done in Graphpad Prism, 

version 5.0.  

 

3.4 RESULTS 

3.4.1 Properties of Electrospun Fabrics 

 Free-surface electrospinning was used to prepare fabrics of different microarchitectures for 

combination delivery of TFV and LNG (Figure 3.1). We observed that the addition of LNG and TFV, 

either alone or in combination, to the PVA polymer solution led to minimal differences in solution 
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properties (Table 3.1). The fabrics were macroscopically indistinguishable from each other irrespective 

of the drugs loaded or composite microarchitecture (stacked, interwoven, or combined). Fabrics 

appeared white, were silky to the touch, flexible and easily folded. SEM microscopy revealed fibers of 

~250 nm diameter with a smooth and rounded morphology (Table 3.2). All fabrics were also free of 

physical defects. 

 

Table 3.1: Composition and solution properties of fiber formulations.a 

Fabrics Density 
(g/mL) 

Conductivity 
(µS/cm) pH Viscosityb 

(Pa*s) 
Surface Tension 

(mN/m) 

PVA Only 1.10 573 5.58 0.45 59.0 

LNG Only (20 wt.%) 1.12 649 5.58 0.46 58.0 

TFV Only (20 wt.%) 1.08 527 3.85 0.53 59.4 

Combined TFV/LNG 
(20 wt.% each) 

1.05 438 4.01 0.45 55.3 

a n=1 for all measurements. 
b Viscosity is reported at 10 s-1. 
 

We achieved high encapsulation efficiencies of >80% for all fabric formulations except for interwoven 

fabrics of TFV and LNG, where an artifact of the processing led to TFV encapsulation efficiencies <50% 

and LNG encapsulation efficiency >150% (Table 3.2). In this case, an extra valve and length of tubing 

present in the dual cartridge used to fabricate interwoven fabrics resulted in impeded flow of TFV 

solution onto the wire electrode (Figure 3.2b). Therefore, this particular cartridge design limited the 

amount of TFV polymer solution that was deposited on the electrode and ultimately incorporated into the 

finished fibers. The differences in polymer solution deposition could not be accounted for in the 

predicted drug loading since the values assume equal flow, and is hence manifested as an artifact in the 

calculated %EE.  
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Figure 3.1: Electrospun fabric microarchitectures for topical delivery of single and 

combination drugs. Levonorgestrel (LNG) and tenofovir (TFV) were delivered alone (b,c) or together 

using different composite microarchitectures (d,e,f). Vehicle control fabrics (blank) were prepared with 

only the PVA polymer (a). Schematic shows micro-scale rendering of idealized dispersions of LNF and 

TFV in fibers (left), and actual scanning electron micrographs (right) of representative fabrics that were 

produced. 

 

 
Figure 3.2: Photographs of NS 1WS500U cartridges used to fabricate TFV and LNG medical 

fabrics. a) A single 20 mL reservoir was used to electrospin blank, LNG only, TFV only, stacked and 

combined fibers. b) A dual 20 mL reservoir was used to electrospin interwoven fibers. Images depict the 

reservoir housing for the electrospinning polymer solution, which drains via the clear tubing toward the 

metal orifice where the solution is deposited onto the wire electrode. 
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Table 3.2: Properties of drug-loaded electrospun fibers.a 

Fabrics 
EE (%), 
Loading (wt%) 

Fiber 
Diameter 
(nm) 

Fiber Yield 
(%) 

Productivity 
(g/m2/hr) 

Drug Crystallinity 
(%) 

LNG TFV LNG TFV 

PVA Only - - 208±106 39.4 12.9 - - 

Single Drug Fabrics 

LNG Only 100±1.1 
(16.7%) - 260±105 33.8 18.0 1.2% - 

TFV Only - 85±1.3 
(14.3%) 267±176 49.9 18.0 - 0.2% 

Multidrug Composite Fabrics 

Stacked 114±9.4 
(9.6%) 

83±1.1 
(6.9%) 251±107 67.9 26.6 n.d. 0.2% 

Interwoven 
d166±9.6 
(13.9%) 

d44±2.4 
(3.7%) 303±123 31.9 16.8 n.d. n.d. 

Combined 82±1.5 
(11.6%) 

93±1.9 
(14.3%) 251±83 39.7 18.7 n.d. 2.3% 

a n=3 for drug encapsulation efficiency, n=45 for average fiber diameter, values represent mean ± s.d. 
b n=1 for yield, productivity, drug crystallinity.  
c Drug loading (shown in parentheses) is expressed as wt. drug/wt. fiber. 
d Values do not account for differences in theoretical loadings that arose due to cartridge asymmetry. 
n.d. = not detected. 

 

3.4.2 Differential Scanning Calorimetry Analysis of Electrospun Fibers 

 We used differential scanning calorimetry (DSC) to characterize the solid dispersion of LNG 

and TFV in the final fabric products. The Tm measured for PVA, LNG and TFV in all of our 

formulations was 195 °C, 234 °C and 270 °C respectively (Figure 3.3), which is consistent with 

measured values reported elsewhere.132-134 
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PVA is a semi-crystalline polymer and our PVA fabrics had a measured Tg of ~95 °C. Incorporation of 

LNG did not significantly change the Tg of PVA fabrics. However, upon incorporation of TFV, the Tg of 

PVA fabrics increased by >15 °C to ~110 °C. Only the LNG-only fabric had detectable amounts of 

crystalline LNG of ~1%, but also higher LNG loading (~17 wt.%) compared to the other LNG fabric 

formulations (Table 3.2). Crystalline TFV was detected in TFV-only, stacked and combined fabrics, but 

not interwoven fabrics, likely due to their nominally lower loading of ~4% (Table 3.2). In summary, 

electrospun drug-loaded fabrics were prepared with minimal TFV and LNG crystallinity. Incorporation 

of TFV but not LNG increased the Tg, of PVA and suggests an interaction between the polymer and 

TFV. 
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Figure 3.3: Thermograms of electrospun fibers of varying microarchitectures as determined 

by differential scanning calorimetry. The Tg and Tm peaks of the pure components are indicated with 

vertical lines. 

 

3.4.3 Mechanical Testing of Electrospun Fibers 

 All fibers were tested to assess whether incorporation of drugs into PVA fibers or composite 

microarchitecture altered the mechanical properties of the resulting fabric. While incorporating TFV 

(Figure 3.4) did not affect the Young’s Modulus or tensile strength compared to blank PVA fibers, 

incorporating LNG lowered the Young’s Modulus and tensile strength by approximately 3-fold (Figure 

3.4). The three composite microarchitectures had lower Young’s Modulus and tensile strength than PVA 
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alone, as expected based on the presence of both LNG and TFV in these samples. The Young’s Modulus 

and tensile strength does not appear to vary based on microarchitecture for this system. 

 
Figure 3.4: Mechanical properties, including Young’s Modulus and tensile strength, for 

electrospun fabrics. White bars represent Young’s Modulus data and black bars represent tensile 

strength. Values are reported as mean ± standard deviation for n=5 samples. 

3.4.4 Visualization of Composite Microarchitectures  

 Confocal microscopy was used to visualize the stacked, interwoven, and combined composite 

microarchitectures by co-loading the fibers with drugs and different fluorophores. AlexaFluor 488 was 

co-loaded with LNG whereas AlexaFluor 555 was co-loaded with TFV. LNG-only fibers were observed 

only in the green channel (Figure 3.5a) while TFV-only fibers were observed only in the red channel 

(Figure 3.5b), while co-localization of the fluorophores (and drugs) was visualized as an orange color in 

the merge channel. The stacked composites were imaged at the interface of the LNG/TFV layers, where 

we observed distinct red and green fibers and no fluorescence co-localization (Figure 3.5c). In contrast to 

the stacked composites, the interwoven fabrics showed intermingling LNG-only and TFV-only fibers, as 
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well as orange fibers in the merged fluorescent images (Figure 3.5d). This assortment of fiber 

compositions may be due to the ability of solutions to mix at the orifice before fiber formation. The 

interwoven fabrics showed less red fibers compared to the number of green fibers, which supports our 

earlier observation of low TFV loading in this fabric composition (Table 3.2). Visualization of orange 

fluorescence in the combined microarchitectures confirmed the co-localization of both fluorophores 

(Figure 3.5e). For the fluorescent microscopy, fabrics were collected onto a glass slide that altered the 

electric field and caused polymer droplets to collect.  
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Figure 3.5: Confocal images of fabric microarchitectures. LNG and TFV were fabricated alone 

(a and b, respectively) or combined in different composites (c-e). To visualize the underlying fabric 

microarchitectures, LNG solutions were co-loaded with AlexaFluor 488 and TFV solutions were co-

loaded with AlexaFluor 555. Fluorescently labeled fibers were analyzed with a confocal laser scanning 

microscope (Leica TCS NT/SP, Zeiss). Samples were scanned for AlexaFluor 488 (green channel, left), 

AlexaFluor 555 (red channel, center) and the two channels were merged (right) using NIH Image J to 

detect fluorescence co-localization. Equal exposure time was used for all images. Scale bar = 10 µm. 
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 Cross-sectional SEM imaging did not reveal any differences in the composite microarchitecture 

as far as distinct layering based on fiber size or morphology alone. Images of control fabrics (Figure 

3.6a-c) show a single layer of fibers with similar size and morphology. Though the stacked composite 

(Figure 3.6d) is comprised of distinct layers of TFV- and LNG-loaded fibers, this microarchitecture is 

not visible by SEM as the TFV- and LNG-only fibers have very similar morphology. Furthermore, no 

distinct layering or varying fiber morphologies was visible in the cross-section of the interwoven or 

combined composites (Figure 3.6e, f).  

 

Figure 3.6: Cross-sectional scanning electron micrographs of electrospun fabrics. Samples were 

cryo-fractured using liquid nitrogen to achieve a clean break, and then imaged in order to observe 

microarchitectural differences in the z-plane. PVA only (a), LNG only (b), and TFV only (c) images 

have a scale bar of 10 µm. Stacked (d), interwoven (e) and combined (f) imaged of composite fabrics 

have a scale bar of 20 µm. 
 

3.4.5 In Vitro Release of TFV and LNG 

 We assessed the role of composite microarchitecture, drug loading and fabric thickness on 

release of TFV and LNG in vitro. Despite the similar actual drug loading of TFV and LNG in PVA 
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fibers, LNG displayed much slower release kinetics. TFV reached 100% release within 30 minutes 

whereas LNG did not reach 100% release until 4 hours (Figure 3.7a, b). The significant difference in 

release is attributed to the highly hydrophobic nature of fabrics containing LNG, which appeared to take 

hours as opposed to minutes to wet and dissolve in the release media compared to TFV-only fabrics 

(data not shown).  

 

Figure 3.7: In vitro release profiles (a,b,e) and dosage profiles (c,d,f) of LNG and TFV 

delivered from different composite fibers. Fabrics were prepared at 1:1 equal TFV:LNG mass loading 

(a-d) or at 2000:1 TFV:LNG mass loading (e-f). The delivered dose was calculated at each time point 

using the percent release at that time and an assumed delivery of 500 mg of total fabric. Values are 

reported as mean and standard deviation for n=3. 
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 We next compared co-release of TFV and LNG from the three distinct composite 

microarchitectures to the release kinetics of TFV- or LNG-only fabrics. TFV release was similar 

between the control, stacked and interwoven microarchitectures, where we observed ~50% TFV release 

after 5 minutes and 100% release after 30 minutes. In contrast, TFV release from the combined 

microarchitecture was much slower, with ~50% TFV release after 30 minutes and 100% release after 60 

minutes (Figure 3.7b, d). Percentage TFV release measured at 5, 15 and 30 minutes was significantly 

(p<0.05) less from the combined microarchitecture compared to the stacked and interwoven 

microarchitectures. LNG release was similar for all microarchitectures, and showed complete release 

within 4 hours (Figure 3.7a, c). We observed that TFV release was two-fold slower from the combined 

fabrics compared to the TFV-only fabrics despite similar TFV loading (14.3 wt.%) (Figure 3.7b). In 

contrast, percent TFV release from interwoven fabrics was similar to TFV-only fabrics despite the high 

LNG loading. Therefore, combination of both drugs in a single fiber (combined microarchitecture), but 

not the stacked or interwoven microarchitectures, had an impact on TFV release.  

 

Figure 3.8: Effect of LNG and TFV release from stacked composites of different thickness. a) 

Schematic of stacked composite fibers with increasing thicknesses, b-c) in vitro release profiles of TFV 

and LNG, respectively, from stacked composite fibers of varying thickness. 
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 We also prepared PVA fabrics containing relative loadings of TFV to LNG of 2000 to 1, a ratio 

that is better representative of the daily dosing requirements of these two drugs,135, 136 and allowed us to 

test the hypothesis that decreasing the LNG loading would reduce the hindered release of TFV. Indeed, 

the combined microarchitecture with this ratio had similar TFV release to the TFV-only or stacked 

microarchitecture, with all three achieving 100% release after 2 hours (Figure 3.7e, f). We did not 

measure LNG release from these fabrics because the low LNG loading was below the detection limit of 

our HPLC method. 

As previously reported by Jannesari et al., increasing the thickness of electrospun fabrics can 

slow the release of a single agent.49 Using the stacked microarchitecture, we prepared three different 

thicknesses ranging from 110 µm to 180 µm (Figure 3.8a). TFV release was slowest from the thickest 

fabric (Figure 8b), like due to increased diffusion distance and wetting time for the thicker fabrics. In 

contrast we did not observe a difference in LNG release with changes in mat thickness (Figure 3.8c).  

3.4.6 In Vitro Cytotoxicity and Inhibition of HIV-1 BaL Infection 

 The activity and toxicity of PVA, LNG only, TFV only, stacked and combined fabrics were 

evaluated using in vitro assays for cytoxicity and HIV infection. PVA and TFV only fabrics were found 

to be non-toxic to TZM-bl cells at all concentrations tested (Figure 3.9a). Fabrics containing LNG were 

toxic at concentrations of 5 µM LNG and higher (Figure 3.9a). Based on these results and the more 

clinically relevant dosing, antiviral HIV activity was assessed using fabrics with the lower loading of 

LNG (0.0067 wt.%). TFV only, stacked and combined fabrics had IC50 values of 2.2, 1.7 and 2.9 µM 

TFV, respectively (Figure 3.9b). There were no statistically significant differences in antiviral activity 

between the fabrics of varying microarchitectures, or between the free drug, which has a measured IC50 

of 1.8 µM and is similar to previously reported values.4 Therefore, activity of TFV was preserved 

through the electrospinning process and did not depend on composite geometry.   
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Figure 3.9: Cytotoxicity and HIV antiviral activity of drug-loaded fabrics of varying 

microarchitecture. a) Cytotoxicity of blank, TFV-only and LNG-only fabrics in TZM-bl cells. b) 

Inhibition of HIV-1 BaL infection of TZM-bl cells by blank, TFV-only, stacked and combined fibers at a 

delivered TFV concentration of 1 µM (IC50 of free TFV was 1.8 µM). Due to toxicity observed for LNG, 

fabrics with TFV:LNG  ratio of 2000:1 were used for testing antiviral activity. Blank fibers were tested 

based on equivalent polymer concentrations used for TFV only fabrics. Values are reported as mean ± 

standard deviation for n=3. 

 

  

3.5 DISCUSSION 

We present the first report of combination drug-eluting fabrics with high drug loading and 

varying microarchitectures that have been fabricated using a free-surface, production-scale 

electrospinning instrument. Electrospinning allows for the formation of nanofibers from a drug-loaded 

polymer solution by subjecting the solution to an applied voltage, which charges the fluid and causes the 

eruption of a jet. The charged fluid jet is accelerated in an electric field towards the region of lower 

potential and polymer entanglement prevents break up of the stream while the solvent evaporates and 

results in fiber formation. While the differences in the release properties varied with microarchitecture, 

the macroscopic appearance and mechanical properties were unaltered. The ability to realize different 

microarchitectures without changing the visual or tactile properties of the materials may support better 
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designs of topical delivery systems for both biological efficacy and user acceptability.137 The ability to 

vary the microstructure on a production scale instrument may also prove to be useful in a number of drug 

delivery applications, including wound healing and tissue engineering.138-140  

We observed differences in the release of TFV from fabrics of varied loading and 

microarchitecture (Figure 3.7b, e) but not in the release of the more hydrophobic LNG (Figure 3.7a). The 

slower release of TFV seen with increasing fabric thickness likely correlates to hindered release due to 

slower wetting and increased distance for drug diffusion through the fiber matrix. The release of LNG 

was largely unchanged by the microarchitecture and fabric thickness, where the hydrophobicity and 

dissolution of the fabric may be the limiting factor in release. We suspect that the slowed release of TFV 

in the combined fabrics was due to depletion of TFV in the interfacial layer between the dissolving front 

and the solvent, leading to the creation of a surface layer rich in LNG through which the TFV and PVA 

must dissolve.141 However, the versatile nature of electrospinning may allow for the decoupling of 

complex, multicomponent systems into single component systems via stacked or interwoven 

architectures that may be easier to control drug release.  

The composite microarchitectures utilized in these experiments could be used to tailor release 

for different types of vaginal topical delivery. In concept, the fabrics would be inserted vaginally and 

then release drugs into the local tissue at appropriate doses of TFV and LNG to prevent both HIV-1 

acquisition and unintended pregnancy. The fibers would then dissolve and be eliminated, or be cleared 

by the flow of vaginal mucus. For example the stacked composite could potentially be used to 

asynchronously deliver drugs in the vaginal mucosal environment by incorporating a layer that provides 

rapid drug release towards the mucosal tissue and a layer for sustained drug delivery towards the vaginal 

lumen. The combined microarchitecture has the advantage of manufacturing ease since only one solution 

is prepared and electrospun, but may not allow for decoupling of co-delivery release profiles. Pending 

improved drug loading efficiency, the interwoven microarchitecture may allow for independent release 

profiles of physicochemically diverse drugs. The highly loaded fabrics developed in this study could 

potentially be used as a fast-acting pericoital product for prevention of both HIV-1 transmission and 
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unwanted pregnancy. However, extensive testing regarding safety, toxicity, effectiveness and user 

perception need to be performed to clearly establish the potential of these fabrics.  

 

3.6 CONCLUSIONS 

We prepared composite fabrics containing high loading of TFV and LNG in three distinct 

microarchitectures by free-surface electrospinning using a production-scale instrument. We observed 

that the release of LNG from composite fabrics is largely unaffected by geometry, thickness and drug 

loading. However, TFV release was slower when combined in the in the same fiber with LNG as well as 

with increasing fabric thickness. The antiviral activity of TFV against HIV-BaL infection in TZM-bl 

cells was similar to the unformulated drug, and was not affected by the architecture of the composite 

fabrics. Our findings are significant because they are the first to inform the design and production of 

composite electrospun fabrics with high drug loading for co-delivery of physicochemically diverse drugs 

that may be useful in topical delivery systems for multipurpose prevention.  
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Chapter 4. Rapidly Biodegrading PLGA-Polyurethane Fibers for Sustained 

Release of Physicochemically Diverse Drugs 

Adapted from: Rapidly Biodegrading PLGA-Polyurethane Fibers for Sustained Release of 
Physicochemically Diverse Drugs. Anna K. Blakney, Felix I. Simonovsky, Ian T. Suydam, Buddy D. 
Ratner, Kim A. Woodrow. ACS Biomaterials Science and Engineering: In Press (2016). 
 

4.1 ABSTRACT  

Sustained release of physicochemically diverse drugs from electrospun fibers remains a challenge and 

precludes the use of fibers in many medical applications. Here we synthesize a new class of 

polyurethanes with PLGA moieties that degrade faster than polyurethanes based on polycaprolactone. 

The new polymers, with varying hard to soft segment ratios and fluorobenzene pendant group content, 

were electrospun into nanofibers and loaded with four topically relevant but physicochemically diverse 

small molecule drugs. Polymers were characterized using GPC, XPS and 19F NMR. The size and 

morphology of electrospun fibers were visualized using SEM, and drug/polymer compatibility and drug 

crystallinity were evaluated using DSC. We measured the in vitro release of physicochemically diverse 

drugs, and polymer degradation and cytotoxicity of biodegradation products were evaluated in cell 

culture. We show that these newly synthesized PLGA-based polyurethanes degrade up to 65-80% within 

four weeks, and are cytocompatible in vitro. The resulting drug-loaded electrospun fibers were 

amorphous solid dispersions. We found that increasing the hard to soft segment ratio of the polymer 

enhances the sustained release of positively charged drugs, while increasing the fluorobenzene pendant 

content caused more rapid release of some drugs. Increasing the hard segment or fluorobenzene pendant 

content of segmented polyurethanes containing PLGA moieties allows for modulation of 

physicochemically diverse drug release from electrospun fibers, while maintaining a biologically 

relevant biodegradation rate. 
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4.2 INTRODUCTION 

Electrospun fibers have been widely explored as drug delivery systems (DDS).142 Sustained release 

remains a formidable challenge from these materials, which have large surface areas conducive to rapid 

diffusive transport. Hydrophobic polymers can sustain drug release from fibers, but are typically slow or 

non-biodegradable. 143 The ability to tune the degradation while maintaining sustained release of small 

molecule drugs will be important for many medical applications. A number of factors are important to 

consider when designing a delivery formulation that include drug crystallinity,144 polymer degradation 

rate,145 polymer swelling,146 and polymer-drug interactions.147 Understanding the degradation and 

mechanisms of release are most important for formulation design148 and, in the context of electrospun 

fibers, the release mechanism may be directly impacted by the electrospinning solution characteristics, 

polymer chemistry, and polymer-drug compatibility.  

 Segmented, linear polyurethanes (PUs) allow for design of nontoxic and biocompatible 

polymers with tunable degradation rate and mechanical properties.149, 150 Commercially available PUs are 

synthesized using oligoethers or oligoesters, which are typically based on aromatic diisocyanates that are 

slow degrading and generate toxic degradation products.151 A subclass of segmented, linear, 

biodegradable PUs elastomers incorporate hard and soft segments in which backbone chain bonds can be 

hydrolyzed to biocompatible degradation products.152 Various strategies have been employed to alter the 

degradation profiles and mechanical properties of biodegradable polyurethanes, including varying the 

soft 153-156 or hard157 segment, incorporation of acid-cleavable hydrazone158, 159 or collagenase-labile 160 

linkers and varying the hard to soft segment ratio161-164. Synthesis of segmented biodegradable PUs 

allows for engineering polymer structure, such as the hard to soft segment ratio, or incorporation of 

pendant groups in order to exert control of the release mechanisms of physicochemically diverse drugs. 

Topical drug delivery applications, such as antibiotic-loaded wound dressings165 or vaginal delivery of 

contraceptives and/or antiretrovirals for the prevention of unintended pregnancy and/or HIV,166 require 
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dosage forms with both mechanical integrity during application and tunable drug release in which 

biodegradable PUs are particularly well suited.   

 Biodegradable PUs have been previously synthesized using polycaprolactone (PCL)-based soft 

segments and electrospun for applications such as soft 167-169 or hard156 tissue engineering scaffolds, 

drug-eluting stents170,  vascular grafts171 and antibiotic wound dressings.170 The chemical tunability that 

has been employed for rational design of tissue engineering scaffolds can also be used to modulate the 

release of physicochemically diverse drugs from electrospun fibers. For example, Hong et al. observed 

that grafting aminated phosphorylcholine onto the PLC-based poly (ester urethane) urea backbone 

slightly enhanced the release of paclitaxel from electrospun fibers.170 Changing polymer chemistry may 

also increase the overall hydrophobicity of the bulk polymer and swelling ratio of the polymer matrix, 

with generally predictable effects on how the polymer interacts with hydrophilic and/or hydrophobic 

drugs encapsulated within the fibers. Similarly, Galperin et al. observed more prolonged release of 

norfloxacin (NFL) from porous polyHEMA hydrogels with increasing fluorostyrene content in the bulk 

hydrogel.172 In contrast to the hydrogels explored by Galperin et al., it is unclear as to whether minor 

alterations in polymer chemistry may likewise affect the release of physicochemically diverse drugs 

from electrospun fibers.  

 We investigated the release of physicochemically diverse drugs from fibers electrospun with a 

new class of biodegradable PLGA-based polyurethanes (PLGA-PUs) that incorporate PLGA-b-

tetraethylene glycol (TEG)-b-PLGA copolymers. We hypothesized that a polyurethane urea based on 

PLGA as opposed to PCL would degrade more quickly given the relative degradation rates of these two 

polymers.173 We also opted to use a PLGA-TEG-PLGA copolymer as the soft segment for increased 

hydrophilicity. Four small molecule drugs with varying aqueous solubilities and ionization states, but 

similar molecular weights, were chosen to probe the drug-polymer interactions. Levonorgestrel (LNG) is 

a hydrophobic hormonal contraceptive approved for use in vaginal, mucosal contraception. Maraviroc 

(MVC) is a hydrophilic antiretroviral currently being tested as a topical, intravaginal ring microbicide as 

part of a combination dosage form.174 Norfloxacin (NFL) is a slightly-hydrophobic antibiotic used in 
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ophthalmic antibacterial eye drops. Tenofovir (TFV) is a hydrophilic antiretroviral being investigated for 

use as a topical microbicide gel for prevention of HIV.175 We synthesized sixteen PLGA-based PUs and 

selected four that showed relatively higher molecular weight and fiber stability at room temperature for 

further investigation; two with varying hard to soft segment ratios and two with varying molecular 

content of a fluorobenzene pendant group. The four polymers were characterized for their composition 

and thermal properties, independently electrospun into fiber mats loaded with each of the four drugs, and 

then utilized for in vitro release and cytotoxicity experiments. We report on the use of drug-loaded 

electrospun PLGA-PU fibers to probe drug-polymer interactions and to determine the effects of 

alterations in PLGA-PU chemistry on the release of physicochemically diverse drugs.  

4.3 MATERIALS AND METHODS  

4.3.1 PLGA-based poly(urethane urea) (PUUr) synthesis 

      PLGA-b-TEG-b-PLGA diol (MW =1260 Da, LA:GA=50:50), PLGA-b-PEG-b-PLGA diol 

(Mw=4706 Da, LA:GA=50:50) and PLGA-BD-PLGDA diol (Mw = 1633 Da, LA:GA=50:50) were 

obtained from PolySciTech (West Lafayette, Indiana). Lysine diisocyanate (LDI) was purchased from 

Kyowa Hakko USA (New York, NY). N,N-dimethylacetamide (DMAc), tin(II) 2-ethylhexanoate 

(SnOc), 1,4-butanediamine (BDA), 1,3-diamino-2-hydroxypropane (DAHP) and 4-

fluorophenylisocyanate (FPI) were obtained from Sigma-Aldrich (St. Louis, MO).  DMAc was dried 

using 10 wt.% of 4 Å molecular sieves. 1 mole of PLGA-TEG-PLGA diol was dried at 105 °C and ~30 

in Hg for 3 hours, decompressed with nitrogen, and then placed in a 50 mL round bottom flask and 

purged with N2. 8.77 mL of DMAc was added and the macrodiol was completely dissolved before 

adding 2.08 moles of LDI. The mixture was stirred for 3.5 hours at 80 °C. The resulting prepolymer 

solution was cooled to room temperature while stirring. For PU polymers without fluorobenzene pendant 

groups, 1.08 mole of BDA was added to a 100 mL 3-neck round bottom flask with 16.27 mL of DMAc, 

which was preliminarily purged with nitrogen. The prepolymer solution was then added to the flask, 

dropwise, over 10 minutes, while stirring at room temperature. For the PLGA-PU containing the 
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fluorobenzene pendant groups, 0.96 mole of BDA and 0.12 mole of DAHP were added to a 100 mL 3-

neck round bottom flask with 16.27 mL of DMAc at room temperature, until completely dissolved. The 

prepolymer solution was then added dropwise over 10 minutes, while stirring at room temperature. 0.1 

wt.% of SnOc was added to the PUUr solution, and then heated to 80 °C, and stirred for ~5 minutes. 

Then, 0.12 mole of FPI was added dropwise to the OH-modified PUUr solution while stirring, and was 

mixed for 30 minutes at 80 °C. The final polymers were poured into Teflon trays and dried at 80 °C at 

atmospheric pressure for 4 hours, and then at 80 °C under 30 in Hg for 2 hours.  

 

4.3.2 Bulk polymer characterization 

 The values of average molecular weights (Mw, Mn) and the polydispersity (PDI) of the 

polymers were determined by gel permeation chromatography (GPC) (SEC Tosoh TSK-GEL R-3000 

and R-4000 columns, Tosoh Bioscience, Montgomeryville, PA) connected in series to a Viscotek 

GPMmax VE2001 and refractometer VE3580 (Viscotek, Houstin, TX). Samples were run at a 

concentration of 5 mg mL-1 in N-N-dimethylformamide (DMF). The mobile phase consisted of DMF 

containing 0.1 wt.% LiBr at a flow rate of 1 ml min-1.  

The fluorine content of each polymer was evaluated by quantitative 19F NMR spectroscopy.176, 

177 Polymers were dissolved in DMSO-d6 containing 2.0 mM fluorobenzene to a final polymer 

concentration of 10.0 mg/mL. NMR spectra were acquired at 25 °C using a Bruker Avance III 

spectrometer operating at 376.46 MHz for 19F with broadband 1H decoupling. Spectral parameters were 

as follows: 4096 scans; acquisition time 0.73 sec; spectral width 89.286 kHz; spectral size 131,072 

points. Spectra were phased and baseline corrected from −110 to −125 ppm using a Whittaker smoothing 

routine, then referenced to fluorobenzene as an internal standard (−113.15 ppm, normalized area = 1.0). 

All 19F resonances arising from polymer incorporated fluorobenzene pendant groups were observed at 

frequencies spanning −121 ppm to −123 ppm. The combined integrated area for all 19F resonances 
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arising from polymer incorporated fluorobenzene pendant groups was referenced against the internal 

standard to quantitate fluorine content in each polymer. 

X-ray photoelectron spectroscopy (XPS) was performed using a Surface Science Instruments S-

Probe (Al Kα1,2 x-ray source) at the University of Washington NESAC/BIO surface analysis center. 

Survey scans and high-resolution scans of carbon, nitrogen and fluorine were taken for all polymer 

samples. Peak assignment and integration were performed using XPS analysis software (Casa XPS). 

Theoretical atomic percentages for C, N, O and F were calculated assuming a uniform elemental 

distribution across materials.  

Polymers were dissolved in either dichloromethane (DCM) (PLGA-PU, PLGA-PU-FB, PLGA-

PU-2FB) or 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) (PLGA-2PU) at 50% w/v and 1 mL aliquots of 

the resulting polymers solutions were cast into thin films on glass slides by drying overnight at 40 °C 

and atmospheric pressure. Thin films were analyzed using a contact angle goniometer (Ramè-Hart, 

Model 100, Mountain Lakes, NJ) with 10 µL of deionized water, with n=3 for each sample. Thin film 

polymer degradation in phosphate buffered saline (PBS) at a concentration of 1 mg mL-1 was monitored 

over 4 weeks at 37 °C on a rotational shaker. Polymers were cast into thin films and initial masses were 

recorded. At each timepoint (every 7 days), the remaining solid polymer was removed, lyophilized 

overnight, weighed, and then added to fresh PBS at a concentration of 1 mg mL-1. Spent PBS was stored 

at -20 °C and utilized for the cytotoxicity assay. Thin films were analyzed for water uptake and were 

equilibrated in DI H2O for 72 hours. They were then removed from the liquid, lightly blotted to remove 

extraneous water, and then the swollen film was weighed. Water uptake was calculated using the 

following equation: 

% 𝑊𝑎𝑡𝑒𝑟 𝑊𝑒𝑖𝑔ℎ𝑡 𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒 = 100 ∗
(𝑊𝑡. 𝑓𝑖𝑙𝑚!"# −𝑊𝑡. 𝑓𝑖𝑙𝑚!"#)

𝑊𝑡. 𝑓𝑖𝑙𝑚!"#
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4.3.3 Electrospinning and fabric characterization 

 Synthesized polymers were dissolved in DCM (PLGA-PU, PLGA-PU-FB, PLGA-PU-2FB) or 

HFIP (PLGA-2PU) at 50% (w/v) and allowed to mix for one hour prior to electrospinning. LNG, MVC, 

NFL and TFV (Supplementary Figure 4.1) were micronized and added at 15% (wt. drug/wt. polymer). 

Polymer solutions were then electrospun at 18 kV over an 8-cm gap, using a flow rate of 20-40 µL min-1. 

A total volume of 1 mL was dispensed from a glass syringe with a blunt 18-gauge stainless steel nee 

dle. Fibers were collected onto a flat, grounded aluminum surface covered by a single sheet of wax 

paper. After electrospinning, fiber samples were immediately stored in a lyophilizer until further use.  

For scanning electron microscopy (SEM), fiber samples were sputter-coated with a mixture of Au and 

Pd for 90s and then imaged using a Sirion SEM (NanoTech User Facility, University of Washington). A 

voltage of 5 kV, spot size of 3 and working distance of 5 mm were used to obtain images at a 

magnification of 500X and 5,000X. Fiber sizes were measured using NIH ImageJ software for n=30 per 

sample.  Fiber degradation was observed by submerging fiber samples still attached to wax paper in PBS 

and incubating at 37 °C for 4 weeks. At each timepoint, samples were removed from solution, dried at 

room temperature for 2 hours, and sputtercoated and imaged using SEM as described above.  

Fiber samples of  ~5 mg were sealed in Tzero aluminum pans and analyzed for drug crystallinity, polymer 

melting temperature and glass transition temperature using an Auto Q20 differential scanning 

calorimeter (TA Instruments, UW Materials Science Engineering User Facility). Samples were heated at 

a constant ramp from 30 °C to 300 °C with a sampling interval of 1 s point-1, and heat flow was 

normalized to sample weight. Data collection and analysis was performed using TA Universal Analysis 

2000 software.    

4.3.4 In vitro release 

 Temporal release of drugs from electrospun fibers (~5 mg, n=3) was carried out in 2% Kolliphor 

HS 15 (a non-ionic solubilizer and emulsifying agent, Sigma) in deionized water. Prior to release 

experiments, drug saturation concentrations were calculated by adding excess drug to release media, 
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equilibrating over 24 hours, and then analyzing using HPLC with quantification of each drug using a 

standard curve prepared in DMSO (in which all of the drugs are soluble). Release samples were kept at 

sink conditions at 37 °C on a rotational shaker, and at each timepoint, a 100 µL aliquot was removed for 

HPLC analysis and replenished with fresh release media. HPLC analysis was carried out on a Shimadzu 

Prominence LC20AD UH-HPLC system equipped with a Phenomenex Luna C18 column (250 x 4.6 

mm, 5 µm) using previously described HPLC methods.178-181  

4.3.5 Cytotoxicity of biodegradation products and cytocompatibility of electrospun fibers  

 To evaluate cytotoxicity of biodegradation products of the synthesized polyurethane polymers, 

TZM-bl cells, an adherent HeLa cell line, were seeded on a 96-well tissue culture polystyrene plate at a 

concentration of 15,000 cells well-1. Cells were allowed to culture for 24 hours, and then media was 

aspirated and replaced with 100 µL of cDMEM and 100 µL of either PBS (negative control) or spent 

PBS from 4 week biodegradation study. Cells were then allowed to culture for an additional 72 hours, 

and then analyzed for viability using a CellTiter-Blue assay (Promega). Briefly, 20 µL of CellTiter-Blue 

Reagent was added to each well, and allowed to incubate for 3 hours. The plate was then analyzed for 

fluorescence using a Tecan plate reader at an excitation wavelength of 560 nm and an emission of 590 

nm. Percent viability was calculated by normalizing the sample wells to the fluorescence values of the 

negative control wells.  

In order to assess the ability of electrospun PLGA-PU fibers (n=3) to support cellular adhesion, fiber 

samples were cut and placed at the bottom of a clear-bottomed black 96-well plate. TZM-bl cells were 

seeded at a concentration of 30,000 cells well-1, and allowed to adhere for 24 hours, and then analyzed 

for cellular adhesion relative to a tissue-culture polystyrene (TCPS) control using the same CellTiter-

Blue protocol as stated above. Cellular adhesion was expressed as percentage of TCPS control. PLGA-

PU fibers (n=3) were similarly assessed for cell growth: cells were seeded on PLGA-PU fibers at the 

same concentration, and then analyzed after two, three, four and five days of culture using the CellTiter-

Blue protocol. Fluorescence signal from each well was normalized to a standard curve of fluorescence 
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signal for a known number of cells. Images of cells were obtained by staining TZM-bl cells with 

CellTracker Red CMPTX dye (Molecular Probes by Life Technologies, Waltham, ME, USA) according 

to manufacturer protocol. Briefly, cells were incubated in a solution of 20 µm CMPTX dye in serum-free 

DMEM for 30 minutes, centrifuged and washed with PBS. Cells were then plated at a concentration of 

30,000 cells well-1 in cDMEM on PLGA-PU fibers in a black 96-well plate with clear bottom, and 

incubated for 48 or 96 hours. At each timepoint, media was removed from the well, cells were washed 

2X with PBS, and imaged on a Nikon ECLIPSE Ti microscope at 10X magnification in the brightfield, 

FITC and TRITC channels, and merged using Nikon Elements AR software (Version 3.0). PLGA-PU 

fibers exhibited auto-fluorescence in both the fluorescein isothiocyanate (FITC) channel (519 nm) and 

TRITC channels. Thus, when imaging cells on PLGA-PU fibers, fibers were imaged in the FITC channel 

while cells were imaged in the TRITC channel, and then the two images were merged.     

4.4 RESULTS  

4.4.1 Characteristics of synthesized PLGA-PUs  

 PLGA-based poly(urethane ureas) were synthesized as illustrated in Figure 4.1. We chose 

PLGA-b-TEG-b-PLGA (Mw=1190 Da) for our polyurethane polymers based on the hypothesis that the 

bulk polymer would be more hydrophilic than PLGA alone by incorporating TEG into the middle of the 

two PLGA blocks. The increased hydrophilicity is desirable to promote more rapid hydration of the 

polymer, which we predicted could result in faster hydrolysis of ester bonds and polymer degradation.182 

Furthermore, incorporating a fluorobenzene pendant has previously been shown to sustain drug release 

in hydrogels and we hypothesized that this phenomena could be translated to electrospun fibers.172 

Finally, we investigated if increasing the relative amount of hard segment to that of the soft segment 

would both limit the equilibrium water content of the polymer and sustain drug release.183 Polymers were 

synthesized using standard polyurethane synthesis procedures184 with a yield of >95%.  
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Figure 4.1: PLGA-based polyurethane urea synthesis. 

 
Sixteen total polymers were synthesized, initially using PLGA-PEG-PLGA (1000:1000:1000) 

and PLGA-BD-PLGA (500:58:500) (Supplementary Table 4.1). However, these initial polymers were 

relatively low in molecular weight, and did not exhibit structural fiber integrity at room temperature. 

Polymers with similar compositions but based on PLGA-TEG-PLGA (500:190:500) were higher in 

molecular weight and maintained fiber morphology, and were used for further experimentation. The final 

polymers include a linear PLGA-based polyurethane urea (PLGA-PU), a linear PLGA-based 
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polyurethane with twice the original hard to soft segment ratio (PLGA-2PU), a PLGA-based 

polyurethane  

with an added fluorobenzene pendant group (PLGA-PU-FB), and a PLGA-based polyurethane with 

twice the original fluorobenzene pendant group content (PLGA-PU-2FB). The molecular weight and 

PDI for each polymer are reported in Table 4.1. Prior to electrospinning, all polymers appeared as 

slightly yellow, semi-elastic solids at room temperature.  All polymers were analyzed by 19F NMR in 

order to measure the fluorine content of the bulk polymer (Supplementary Figure 4.2), and by XPS to 

measure the fluorine content at the surface of the polymer cast into thin films. As expected, fluorine was 

not detected in the PLGA-PU and PLGA-2PU by either technique. Quantitative 19F NMR analysis of 

PLGA-PU-FB and PLGA-PU-2FB indicated that PLGA-PU-2FB has ~2.4 times the molar 

fluorobenzene content of PLGA-PU-FB (Table 4.2), consistent with complete incorporation of the added 

pendant group at the target molar ratio. Surprisingly, XPS analysis of PLGA-PU-FB or the PLGA-PU-

2FB thin films did not detect any fluorine at the surface (<10 nm sampling depth) (Table 4.3).  

 

Table 4.1: Polymer molecular weights and polydispersity index (PDI) as determined by gel 

permeation chromatography.* 

 

 

 

 

Polymer ID Composition Mw 

(g/mol) 

Mn 

(g/mol) 

PDI 

(Mw/Mn) 

Hard 
Segment 

Soft 
Segment 

PLGA-TEG-PLGA LDI BDA DAHP FPI 

PLGA-PU 1.00 2.00 1.00 0 0 27,140 20,960 1.295 22% 78% 

PLGA-2PU 1.00 3.00 2.00 0 0 7,805 3,226 2.419 31% 69% 

PLGA-PU-FB 1.00 2.00 0.92 0.08 0.08 8,189 5,099 1.606 22% 78% 

PLGA-PU-2FB 1.00 2.00 0.84 0.16 0.16 10,790 6,325 1.706 23% 77% 

*A value of 0.07 was used for the dn/dc of all tested polymers.  
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Table 4.2: Fluorine content of PLGA-PU polymers containing a fluorobenzene pendant group. 

 

 

XPS was also used to confirm the composition of polymers synthesized with different hard 

(urethane urea) to soft (PLGA) segment ratios. We observed that polymers with equivalent hard to soft 

segment ratio (PLGA-PU, PLGA-PU-FB, PLGA-PU-2FB) had a carbon content of 74-81% (atomic %), 

oxygen content of 16-22%, and nitrogen content of 2.4-3.5% (Table 4.3). The carbon content for these 

polymers is higher than expected whereas the oxygen content is lower than expected. This result may be 

due to more efficient incorporation of BDA into the polymer chain, or molecular positioning of the hard 

segment towards the surface of the polymer. Doubling the hard to soft segment ratio (PLGA-2PU) 

resulted in a measured elemental composition of 59% carbon, 34% oxygen and 0.1% nitrogen. These 

values of carbon and oxygen content are more reflective of the predicted values, but the nitrogen content 

is much lower, possibly indicating less incorporation of the nitrogen-rich lysine block or positioning of 

the lysine block away from the surface of the polymer. Polymer compositions as revealed by 19F NMR 

and XPS were as expected with only minor deviations.  

  

Polymer ID Polymera 

(moles) 
19F Contentb 

(moles) 
19F Mole Ratio 

(moles 19F/moles polymer) 

PLGA-PU-FB 6.39x10-7 7.60x10-7 1.19 

PLGA-PU-2FB 4.63x10-7 1.31x10-6 2.83 
a Mole quantity calculated based on the average Mw of PLGA-PU-FB of 8,189 g/mole and PLGA-PU-2FB of 10,790 g/mole. 
b Measured based on quantitative 19F NMR. 
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Table 4.3: Composition of polymers as determined by x-ray photoelectron spectroscopy. 

Polymer 
ID 

Theoretical Atomic % Measured Atomic % 
Average ± Standard Deviation 

 C O N F C 1s O 1s N 1s F 1s 
PLGA-PU 58.4 38.7 2.9 0 75.7 ± 0.006 20.8 ± 0.005 3.5 ± 0.002 n.d. 

PLGA-
2PU 

59.6 36.5 3.8 0 58.5 ± 0.009 34.3 ± 0.01 0.07 ± 0.003 n.d. 

PLGA-
PU-FB 

58.3 38.5 3.1 0.0006 
 

73.9 ± 0.06 22.7 ± 0.06 3.3 ± 0.0009 n.d. 

PLGA-
PU-2FB 

58.3 38.4 
 

3.2 0.001 81.2 ± 0.03 16.3 ± 0.02 2.4 ± 0.006 n.d. 

 

In order to determine how polymer composition may affect their behavior in aqueous release 

media, we measured polymer wettability and swelling using contact angle goniometry and equilibrium 

water content, respectively. All polymers were found to have intermediate wettability (both hydrophilic 

and hydrophobic characteristics, 0°<θ<90°) based on the measured contact angles. The contact angle 

increased by 15° and 28° when either the hard to soft segment ratio or fluorobenzene pendent content 

was increased, respectively (Table 4.4). However, addition of the fluorobenzene alone resulted in a 

reduced contact angle relative to the PLGA-PU polymer. In general, the contact angle measurements 

were supported by the equilibrium water content data. For example, the larger contact angle measured 

for PLGA-PU compared to PLGA-2PU and PLGA-PU-FB compared to PLGA-PU-2FB also resulted in 

an observed decrease in equilibrium water content of approximately 40% and 10%, respectively.  

Similarly, a 20° lower contact angle observed for PLGA-PU-FB compared to PLGA-PU showed almost 

a 60% increase in water content. In summary, although the polymers had varied hard to soft segment 

ratios and fluorobenzene pendant content, they showed similar wettability and swelling based on the 

resolution of the analysis methods, which suggest that they would behave similarly in release media.  
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Table 4.4: Wettability and equilibrium water content of polymers. 

 

 

 

 

Figure 4.2: Evolution of PLGA-PU compositions. 

 

4.4.2 Drug and polymer compatibility in electrospun fibers  

 Polymers were electrospun from DCM (PLGA-PU, PLGA-PU-FB, PLGA-PU-2FB) or HFIP 

(PLGA-2PU), and produced meshes of fibers diameters of ≤1 µm with a semi-melded fiber morphology 

as well as the presence of some non-fiber regions (Figure 4.3). Non-fiber regions were likely due to the 

relatively low molecular weights and inherently low melting temperature (Tm) of these polymers. 

Likewise, fibers were lyophilized immediately after electrospinning in order to remove residual solvent 

and prevent meshes from coalescing into films.  

Polymer ID Contact angle Water Mass Uptake  
(72 hours) 

PLGA-PU 67° ± 2° 34% ± 6% 
PLGA-2PU 82° ± 3° 19% ± 1% 

PLGA-PU-FB 47° ± 1° 54% ± 8% 
PLGA-PU-2FB 75° ± 3° 49% ± 2% 
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Figure 4.3: Scanning electron micrographs of electrospun polyurethane polymers. a) PLGA-

PU, b) PLGA-2PU, c) PLGA-PU-FB and d) PLGA-PU-2FB. Magnification = 5000X and scale bar = 5 

µm. 

 

 Drug solubility in a polymer-solvent system may affect electrospinning as well as the resulting 

drug crystallinity in the finished fibers. Only MVC was soluble in all the polymer solutions, whereas 

LNG, NFL and TFV were either partially soluble or insoluble as assessed by qualitative visual 

inspection. However, analysis of drug-loaded electrospun fibers, which all had >90% loading efficiency, 

using differential scanning calorimetry (DSC) showed no crystalline drug present in any of the samples. 

A representative thermogram of LNG and PLGA-PU-FB polymer shows a broad polymer melting peak 

present in samples both with and without drug, and a lack of any crystalline drug (Figure 4.4a). PLGA-
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PU, PLGA-PU-FB and PLGA-PU-2FB had a polymer melting temperature of approximately 260 °C, 

and increasing the hard to soft segment ratio of the polymer (PLGA-2PU) decreased the Tm by ~20°C 

(Figure 4.4b). Unchanged or increased polymer Tm indicates good drug/polymer compatibility, or 

physicochemical interactions between components of the formulation that facilitate drug dissolution and 

dispersion within the solid matrix.185 Based on this criterion, PLGA-PU and PLGA-2PU showed good 

compatibility with all four drugs despite physicochemical differences in the compounds. In contrast, 

PLGA-PU-FB had poor compatibility with MVC and NFL but was compatible with LNG and TFV. 

PLGA-PU-2FB had poor compatibility with LNG and MVC but was compatible with NFL and TFV. 

Glass transition temperature (Tg) is also an indicator of drug/polymer compatibility where a decrease in 

Tg upon incorporation of a small molecule drug is evidence of more mobile polymer chains due to the 

plasticizing effect of the drug. 186 All drugs caused a decrease in Tg for PLGA-2PU but had little effect 

on the Tg of PLGA-PU, PLGA-PU-FB and PLGA-PU-2FB. We observed an increase of ~5 °C in the Tg 

when MVC was incorporated into PLGA-PU and PLGA-PU-FB and when TFV was incorporated into 

PLGA-PU-2FB (Figure 4.4c). Overall, PLGA-2PU showed good compatibility with all drugs, while 

PLGA-PU, PLGA-PU-FB and PLGA-PU-2FB showed minor deviations in Tm and Tg upon 

incorporation of LNG/MVC, MVC/NFL and LNG/MVC, respectively.  
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Figure 4.4: Thermal properties of polymers in blank and drug-loaded electrospun fibers as 

determined by differential scanning calorimetry. a) Representative differential scanning calorimetry 

thermograms of crystalline LNG, electrospun PLGA-PU-FB polymer, and electrospun PLGA-PU-FB 

polymer loaded with LNG, b) melting temperatures, and c) glass transition temperatures of PLGA-PUs. 

 

4.4.3 Release of physicochemically diverse drugs from PLGA-PUs with higher hard to soft segment 

ratio 

 We measured the effect of polymer hard to soft segment composition on the release of 

physicochemically diverse drugs. We observed that increasing the hard to soft segment ratio (PLGA-PU 
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and PLGA-2PU) had a significant effect on the in vitro release rate of all the drugs except for LNG 

(Figure 4.5). We observed that MVC and NFL had a 20-30% reduction in the burst release phase with 

PLGA-2PU compared to PLGA-PU, but similar pseudo-linear release rates resulting in a lower 

cumulative percent release after 72 hours. In contrast, increasing the hard to soft segment ratio had the 

opposite effect on TFV release, where the amount of burst release almost tripled whereas the pseudo-

linear phase was similar or slightly higher. The burst and pseudo-linear phases were almost identical 

between PLGA-PU and PLGA-2PU for release of LNG.  

 

Figure 4.5: Release of LNG (a), MVC (b), NFL (c), and TFV (d) from electrospun fibers from 

polyurethanes PLGA-PU and PLGA-2PU (both sans fluorobenzene pendant) into 2% solutol in 

deionized water at sink conditions over 72 hours. Each point represents the mean ± standard deviation 

for n=3. 
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4.4.4 Release of physicochemically diverse drugs from PLGA-PUs with higher fluorobenzene 

pendant group content 

 We measured the effect that increased fluorobenzene pendant content of the polymer has on the 

release of these physicochemically diverse drugs. We observed that doubling the fluorobenzene pendant 

content of the PLGA-PU enhanced sustained in vitro release of LNG and NFL, but not MVC nor TFV 

(Figure 4.6). MVC and TFV showed an initial burst of ~40% followed by similar pseudo-linear release 

rates between PLGA-PU-FB and PLGA-PU-2FB. LNG and NFL showed a similar trend of reduced 

burst release with PLGA-PU-FB compared to PLGA-PU-2FB but comparable pseudo-linear release 

rates. However, a 20% reduction in burst release was measured for LNG whereas the reduction in NFL 

burst release was ~60%. Overall, increasing fluorobenzene pendant content did not affect MVC or TFV 

release, but resulted in a greater burst release for both LNG and NFL.  

 

Figure 4.6: Release of LNG (a), MVC (b), NFL (c), and TFV (d) from electrospun fibers from 

polyurethanes PLGA-PU-FB and PLGA-PU-2FB (2 and 4 mol% fluorobenzene pendant, 

respectively) into 2% solutol in deionized water at sink conditions over 72 hours. Each point 

represents the mean ± standard deviation for n=3. 
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4.4.5 Biodegradation and cytocompatibility of PLGA-PU fibers and degradation products  

 Biodegradability and cytocompatibility are essential considerations for polymers intended for 

use in topical drug delivery. We measured biodegradation in PBS of all polymers cast as thin films over 

the course of four weeks. Thin films were used in the place of fibers in order to ensure that all samples 

had equivalent thickness and surface area. We observed that thin films of the four polymers showed 

similar linear degradation profiles (Figure 4.7a). PLGA-PU and PLGA-2PU degraded at similar rates of 

-21.3% ± 1.4% and -19.3% ± 2.4% per week, respectively. Incorporation of the fluorobenzene pendant 

group enhanced degradation by <1% to 4% and yielded rates of -22.1% ± 3.4% and -23.5% ± 1.8% per 

week for PLGA-PU-FB and PLGA-PU-2FB, respectively. The degradation products of each polymer 

were subsequently analyzed for cytotoxicity in the presence of TZM-bl cells (Figure 4.7b). To 

complement the PLGA-PU thin film biodegradation studies, we also measured biodegradation of 

electrospun PLGA-PU fibers in PBS (Figure 4.7c). Fibers were predicted to show faster degradation 

rates than the films due to their comparatively higher porosity and surface area and indeed this was 

confirmed. After 24 hours, all fibers had almost completely lost the fibrous structure, and had started to 

relax into films. The fibers then appeared to be meld into a thin, smooth layer of polymer film, which 

was present after one and two weeks. After four weeks, only small droplet-like structures of polymer 

were present on the wax paper.  
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Figure 4.7: Degradation characteristics of PLGA-PUs over 4 weeks. a) Mass loss degradation 

profile, b) the cytotoxicity of corresponding biodegradation products in TZM-bl cells, and c) scanning 

electron micrographs of degrading electrospun PLGA-PU fibers in PBS at 37 °C (c). Scale bar = 200 

µm. Inset shows a higher-resolution view of the formation of polymer droplets. 
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 The cytocompatibility of PLGA-PUs was evaluated using viability as an indicator of metabolic 

activity and cellular adhesion and growth as indicators of cellular function. Polymer degradation 

products were cytocompatible with measured cellular viability of >80% for all time points. PLGA-PU, 

PLGA-PU-FB and PLGA-PU-2FB degradation products showed increased cytotoxicity over time. 

However, PLGA-2PU degradation products were cytocompatible over the entire four-week time course. 

All PLGA-PU fiber had similar cellular adhesion to TCPS (Figure 4.8a) and cell growth over five days 

(Figure 4.8b), indicating that these materials are cytocompatible.  In order to visualize the 

cytocompatibility of PLGA-PU fibers, TZM-bl were stained with CellTracker™Red CMPTX dye and 

cultured on PLGA-PU fibers for four days. CMPTX-stained TZM-bl cells exhibit fluorescence in the 

tetramethylrhodamine (TRITC) channel (532 nm) (Figure 4.8c). Cells appeared to be attached to and 

surround the fibers after both 48 and 96 hours, further confirming the cytocompatible nature of PLGA-

PUs. For imaging purposes, the PLGA-PU fibers used in this experiment were very thin, and as observed 

in the fiber degradation experiments, the fibers had begun to meld into films after 48 hours, and appear 

as polymer droplets.   
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Figure 4.8: TZM-bl cell cytocompatibility with electrospun PLGA-PU fibers. a) Cellular 

adhesion after 24 hours, normalized to tissue culture polystyrene (TCPS), b) cell growth on TCPS and 

electrospun PLGA-PU fibers over the course of 2-5 days, fluorescence normalized to a standard curve of 

known number of cells, and c) CellTracker™ Red CMPTX stained TZM-bl cells on PLGA-PU fibers 

after 2 and 4 days of culture. TCPS= merge of FITC, TRITC and brightfield channels of cells on TCPS 

only, Brightfield= brightfield channel of cells of PLGA-PU fibers, FITC= FITC channel of cells on 

PLGA-PU fibers, and TRITC= TRITC channel of cells on PLGA-PU fibers. Day 2 and 4 images are a 

merge of the FITC and TRITC channels. PLGA-PU fibers exhibit auto-fluorescence in both the FITC 

and TRITC channels, while cells stained with CMPTX exhibit fluorescence in TRITC channel only. 

Scale bar = 100 µm. 
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4.5 DISCUSSION 

 PLGA-based polyurethanes exhibit biologically relevant degradation profiles, are non-cytotoxic, 

produce amorphous solid dispersions when electrospun into drug-loaded nanofibers, and can be tuned to 

sustain release of a variety of physicochemically diverse drugs. While all synthesized polymers had 

relatively low molecular weight ranging from 7-27 kDa, this did not preclude their ability to be 

electrospun into fibers. Repeated batches of the synthesized PLGA-PU polymers yielded similar 

molecular weights, indicating that it may not be possible to achieve higher molecular weights with these 

commercially sourced oligo-PLGA molecules that might not have the required functionality of 2.0 for 

achieving high polymer molecular weights (Figure 4.2, Supplementary Table 4.1). At room temperature, 

the polymers and electrospun meshes were soft and pliable, likely due to the relatively low molecular 

weight. In order to maintain the structural integrity of the fibers and remove any residual solvent, the 

fabrics were immediately lyophilized after electrospinning to preserve the fiber morphology. However, 

the materials were generally easy to handle and could feasibly be used as a topical dosage form for drug 

delivery.  

NMR was used to measure bulk fluorine content and XPS measured the fluorine content in the 

outermost <10 nm of surface.187 Although 19F NMR indicated that the PLGA-PU-2FB bulk polymer had 

approximately two-fold higher fluorine content compared to PLGA-PU-FB, XPS was unable to detect 

fluorine at the surface of either of these polymers cast as thin films. XPS is highly sensitive to fluorine so 

it can be concluded that the fluorobenzene pendant group is present at < 0.1 atomic percent at the surface 

of the polymer when the polymer is cast as a thin film. The low surface energy of fluorine typically 

causes it to surface-localize in polymer thin films,188-190 and we predicted that XPS would measure it at 

the stoichiometric atomic ratio or concentrated at the surface.  In another study, phase separation forced 

lower surface energy soft segment to the surface, which decreased the XPS signal from fluorine-

containing hard segment.191 However, our XPS data of carbon enrichment and oxygen depletion suggests 

surface enrichment of the hard segment in which the fluorobenzene pendant group is attached. This 
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phenomenon could potentially alter the release of certain drugs that partition within the polymer matrix 

and preferentially localize within the hard segment. XPS analysis also revealed unexpected ratios of 

carbon and oxygen in the PLGA-PUs containing the lower hard to soft segment ratio (PLGA-PU, 

PLGA-PU-FB and PLGA-PU-2FB). The carbon to oxygen ratio for these polymers is much closer to 

that of butane and lysine, components of the hard segment, and further indicates enrichment of the hard 

segment at the surface of the polymer thin film. Hydrocarbon contamination, indicated by higher than 

expected carbon content and lower than expected nitrogen content,192 was not apparent for any samples. 

On a bulk polymer level, there were no major differences in wettability and all polymers exhibited a 

mixed hydrophobic and hydrophilic nature.193 This is consistent with XPS and polymer degradation 

results, as enrichment of fluorine on the film or fiber surface would likely cause an observable increase 

in hydrophobicity and slower degradation, however, the polymers did not exhibit differences in 

wettability nor degradation. In particular, our PLGA-based biodegradable PU all degraded more quickly 

than previously synthesized PCL-based polyurethanes167, 194, 195 and showed <20% mass remaining after 

4 weeks. Given the observed mass loss profiles (Figure 4.7a) and visually observed fiber degradation 

(Figure 4.7c), these polymers likely undergo bulk matrix degradation, as opposed to surface erosion, 

which is expected for PLGA-based polymers.22, 196  

 Despite the physicochemically diverse drugs having variable solubility within the polymer 

solution prior to electrospinning, all electrospun fibers were found to have undetectable drug 

crystallinity. This is likely due to the nature of the electrospinning process where solvent evaporation 

takes place rapidly and limits the amount of time for the formation of crystalline pockets of drug. Thus, 

the PLGA-PU drug-loaded electrospun fibers are considered amorphous solid dispersions, which allows 

for enhanced control over release properties via polymer engineering, as the release of drug from fibers 

does not depend on solubilizing crystalline drug.197 The melt temperature of the polymer, as determined 

by DSC, can be used as an indicator of drug/polymer compatibility.185 Unchanged or increased Tm of the 

polymer upon incorporation of the drug indicates good compatibility owing to the superior ordering of 

drug and polymer molecules within the solid matrix. Despite varying solubility, all drugs had good 
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compatibility with PLGA-PU and PLGA-2PU. However, only TFV had good compatibility with PLGA-

PU-FB, while both NFL and TFV had good compatibility with PLGA-PU-2FB. This difference may be 

due to the higher number of hydrogen bonding groups on TFV and NFL compared to LNG and MVC, 

which may facilitate interaction with the added fluorobenzene pendant group.  

 The differences in bulk polymer properties and drug/polymer compatibility manifest themselves 

in varying levels of sustained release of the physicochemically diverse drugs into aqueous media. 

Increasing the hard to soft segment ratio had no effect on the release of LNG, which has no ionizable 

groups, suggesting the release is not controlled by charge-based interaction with the polymer. The 

release of both MVC and NFL was prolonged by increasing the hard to soft segment ratio, while the 

opposite is true for TFV. Increasing the hard to soft segment ratio caused TFV to essentially burst 

release over 48 hours. The enhancement of sustained release of MVC and NFL upon the augmentation of 

the hard segment may be due to the positive ionization state of MVC and NFL interacting with the more 

electronegative hard segment, while TFV has a negative charge when ionized, facilitating more rapid 

release.198 Increasing the fluorobenzene pendant group content had a minimal effect on the sustained 

release of MVC and TFV, while it caused more rapid release of LNG and NFL. This could be because 

LNG and NFL have incompatible interactions with the pendant group, and when it is increased, the 

drugs may be forced to the surface, as we know the pendant is internalized within the bulk polymer 

matrix. The greater presence of drug at the surface may allow for more rapid diffusion and dissolution 

from the fibers. These release profiles may also be observed for similar small molecule drugs, depending 

on hydrogen bonding and degree of ionization, demonstrating the wide overall applicability of this 

promising new class of polymers, which degrade on a biologically relevant timescale, and can sustain 

release of a variety of small molecule drugs relevant to topical drug delivery applications.   

4.6 CONCLUSIONS  

A novel class of faster biodegrading polyurethanes with PLGA-moieties was synthesized with varying 

hard to soft segment ratios and fluorobenzene pendant group content. Though increasing the 
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fluorobenzene pendant group content increased the total fluorine content of the bulk polymer, the 

fluorine was not present at the surface. Resulting polymers had both hydrophilic and hydrophobic 

surface properties, were non-cytotoxic and biodegrade in vitro within one month. PLGA-PUs were 

successfully electrospun and loaded with LNG, MVC, NFL and TFV to produce amorphous solid 

dispersions. Increasing the hard to soft segment ratio augmented the sustained release of positively 

charged drugs (NFL, MVC), while increasing the fluorobenzene pendant group content caused the drugs 

repelled by the fluorobenzene pendant (LNG, NFL) to be released more quickly. Increasing the hard to 

soft segment ratio or fluorobenzene content of PLGA-PUs allows for modulation of drug release of both 

hydrophobic and hydrophilic drugs from electrospun fibers while maintaining a biologically relevant 

biodegradation rate. 
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Chapter 5. In vitro-ex vivo correlations between a cell-laden hydrogel and 

mucosal tissue for screening composite delivery systems 

Adapted from: In vitro-ex vivo correlations between a cell-laden hydrogel and mucosal tissue for 
screening composite delivery systems. Anna K. Blakney, Adam B. Little, Yonghou Jiang, Kim A. 
Woodrow. Under Review (2016). 
 

5.1 ABSTRACT 

Composite delivery systems where drugs are electrospun in different layers and vary the drug stacking-

order are posited to affect bioavailability. We evaluated how the formulation characteristics of both 

burst- and sustained-release electrospun fibers containing three physicochemically diverse drugs: 

dapivirine (DPV), maraviroc (MVC) and tenofovir (TFV) affect in vitro and ex vivo release. We 

developed a poly(hydroxyethyl methacrylate) (pHEMA) hydrogel release platform for the rapid, 

inexpensive in vitro evaluation of burst- and sustained-release topical or dermal drug delivery systems 

with varying microarchitecture. We investigated properties of the hydrogel that could recapitulate ex 

vivo release into nonhuman primate vaginal tissue. Using a DMSO extraction protocol and HPLC 

analysis, we achieved >93% recovery from the hydrogels and >88% recovery from tissue explants for all 

three drugs. We found that DPV loading, but not stacking order (layers of fiber containing a single drug) 

or microarchitecture (layers with isolated drug compared to all drugs in the same layer) impacted the 

burst release in vitro and ex vivo. Our burst-release formulations showed a correlation for DPV 

accumulation between the hydrogel and tissue (R2=0.80), but the correlation was not significant for 

MVC or TFV. For the sustained release formulations, the PLGA/PCL content did not affect TFV release 

in vitro or ex vivo. Incorporation of cells into the hydrogel matrix improved the correlation between 

hydrogel and tissue explant release for TFV. We expect that this hydrogel tissue mimic maybe a 

promising preclinical model to evaluate topical or transdermal drug delivery systems with complex 

microarchitectures. 
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5.2 INTRODUCTION 

Drug-eluting fibers fabricated by electrospinning are a versatile platform for encapsulation and 

delivery of physicochemically diverse drugs. The ability of this platform to fabricate complex 

microarchitectures 106, 125 as well as control of macroscopic geometry199 is relevant to various prophylaxis 

and therapeutic applications. For example, Yuan et al. found that initial release of an anti-inflammatory 

agent coupled with sustained release of a chemotherapeutic from pH-responsive electrospun fibers 

resulted in higher life expectancy in a mouse model of hepatocellular carcinoma.200 Drug combinations 

are often more challenging to formulate and deliver but necessary to some applications such as cancer 

treatment 201 and HIV prevention,174 where the drugs are physicochemically different (e.g. solubility, 

pKa, etc.). While electrospun fibers allow fabrication of composites of diverse drugs with different 

release profiles, how drug-specific release kinetics observed in vitro are recapitulated in vivo for various 

routes of administration are more challenging to predict. In particular, dosage forms for transdermal or 

topical delivery where release is unidirectional and not isotropic may exhibit release profiles in vitro that 

are not recapitulated in tissues and cells. For example, Chen et al. observed much lower in vivo release of 

vancomycin, gentamicin and lidocaine compared to in vitro release profiles from poly(lactic-co-glycolic 

acid) (PLGA)/collagen sandwich-structured nanofibers for topical delivery of wound healing agents.61   

Conventional methods for measuring drug release or dissolution fail to recapitulate the 

anisotropic release that is typical of specific in vivo administration routes. For example, parenteral and 

oral delivery routes are suited for vial- or SOTAX-based in vitro release experiments because release 

from the drug delivery system is isotropic. On the other hand, sophisticated and expensive in vitro 

release setups such as Franz cells are needed for evaluation of transdermal and topical dosage forms, 

which release anisotropically. While Franz cells account for the directionality of different drug delivery 

systems, they can be costly and the number of available devices limits the number of experiments. 

Explant tissue from either humans or non-human primates have been used to test safety and 

pharmacokinetics for a variety of dosages including vaginal delivery of microbicides,202, 203 oral delivery 
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of nanoparticle chemopreventative drugs, 204 and chemoembolization of doxorubicin-eluting beads for 

treatment of hepatocellular carcinoma.205 However, explant tissue is expensive, difficult to obtain, 

limited in quantity and precludes testing of drug delivery systems over long time periods due to inability 

to maintain the viability and integrity of tissue in culture.  

Poly(2-hydroxyethyl methacrylate) (pHEMA) hydrogels have been widely used in drug delivery 

and tissue engineering, and are useful for their high water content, porosity, easy fabrication and 

formulation flexibility. Formulation parameters of pHEMA hydrogels have been well-defined, including 

altering cross-linking density to control drug diffusion,206 incorporating specific monomers to enhance 

drug loading and release properties,207 and varying cross-linker concentration to increase kinetic 

solubility of amorphous solid dispersions.208 Due to the tunability of pHEMA hydrogels, as well as their 

high water content and inexpensive and rapid fabrication, we hypothesized that these biomaterials could 

be used as a three-dimensional non-sink testing medium for electrospun fibers with intricate 

microarchitecture that are designed for transdermal or topical drug delivery applications. A three-

dimensional platform more realistically capitulates the in vivo environment, while evaluating drug 

delivery systems in non-sink conditions provides the best discriminating dissolution profiles between 

formulations.209 

In this study, we evaluated how microarchitecture, stacking order and drug loading affect burst-

release kinetics and how polymer composition affects sustained-release kinetics. We developed a 

pHEMA hydrogel in vitro release platform for rapid, high-throughput evaluation of electrospun fiber 

formulations and compared the release profiles between the in vitro hydrogel release and the 

corresponding ex vivo mucosal tissue explant release. Finally, we investigated the correlations between 

release into hydrogels and tissue, and whether incorporation of cells into the hydrogel matrix could 

improve the in vivo-ex vivo prediction of drug concentrations in tissue. 
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5.3 MATERIALS AND METHODS 

5.3.1 Burst- and sustained-release fiber preparation  

Polyvinyl alcohol (Mw=84-124 kDa, 87-89% hydrolysis) and polycaprolactone (Mn=80 kDA) 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Poly (lactic-co-glycolic acid) (50:50 DL:PLG, 

acid terminated, 0.15-0.25 dL/g) was purchased from Lactel (Birmingham, AL, USA). Tenofovir (TFV) 

and dapivirine (DPV) were generous gifts from CONRAD (Arlington, VA, USA). Maraviroc was 

purchased from the UW pharmacy and purified in house.  

PVA fibers (“burst release fibers”) were electrospun using a 10% (w/v) solution of PVA in water on a 

NS 1WS500U (Elmarco, Inc.) free surface electrospinning instrument, using the following parameters: 

160 mm wire electrode distance, -25 kV collecting electrode, 60 kV spinning electrode and 250 mm 

cartridge travel distance. Single-drug fibers, used for stacking experiments, were prepared using 20% 

(wt. drug/wt. polymer) of DPV, MVC or TFV, or 60% (wt. drug/wt. polymer) DPV. Equal loading 

combination fibers were prepared using 6.67% (wt. drug/wt. polymer) of DPV, MVC and TFV, for a 

total drug loading of 20% (wt. drug/wt. polymer). Higher DPV loaded fibers were prepared using 6.67% 

(wt. drug/wt. polymer) of MVC and TFV, and 20% (wt. drug/wt. polymer). The drug to polymer ratio 

was kept constant between the stacked and combined fibers.  

 PLGA/PCL fibers (“sustained release fibers”) were electrospun, as previously described 210, 

using a 15% (w/v) solution of PLGA/PCL in HFIP using a needle electrospinning setup. PLGA:PCL 

content was varied to create four blends: 100:0, 80:20, 80:20 and 0:100, and TFV was added to each 

polymer solution at 15% (wt. drug/wt. polymer). The solutions were then extruded from a glass 5mL 

syringe with a 22-gauge stainless steel needle at 30-50 µL/min using a NE-1000 syringe pump 

(Farmingdale, NY, USA), exposed to a voltage of 11.2 kV, and collected on a grounded metal plate at a 

distance of 10 cm.  

All fibers were stored in a vacuum desiccator until further analysis. For scanning electron microscopy 

(SEM) imaging, fibers were sputter coated for 90 seconds with Au/Pd and imaged at a magnification of 
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5000X using a Sirion scanning electron microscope at the University of Washington Nanotechnology 

User Facility. 

5.3.2 Hydrogel formulation and characterization 

Hydroxyethyl methacrylate (HEMA), ethylene glycol dimethacrylate (EGDMA) and benzoin 

isobutyl ether (BIE) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The pre-polymer 

solution was prepared with 50% (v/v) deionized water, 49% (v/v) HEMA, 0.05% (v/v) EGDMA and 

0.05% BIE. For cell-loaded hydrogels, HeLa cells (NIH AIDS Research Reagent Program, Division of 

AIDS, NIH, Bethesda, MD, USA) were suspended in PBS at a concentration of 1.514x105 cells/mL were 

used in the pre-polymer solution in the place of water. 500 µL of pre-polymer solution was added each 

well of a 48-well plate (11 mm in diameter), and placed under UV light for 10 minutes. After 

polymerization, hydrogels were gently removed from the plate, and placed in deionized water at 37°C. 

Water was exchanged 3X to rid the hydrogels of any impurities leftover from polymerization. Water 

content was measured by completely dehydrating hydrogels in a 110°C oven, measuring the dry weight, 

then allowing to equilibrate in water at 37°C, measuring the wet weight, and calculated using the 

following equation: 

% Water = 100 ∗  
Wet weight − Dry weight

Wet weight
 

 

5.3.3 Hydrogel extraction validation 

Drugs were extracted from the hydrogels by incubating overnight on a rotational shaker at 37 

°C. Samples were then vortexed well and filtered through a 0.22 µm PVDF filter (Millipore, Darmstadt, 

Germany) to remove any remaining debris. Drug concentration was analyzed in triplicate using a 

Shimadzu Prominence LC20AD UV-HPLC system, with a Phenomenex Luna C18 Column (5 µm, 

250x4.6 mm) and LC Solutions software. The HPLC methods for DPV, MVC and TFV can be found in 

Supplementary Table 5.1.  
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Hydrogel extraction was validated by polymerizing known amounts of each drug into separate 

hydrogels, extracting, analyzing using HPLC and calculating % recovery using the following equation: 

% 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = 100 ∗  
𝑀𝑎𝑠𝑠 𝑑𝑟𝑢𝑔 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠 𝑑𝑟𝑢𝑔

 

HPLC methods were validated using a standard curve of drug in DMSO, samples with known amounts 

of each drug spiked individually and in combination to ensure complete recovery and no peak overlap. 

Extracted samples were either analyzed within 24 hours or store at -20 °C until further analysis.  

5.3.4 In vitro hydrogel release  

Fibers were cut into circles with a diameter of 9.525 mm. Stacked fibers were prepared by 

cutting the single-drug fibers individually, orienting the samples in the correct stacking order, and firmly 

indenting the center of all three layers using forceps in order to keep the layers together. Stacked and 

combined fibers had approximately the same total mass (~6 mg) and thickness. At the initiation of a 

release study, prepared hydrogels were placed in a 48-well plate, 200 µL of PBS was added to the top, 

and then fiber discs were added to the well. Samples were kept in a 37 °C incubator until the appropriate 

timepoint. At each timepoint, the hydrogel was removed from the plate, any remaining fibers were 

scraped from the top of the hydrogel, and the hydrogel was immediately submerged in 4 mL of DMSO 

for extraction.  

5.3.5 Tissue extraction validation 

Drugs were extracted from tissue by adding 1 mL of DMSO to sample and incubating for 2 

hours at 37° C to allow DMSO to permeate tissue. After incubation, samples were further homogenized 

using a Precellys tissue homogenizer (Bertin Technologies) at 5000 RPM for 2 X 20s cycles. Samples 

were then centrifuged at 5000 RPM for 7 minutes. Supernatant was removed and filtered using a 0.45 

µm filter to remove any remaining debris. Samples were analyzed using identical HPLC methods as the 

hydrogel extraction. To validate the methods for the tissue extraction protocol, each batch included a 

sample of blank DMSO, blank DMSO and tissue eluate, standards prepared in DMSO and tissue eluate, 
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two spiked samples with known amount of drug, and a sample containing all three drugs to confirm that 

the peaks did not overlap. Retention times and wavelengths for detection were identical to the hydrogel 

methods for all drugs. Recovery for drugs spiked into untreated tissue samples can be found in Table 5.1.  

5.3.6 Ex vivo tissue explant release 

Whole reproductive tracts of pigtail macaques (M. nemesetrina) was purchased from the 

Washington National Primate Research Center (WaNPRC). Tissue from the vaginal tract only was cut 

into ~500 mg sections within 2 hours of euthanasia, and placed in a 48-well plate, lumen side up, with 

200 µL of DMEM in the bottom of each well. Fiber samples were then placed on top of the tissues, and 

kept in a 37 °C incubator until the appropriate timepoint. At each timepoint, any remaining visible fibers 

were removed from the top of the tissue using forceps, and then each tissue was rinsed in 5 mL of sterile 

PBS to remove remaining fiber debris. Samples were stored at -80° C until further processing.  

5.3.7  Statistical analysis 

Release data is represented as the average ± standard deviation. For each hydrogel and tissue 

correlation, a linear regression was carried out between the hydrogel dose (µg drug/g hydrogel/mg fiber) 

and tissue dose (µg drug/g tissue/mg fiber). A significant correlation was defined as a non-zero slope 

with p<0.01. Statistical analyses were done in GraphPad Prism, version 6.0.  

 

 

5.4 RESULTS 

5.4.1 Burst- and sustained-release fibers exhibit uniform fiber morphology and fiber mat properties  

We verified that all fiber formulations exhibited similar fiber density, thickness and fiber 

diameter since these properties can impact drug release profiles and confound comparisons. SEM 

showed that PVA fibers containing DPV, MVC and TFV have a round and smooth morphology with a 
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fiber diameter of ~200 nm (Figure 5.1). Sustained release fiber formulations of PLGA/PCL blends 

containing 15 wt.% TFV were also found to have a round and smooth morphology (Figure 5.2). For the 

sustained-release formulations, the average fiber diameter of PLGA-dominant fibers was ~1 µm while 

PCL-dominant fibers were ~1.6 µm in diameter. Fibers containing 60 wt.% DPV revealed some non-

fiber regions (Figure 5.1b), and PCL-dominant fibers also appeared to exhibit a dimpled a morphology 

(Figure 5.2). 

DPV, MVC and TFV are physicochemically diverse drugs, and were fabricated as a triple drug 

combination by either independently isolating them in their own layer or blending them together into a 

single layer. These two variations in formulation allowed us to test whether stacking order and 

microarchitecture (three drugs in three distinct layers or three drugs in one distinct layer) would impact 

release kinetics. Single-drug fibers were combined into a composite mat by pressing three layers together 

to maintain a mat thickness of ~0.5 mm, which resulted in an equivalent thickness to the fiber 

formulations containing all three drugs in one layer. Sustained-release fibers showed a consistent 

thickness of ~0.7 mm among different blends of PLGA/PCL. Fiber characteristics, including diameter, 

density and thickness were consistent within burst- and sustained-release fiber groups.   
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Figure 5.1: Scanning electron micrographs of electrospun PVA fibers containing either a single 

drug (DPV, MVC or TFV) (a-d) or the triple-drug combination (DPV + MVC + TFV) (e-f), and 

treatment arms of triple-drug combinations (g-h). Scale bars = 5 µm. 
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Figure 5.2: Scanning electron micrographs of electrospun sustained release fibers containing 

15 wt.% TFV, and schematic of single-drug sustained release microarchitecture. Inset shows 

dimpled fibers in majority PCL samples. Scale bars = 5 µm. 

 

 

5.4.2 Validation of hydrogel and tissue extraction methods 

We validated a method for efficient extraction of DPV, MVC and TFV from both hydrogel and 

tissue explant samples to quantify drug concentrations and establish correlations between the in vitro and 

ex vivo release profiles. First, we identified conditions that maintained >95% of hydrogel water mass 

over the course of 72 hours as water evaporation over time could confound release kinetics between 

formulations groups. Hydrogels lost ~35% water mass due to convective evaporation when placed in a 

rotational shaker but not when kept in a static incubator with remaining wells filled with water as a 

source for humidity. Hydrogels and tissue explants were sized to fit exactly into a 48 well plate, with 

approximate dimensions of 11 mm in diameter and 5 mm in height, and a wet mass of ~500 mg. For our 

hydrogels, total drug recovery and extraction efficiency were evaluated using a known amount of each 

drug spiked directly into the hydrogel precursor solution (Table 5.1). The extraction protocol involved 

soaking pHEMA hydrogels or tissue in DMSO for 24 hours, and then analyzing an aliquot of the 

extraction media for drug content using HPLC. For the tissue explants, known amounts of drug were 

combined with tissue prior to homogenization to ensure that exposure to viable tissue and ceramic beads 
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did not absorb or degrade drugs (Table 5.1). The extraction procedure was considered valid and 

acceptable if the drug recovery fell within the range of 100% ± 15%. We measured a hydrogel extraction 

recovery of 93-108% and a tissue recovery between 88-100% for all three drugs. Finally, all three drugs 

were spiked into a neat sample of DMSO to test whether drug peaks were adequately separated on HPLC 

for individual detection (Table 5.1). Each drug showed a separation resolution of at least 0.5 minutes, 

including the sample spiked with all three drugs. The triple drug spike resulted in 96-101% recovery for 

all three drugs. Given these results, our DMSO extraction protocol and HPLC methods are suitable for 

extraction of DPV, MVC and TFV from both hydrogels and tissue. 

 

Table 5.1: Validation of extraction of DPV, MVC and TFV from hydrogels and tissue explants 

alone and in the presence of the triple drug formulation. 

 

5.4.3 DPV loading, but not stacking order or microarchitecture, enhances burst drug release in 

vitro and ex vivo   

We compared the effects of stacking order, microarchitecture and DPV drug loading in burst-

release PVA fibers on drug release into both hydrogel and tissue. We found that, despite the widely 

varying physicochemical properties of these drugs, stacking order and microarchitecture (drugs in 

separate fiber layers versus the same fibers) do not affect DPV, MVC or TFV release into either 

hydrogel or tissue. For example, the stacked, reverse stacked and combined fibers released a similar 

amount of DPV in the hydrogel of ~50µg/g/mg (Figure 5.3a) and ~15 µg/g/mg for the parallel doses in 

tissue (Figure 5.3d). However, increasing DPV loading enhanced burst release of DPV, MVC and TFV 

Drug % Recovery, 
Hydrogel 

Spike 

% Recovery, 
Tissue Spike 

% Recovery, 
Triple Drug 

Spike 

Range of 
Quantification 

(µg/mL) 

Limit of 
Detection 
(µg/mL)  

DPV 92.9 ± 16.7 100.4 ± 6.1 99.8% 0.1-100 0.01 
MVC 108.0 ± 9.75 98.6 ± 4.2 96.4% 5-500 0.5 
TFV 100 ± 14.5 88.0 ± 3.3 101.0% 5-500 0.5 
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into hydrogels but only led to enhanced release of DPV into tissue. We found that increasing DPV 

loading resulted in ~3-fold higher release rate from the combined fibers after 2 hours into both hydrogel 

and tissue (Figure 5.3a,d). At 0.5 hours in both hydrogel and tissue, DPV also showed a trend of super-

saturation as indicated by a sudden increase in drug concentration and subsequent decline. The combined 

fiber with higher DPV loading showed ~2-fold higher release of MVC after 2 hour in hydrogel but not 

tissue (Figure 5.3b,e). Combined fibers with higher DPV loading also had a 2-fold higher release of TFV 

after 2 hours in hydrogel, but not in tissue (Figure 5.3c,f). Overall, increasing the DPV loading in fibers 

increased the DPV release rate and total DPV dose delivered after 2 hours to both hydrogel and tissue.  
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Figure 5.3. Release profiles of burst fiber formulations of DPV (a,d), MVC (b,e) and TFV (c,f) 

in hydrogels (a-c) and tissue explants (d-f). Each bar represents the mean of n=3 for hydrogel release 

and n=4 for tissue explant release, with error bars representing standard deviation. 
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We used linear regression to correlate the dose of drug delivered to the hydrogel and the dose 

delivered to tissue in order to evaluate whether the in vitro hydrogel system could be predictive of ex 

vivo dosing (Figure 5.4). We found that DPV had a statistically significant correlation (p<0.0001) and 

non-zero slope, while the correlations for MVC and TFV were not statistically significant (p=0.33 and 

0.18, respectively). These results indicate that this pHEMA formulation may be useful for assessment of 

DPV burst release, but not MVC or TFV.  

 

Figure 5.4: Correlation between hydrogel and tissue explant release profiles for burst release 

fiber formulations of a) DPV, b) MVC and c) TFV. 

 

5.4.4 PLGA/PCL content does not alter release rate of TFV in vitro or ex vivo but incorporating 

cells into hydrogel improves hydrogel/tissue release correlation 

In order to evaluate the hydrogels for informing release from sustained formulations and to 

compare to previously observed sink in vitro release profiles,210 we assessed how the ratio of PLGA to 

PCL affects release of TFV into hydrogels and tissue. We observed a slight trend for PLGA-dominant 

fibers to enhance sustained release of TFV compared to PCL-dominant fibers (Figure 5.5). For example, 

~0.5 µg/g/mg TFV was released into the hydrogel for the PLGA-only formulation after 72 hours 

compared to ~1.0 µg/g/mg for the PCL-only formulation (Figure 5.5a).  
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Figure 5.5: Release profiles of sustained release fiber formulations loaded with 15 wt.% TFV 

in a) hydrogel, b) hydrogels with encapsulated cells, and c) tissue explants. Each point represent n=3 

for hydrogel samples and n=4 for tissue samples, with error bars representing standard deviation. 

 
We hypothesized that encapsulating mammalian cervical epithelial cells into pHEMA hydrogels 

could improve the bulk composition of the hydrogel matrix to have more tissue-like properties and 

improve the correlation between drug release with tissue. We entrapped approximately 75,000 HeLa 

cells into each hydrogel and since these hydrogels undergo UV polymerization, it is unlikely that any of 

the cells remained viable post-polymerization. However, cell viability is unimportant for our purpose 

since our aim was only to impart physicochemical properties of cells into the bulk hydrogel matrix rather 

than recreating a metabolically active tissue-mimic. We measured TFV released into cell-laden 

hydrogels compared to release into hydrogels-only and tissue explants (Figure 5.5). After 72 hours, TFV 

release was ~1.0 µg into hydrogels, ~0.5 µg into cell-laden hydrogels, and ~0.4 µg into tissue explants. 

There were no significant differences between any of the sustained-release formulations in hydrogel-

only, cell-laden hydrogel, or tissue. We next evaluated the correlation between released TFV content into 

the hydrogel compared to tissue, and also between cell-laden hydrogel and tissue (Figure 5.6). A slope of 

unity would predict the same dosage being released into both the hydrogel and tissue. Linear regression 

between drug content measured in hydrogel-only and tissue had a measured slope of 2.20 ± 0.53 

(R2=0.55), indicating that ~2.2 mg TFV are released into the hydrogel for every 1 mg released into 

tissue. In contrast, the drug content correlation between tissue and cell-laden hydrogel had a slope of 
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1.43 ± 0.33 (R2 of 0.71), indicating that ~1.4 mg are released into cell-hydrogel for every 1 mg released 

into tissue. Thus, incorporation of cells improved fit and linearity of the correlation between hydrogel 

and tissue release of TFV.  

 

Figure 5.6: Correlation between hydrogel and tissue explant release profiles for burst release 

fiber formulations. 

5.5 DISCUSSION 

We investigated hydrogels as a non-sink release platform that could discern differences in 

release from fiber meshes with varying microarchitecture and drug loading. We found that pHEMA 

hydrogels could recapitulate ex vivo release of DPV from burst release formulations and release of TFV 

from sustained release formulations. However, the correlations between hydrogel and tissue release were 

not significant for burst-release formulations of MVC and TFV. In addition, incorporating cells into 

pHEMA hydrogels improved the correlation between TFV release in hydrogel and tissue.  



   

 102 

For our burst release formulations, we found that there was a significant correlation between 

DPV release into hydrogel and tissue, which is likely due to the greater solubility of DPV in the hydrogel 

matrix compared to either MVC or TFV, which are more water-soluble. The large error observed for 

some of the fiber formulations is likely a result of inherent variation in the hydrogels, tissue, and 

extraction efficiency. We expect that minimizing variation in these experimental conditions could 

improve hydrogel-tissue correlations for MVC and TFV. One strategy to formulate the hydrogel to 

improve correlation for MVC and TFV release is to lower the cross-linking density, which has 

previously been shown to accelerate release kinetics of a water soluble drug (pilocarpine) out of the 

hydrogel matrix.206 Alternatively, a more hydrophilic, longer cross-linking group, such as tetraethylene 

glycol diacrylate (TEGDA) or polyethylene glycol diacrylate (PEGDA) could be used to create a more 

porous, hydrophilic hydrogel that could also increase diffusion of hydrophilic drugs.211 We expect that 

pHEMA hydrogels may also be used to evaluate DPV release from other solid dosage forms that are 

placed proximal to tissue and release profiles can be manipulated by the formulation, such as films or 

rings.212, 213 

Overall, we observed that DPV and TFV show a trend towards a higher amount of released drug 

at the 0.5 hour timepoint compared to the 1 hour timepoint. A release profile wherein the drug amount 

peaks and then sharply declines is a hallmark of supersaturation,148 and suggests that the drug reaches a 

critical saturation point and then crashes out of solution. The observed trends for DPV and TFV could be 

due to supersaturation of drugs in the hydrogel, which has previously been observed to occur from 

medium-soluble carrier films in non-sink conditions.148 PVA is water-soluble but likely less soluble in 

pHEMA hydrogel and tissue, which would lead to a dissolution-controlled mechanism and then potential 

to supersaturate both the hydrogel and tissue with amorphously dispersed drugs. TFV and MVC were 

previously shown to create amorphous solid dispersions in electrospun fibers,106, 214 and while we did not 

test the crystallinity of these drugs in our fibers, we expect that these drugs rapidly dissolve from PVA 

fibers into the hydrogel matrix. This outcome would results in initial super-saturation but eventually 

nucleation and crystallization, leading to a decrease in concentration at the 1 hour time point.215 
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Carson et al. previously observed that increasing PLGA content in PLGA/PCL blend fibers 

sustains TFV release in vitro under sink conditions.210 We also observed that increasing PLGA content 

showed a trend for sustaining TFV release in both hydrogels and explant tissue, but the sustained release 

phase was more modest. It is possible that the hydrogel and explant release systems are not solely 

dissolution controlled as with sink conditions for in vitro release, and thus drug release profiles in the 

two conditions would be inherently different. Experimental error due to variation in hydrogel and tissue 

samples and extraction efficiency could also mask trends in sustained TFV release. With an in vitro 

hydrogel and ex vivo tissue release system, the fibers are not completely surrounded by fluid and there is 

only minimal fluid convection, so the release kinetics may be limited by wetting of the fibers and the 

dissolution of TFV. Thus, the previously observed release profiles of TFV from PLGA/PCL blends in 

sink conditions in vitro may be entirely different in non-sink conditions, as expected. In parallel, we had 

previously observed that fiber microarchitecture does impact hydrophilic drug release in vitro, which 

was not observed for the triple-drug combination fibers in these experiments.106 

We incorporated HeLa cells into our pHEMA hydrogels to assess whether imparting a cellular 

makeup to the hydrogel matrix could improve the correlation between the hydrogel and tissue sustained 

TFV release kinetics. Although live cells have been incorporated into hydrogels,216, 217 our aim was only 

to recapitulate the overall bulk material properties of tissue using a simple hydrogel system. In order to 

avoid defining and attempting to formulate the exact composition of tissue, such as the percentage 

proteins, lipids, sugars, etc., the cell itself presented the most obvious reagent. While a cell-laden 

hydrogel is similar to tissue on a bulk matrix level, one downfall is that this system cannot recapitulate 

metabolism since we did not attempt to maintain cell viabilty.  Thus, hydrogels and cell-laden hydrogels 

differ strictly in the composition of the bulk hydrogel matrix, and it is likely that TFV solubility in the 

cell-laden hydrogel more closely matches the solubility of TFV in the tissue matrix. It is possible that by 

further increasing the number of cells in each hydrogel, the correlation between the dosage of drug into 

the hydrogel and tissue could be improved. Given the broad formulation potential of pHEMA hydrogels, 
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we expect that this in vitro release platform could be extended to other topical routes such as oral, nasal 

or dermal delivery.  

 

5.6 CONCLUSION 

We evaluated how electrospun fiber formulation affects the in vitro and ex vivo release profiles 

for three physicochemically diverse drugs. A novel cell-laden hydrogel platform was developed for the 

rapid, inexpensive in vitro evaluation of burst- and sustained-release electrospun fiber formulations of 

varying microarchitecture. The hydrogel tissue mimic was used to establish in vitro-ex vivo correlations 

with release into vaginal mucosal tissue explants. To establish the correlations, we first validated the 

extraction and analysis using HPLC from both the hydrogel and tissue for DPV, MVC and TFV. We 

show that the stacking order and microarchitecture did not affect burst release kinetics, whereas 

increasing DPV loading enhanced release of all three drugs from the composites. For our rapid-release 

PVA formulations, drug release into the hydrogel correlated to release into tissue for DPV but not MVC 

or TFV. For our sustained-release polyester formulations, the ratio of PLGA to PCL did not affect the 

sustained release of TFV in either the hydrogel or tissue. Incorporating a model cell type into the 

hydrogel improved the correlation between the in vitro and ex vivo release of sustained TFV 

formulations. Overall, the versatility of the pHEMA hydrogel system may offer a new approach for rapid 

evaluation and optimization of topical and transdermal drug delivery dosages in vitro to predict in vivo 

performance. 
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Chapter 6. Simultaneous Measurement of Etravirine, Maraviroc and Raltegravir in 

Pigtail Macaque Plasma, Vaginal Secretions and Vaginal Tissue using a LC-

MS/MS Assay 

Adapted from: Simultaneous measurement of etravirine, maraviroc and raltegravir in pigtail macaque 
plasma, vaginal secretions and vaginal tissue using a LC-MS/MS assay. Anna K. Blakney, Yonghou 
Jiang, Dale Whittington, Kim A. Woodrow. Journal of Chromatography B 1025: 110-118 (2016). 
 

6.1 ABSTRACT 

 Etravirine (ETR), maraviroc (MVC) and raltegravir (RAL) are promising antiretroviral drugs 

being used in HIV treatment and may be interesting for prevention applications such as oral or topical 

pre-exposure prophylaxis. Here we describe a sensitive and accurate method for the simultaneous 

detection of ETR, MVC and RAL from pigtail macaque plasma, vaginal secretions, and vaginal tissue. 

This method is characterized by a straightforward precipitation extraction method, a limit of 

quantification <0.5 ng mL-1 for all three antiretrovirals bolstered by a corresponding internal standard for 

each drug analyte, and short run time.  Quantification is performed using positive ion electrospray triple 

quadrupole mass spectrometry. This method was validated over clinically relevant ranges for the three 

ARV drugs in all three matrices: 0.1-100 ng mL-1 for ETR, 0.05-100 ng mL-1 for MVC and 1-100 ng 

mL-1 for RAL. Our method is accurate and precise, with measured mean inter-assay precision (%CV) 

and accuracy (% bias) of 5.08% and 1.96%, respectively, while the mean intra-assay precision and 

accuracy were 3.44% and 1.08 %. The overall post-extraction recovery for ETR, MVC and RAL was 

>94% in all cases. We also show that extracted biological samples are stable after storage at room 

temperature or 4 °C and after three freeze/thaw cycles. This is the first analytical method capable of 

quantifying ETR, MVC and RAL in biological matrices relevant for pre-clinical testing of oral or topical 

HIV prevention methods in pigtailed macaques.  
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6.2 INTRODUCTION 

 Disparate rates of HIV acquisition between men and women have motivated development of oral 

and topical prevention methods intended as discreet, woman-initiated dosage forms. Poor performance 

of the 1% tenofovir gel in recent clinical trials has spurred the inclusion of new, more potent 

antiretrovirals into microbicides.218 Furthermore, much like formulations for treatment of HIV, cocktails 

of multiple antiretrovirals with varied mechanisms of action may prove to have synergistic capacity and 

lower required drug dosage, with a lower risk for development of resistant HIV strains.219 The majority 

of HIV prevention dosage forms in development, including pills,218 gels,175 rings,213 films220 and fibers,166 

aim to prevent acquisition of HIV in the genital tract.221 HIV prevention formulations are typically tested 

first in non-human primate models for safety and efficacy, motivating development of quick, highly 

sensitive bioanalytical methods for the detection of antiretroviral cocktails in affected tissues, including 

vaginal tissue and secretions, as well as plasma. 

 Etravirine (TMC125, Intelence®) is non-nucleoside reverse transcriptase inhibitor (NNRTI) that 

is highly active against both wild-type and NNRTI-resistant HIV strains,222 has a higher genetic barrier 

to the development of resistance than currently available NNRTIs,223 and has been shown to be safe, 

tolerable and effective in the treatment-experienced patients.224 Maraviroc (UK-427,857, Celsentri®, 

Selzentry®) is a selective CCR-5 antagonist with potent anti-HIV activity,225 that has been investigated 

for microbicide use alone in gel form226 and in combination with dapivirine as a vaginal ring.174 

Raltegravir (MK-0518, Isentress®) is a novel HIV-1 integrase inhibitor that prevent proviral DNA-

strand transfer,227 which has been shown to protect macaques from SHIV challenge when applied post-

exposure in a topical gel.228  

 To date, several methods have been published for the quantification of ETR, MVC and/or RAL 

in a variety of tissue matrices. Fayet et al. validated a LC-MS/MS assay for ETR, MVC and RAL, in 

addition to darunavir, in human plasma.229 Other LC-MS/MS assays have been published for 

quantification of each drug alone, including ETR in human plasma and peripheral blood mononuclear 
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cells and rat plasma,230, 231 MVC in human plasma, urine and cerebrospinal fluid,232 and RAL in human 

plasma and peripheral blood mononuclear cells.233, 234 The combination of ETR, MVC and RAL has also 

been quantified using LC-MS/MS in human plasma in addition to a combination of eight other relevant 

antiretroviral drugs.235 Currently, no LC-MS/MS assay has been validated to quantify ETR, MVC and 

RAL combinations in vaginal tissue and secretions, or plasma.  

 Here we present a validated analytical method for the simultaneous quantification of etravirine, 

maraviroc and raltegravir in pigtail macaque vaginal tissue, vaginal secretions and plasma using liquid 

chromatography coupled with tandem triple quadrupole mass spectrometry detection. A single step 

extraction is performed using acetonitrile precipitation of plasma, vaginal secretions and homogenized 

vaginal tissue, after the addition of ETR-13C6, MVC-d6 and RAL-d6 as internal standards. The mixture is 

vortexed vigorously, centrifuged for 10 minutes at 10,000 RPM and filtered before a 2 µL injection into 

an EMD Chromolith® Performance RP-18e 100-3mm analytical column. Analytes are separated using a 

gradient method of water with 10 mM formic acid and 1:1 acetonitrile:methanol with 10mM formic acid.  

Our method enables the simultaneous quantification of these three antiretroviral drugs for 

pharmacokinetic and pharmacodynamic preclinical studies in pigtail macaque studies.  

 

 

6.3 MATERIALS & METHODS 

6.3.1 Reagents and tissues 

Etravirine (ETR) and maraviroc (MVC) drug standards were obtained from the NIH AIDS 

Reagent Program (Division of AIDS, NIAID, NIH, Bethesda, MD, USA). Raltegravir (RAL) drug 

standard and maraviroc-d6 (MVC-d6), raltegravir-d6 (RAL-d6), and etravirine-13C6 (ETR-13C6) internal 

standards were purchased from Alsachim, Inc. (Illkirch-Graffenstaden, France). Acetonitrile (ACN), 

methanol (MeOH) and formic acid, all Optima-LC/MS grade, were purchased from Thermo Fisher 

Scientific (Waltham, MA, USA). Ultrapure water was obtained using a Milli-Q UF-Plus apparatus 
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(Millipore, Burlington, MA, USA). Naïve pigtail macaque (macaca nemestrina) plasma, vaginal 

secretions and vaginal tissue were purchased from the Washington National Primate Research Center 

(WaNPRC) Tissue Distribution Program (Seattle, WA, USA).   

6.3.2 Instrumentation and equipment 

 The liquid chromatography system was composed of an I-Class Acquity UPLC (Waters 

Corporation, Milford, MA, USA) with a direct infusion syringe pump and temperature-controlled 96 vial 

autosampler maintained at 4 °C. Samples were separated on a Chromolith Performance RP-18e 100-

3mm analytical column (Merck, Darmstadt, Germany) at ambient conditions. The chromatographic 

system was coupled to a Waters Xevo TQ-S tandem quadrupole mass spectrometer (Waters Corporation, 

Milford, MA, USA) with a Micromass Zspray™ Atmospheric Pressure Ioniation (API) Source. The LC-

MS/MS system and data analysis was carried out using MassLynx® software (version 4.1) (Waters 

Corporation, Milford, MA, USA).  

 Processing of plasma, secretions and tissue was performed using a Precellys® 24 tissue 

homogenizer (Bertin Corporation, Rockville, MD, USA) (tissue only) and a Sorvall Legend 14 

centrifuge (Thermo Scientific, Waltham, MA, USA).   

6.3.3 Calibration standard, internal standard and quality control (QCs) solutions 

 Stock solutions of ETR, MVC and RAL (Figure 6.1) were prepared at a concentration of 1 mg 

mL-1 in DMSO, and then were combined and diluted with ACN to make working solutions at 

concentrations of 10,000 ng mL-1, 200 ng mL-1 and 2 ng mL-1 (Table 6.1). Calibration standards were 

then diluted with appropriate amounts of ACN (neat standards), or plasma, vaginal secretions, or tissue 

to achieve a working calibration range from 0.01-100 ng mL-1. Internal standards (ETR-13C6, MVC-d6, 

RAL-d6) were likewise diluted as stock solutions in DMSO at 1 mg mL-1. A working solution of all 

three internal standards was prepared at a concentration of 10 ng mL-1 in ACN. Internal standards were 

added to all samples at a ratio of 1:10 (vol:vol) resulting in a final internal standard concentration of 1 ng 
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mL-1. Three separate quality control stock and working solutions were weighed and prepared separately 

from the calibration standards. QCs were prepared at concentrations of 0.5 ng mL-1 (low), 5 ng mL-1 

(medium) and 50 ng mL-1 (high). All solutions were prepared according to recommendations on 

bioanalytical method validation stating that the total added volume must be ≤10% of the biological 

sample236. Samples were prepared fresh for intraday experiments, and then aliquoted and stored at -80°C 

until analysis. 

 

Figure 6.1: Chemical structures of antiretroviral drugs. 

 
 

Table 6.1: Concentrations of stock solutions, working solutions and QC controls. 

Solution Stock 
Solution 
Solvent 

Stock Solution 
Concentration 

Working 
Solution 

Concentration*  

Calibration 
Range 

QC Controls 

Drug 
 (ETR, MVC, RAL) 

DMSO 1 mg mL-1 10,000; 200;  
2 ng mL-1 

0.01-100  
ng mL-1 

0.5; 5; 50  
ng mL-1 

Internal Standard 
 (ETR-13C6, MVC-d6, RAL-d6) 

DMSO 1 mg mL-1 10,000 ng mL-1; 
10 ng mL-1 

N/A N/A 

 
*Obtained by dilution of stock solution with ACN 

 
 

6.3.4 LC-MS/MS conditions 

 Mobile phase A was composed of 10 mM formic acid in ultrapure water and mobile phase B 

was composed of 10mM formic acid in 50:50 ACN:MeOH. Solvents were prepared before each set of 

analysis. The mobile phase gradient was delivered over 8.5 minutes and consisted of 98% A: 2% B for 1 
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minute, ramping to 100% B by 6 minutes, holding for one minute, and then transitioning back to 98% A: 

2% B over 1.5 minutes. The flow rate was 0.5 mL min-1 with an injection volume of 2 µL.  

 The mass spectrometer was operated in positive ion mode. The selected m/z transitions and 

typical retention time for each analyte are reported in Table 6.2. The ionization parameters were as 

follows: capillary voltage of 3 kV, source temperature of 150°C, cone gas flow of 150 L hr-1, desolvation 

gas flow of 1000 L hr-1 and collision gas flow of 0.15 mL min-1. The spectrometer was engaged during 

minutes 2-7 of each run. All species were analyzed at a cone voltage of 50 kV and a collision energy of 

28 V (ETR, MVC, ETR-13C6, MVC-d6) or 40 V (RAL, RAL-d6). 

 

Table 6.2: Instrument method for the LC-MS/MS analysis for ETR, MVC and RAL with 

ETR-13C6, MVC-d6, and RAL-d6 as internal controls. 

 

6.3.5 Sample preparation 

6.3.5.1 Plasma 

 Plasma samples were precipitated with cold ACN (with or without analytes depending on the 

sample), vortexed thoroughly, centrifuged for 10 minutes at 10,000 RPM, filtered using a 0.22 µm 

PVDF syringe filter (Millipore, Burlington, MA, USA) and added to a 200 µL HPLC vial.  

6.3.5.2 Vaginal secretions 

 Secretion samples were collected with a Merocel ophthalmic sponge (Medtronix, Jacksonville, 

FL, USA), diluted with 300 µL of phosphate buffered saline (PBS) to thin the mucus, and then incubated 

Drug/Internal 
Standard 

Precursor Ion 
(m/z) 

Fragment Ion 
(m/z) 

Dwell Time 
(s) 

Cone Voltage 
(kV) 

Collision 
Energy (V) 

Retention Time 
(minutes) 

ETR 435.22 162.98 0.079 50 28.0 6.74 
ETR-13C6 441.20 162.98 0.079 50 28.0 6.74 

MVC 514.48 280.22 0.079 50 28.0 4.33 
MVC-d6 520.48 280.22 0.079 50 28.0 4.33 

RAL 445.35 109.10 0.079 50 30.0 5.56 
RAL-d6 451.35 115.10 0.079 50 30.0 5.56 
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for 1 hour at 4°C. Sponge and extraction buffer were then transferred to Spin-X centrifuge tubes with 

0.22 µm cellulose acetate filters (Corning Inc., Corning, NY, USA). Secretion eluate was then 

precipitated with cold ACN (with or without analytes depending on the sample), vortexed thoroughly, 

centrifuged for 10 minutes at 10,000 RPM, filtered using a 0.22 µm PVDF syringe filter (Millipore, 

Burlington, MA, USA) and added to a 200 µL HPLC vial. 

6.3.5.3 Vaginal tissue 

 Tissue biopsies were collected with a 5 mm biopsy punch and added to an eppendorf tube with 

640 mg of 1.4 mm and six 2.8 mm zirconium oxide ceramic beads (Precellys, Bertin Corporation, 

Rockville, MD, USA). The samples were homogenized on the Precellys at 6,500 RPM for three cycles 

of 20 seconds. Homogenized samples were then centrifuged for 10 minutes at 10,000 RPM, and filtered 

using a 0.22 µm PVDF syringe filter (Millipore, Burlington, MA, USA) and added to a 200 µL HPLC 

vial. 

6.3.6 Quantification 

 Quantitative analysis of the three antiretroviral drugs was performed using the internal standard 

method, relative to deuterated internal standard (e.g. ETR and ETR-13C6). Each level of the calibration 

curve was analyzed in triplicate at the beginning of the run, and one high and low standard was analyzed 

at the end of each run. An eight-point calibration curve was calculated and fit using linear regression of 

peak area ratios (drug peak area/internal standard peak area) versus concentration. The calibration was 

established over the range of 0.1-100 ng mL-1 for ETR, 0.05-100 ng mL-1 for MVC and 0.5 ng mL-1 for 

RAL in all tissue matrices so as to cover the clinically relevant expected concentrations for microbicide 

application. Separate calibration curves were made for the bottom four and top four points of each curve. 

Chromatographic data acquisition, peak integration and quantification were performed in MassLynx® 

software (version 4.1) (Waters Corporation, Milford, MA, USA).  
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6.3.7 Accuracy and precision 

 The method validation procedure was based on recommendations published from the 

Conference on Analytical Methods Validation.236 Replicate analysis (n=3) of QC samples at the low, 

medium and high concentrations were used for the intra-assay precision and accuracy determination in 

pigtail macaque plasma, vaginal secretions and vaginal tissue. Inter-assay accuracy and precision were 

determined by repeated analysis performed on three different occasions (Table 6.3). The concentration in 

each sample was determined using calibration standards prepared on the same day. The precision was 

calculated as the coefficient of variation (%CV) within a single run (intra-assay) and between three 

different assays (inter-assay), and the accuracy as the percentage of deviation between nominal and 

measured concentrations. The analytical series were considered valid and accepted only if the precision 

%CV between nominal and back-calculated concentrations of each calibration level and QC were less 

than ±15%, and less than ±20% at the lowest QC level.  

 

Table 6.3: Precision and accuracy of the assay for the three antiretroviral drugs in pigtail 

macaque plasma, vaginal secretions and vaginal tissue at low, medium and high concentrations. 
Drug/Matrix Nominal 

Concentration 
(ng mL-1) 

Inter-assay (n=3) Intra-assay (n=3) 
Conc. Found  

(ng mL-1) 
±SD Precision  

%CV 
Accuracy 
Bias % 

Conc. Found  
(ng mL-1) 

±SD Precision  
%CV 

Accuracy 
Bias % 

Plasma 

ETR 
0.5 0.52 0.03 5.80 3.93 0.55 0.05 9.88 10.89 
5 4.93 0.12 2.36 -1.42 4.91 0.18 3.63 -1.80 

50 49.94 2.02 4.11 -0.12 47.58 1.26 2.66 -4.84 

MVC 
0.5 0.51 0.01 1.66 1.07 0.50 0.02 3.17 -0.68 
5 5.29 0.15 2.81 5.73 5.18 0.14 2.73 3.52 

50 52.95 1.24 2.34 5.90 51.79 0.58 1.12 3.58 

RAL 
0.5 0.50 0.09 17.54 0.47 0.44 0.02 4.42 -12.90 
5 5.39 0.07 1.36 7.77 5.46 0.20 3.65 9.28 

50 55.29 0.95 1.73 10.59 56.15 0.81 1.45 12.29 

Vaginal 
Secretions 

ETR 
0.5 0.52 0.04 6.79 4.30 0.56 0.05 9.67 11.22 
5 5.11 0.05 1.03 2.10 5.07 0.33 6.50 1.38 

50 51.39 1.96 3.82 2.78 49.70 0.26 0.52 -0.60 

MVC 
0.5 0.43 0.02 5.49 -13.47 0.43 0.00 0.68 -13.37 
5 4.60 0.41 8.99 -8.09 5.00 0.07 1.35 0.08 

50 42.57 2.52 5.92 -14.87 40.46 0.62 1.53 -19.08 

RAL 
0.5 0.53 0.12 21.61 6.90 0.47 0.01 2.66 -6.62 
5 5.74 0.24 4.15 14.72 5.78 0.20 3.46 15.53 

50 58.34 3.49 5.99 16.68 58.36 2.46 4.21 16.72 

Vaginal 
Tissue 

ETR 
0.5 0.51 0.00 0.69 2.60 0.51 0.02 3.80 1.82 
5 4.92 0.08 1.61 -1.56 4.89 0.19 3.98 -2.13 

50 48.90 1.94 3.98 -2.21 47.44 0.69 1.46 -5.11 

MVC 
0.5 0.56 0.02 3.23 11.81 0.56 0.05 9.03 12.52 
5 5.08 0.17 3.42 1.65 4.90 0.08 1.64 -1.98 

50 50.33 0.87 1.73 0.66 49.56 0.50 1.01 -0.88 

RAL 
0.5 0.50 0.08 16.18 0.60 0.52 0.03 4.83 3.65 
5 4.70 0.04 0.76 -5.92 4.72 0.06 1.31 -5.54 

50 50.21 1.06 2.12 0.42 51.13 1.33 2.59 2.27 
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6.3.8 Limit of quantification and limit of detection 

 The limit of quantification (LOQ) for each drug analyzed was defined as the lowest calibration 

standard for which the standard curve returned accurate and precise results within the given limits.  The 

limit of detection (LOD) was defined as the lowest calibration level for which a drug peak above the 

noise level was visible on the chromatogram, with a signal to noise of 3:1. LOQ and LOD for each drug 

can be found in Table 6.4.  

 

Table 6.4: Limit of detection and limit of quantification of antiretroviral drugs. 

 LOD  
(ng mL-1) 

LOQ Accuracy at 
LOQ (bias 

%) 

Precision at 
LOQ  

(%CV) 
(ng mL-1) (pg) 

Etravirine 
(ETR) 

0.01 0.1 0.2 -1.22 18.28 

Maraviroc 
(MVC) 

0.01 0.05 0.1 -7.99 10.36 

Raltegravir 
(RAL) 

0.05 0.5 1 -4.62 5.33 

 

6.3.9 Stability of antiretroviral drugs in plasma, vaginal secretions and vaginal tissue 

 Stability studies of ETR, MVC and RAL were performed to determine sample storage 

procedures should samples be prepared but the instrument unusable due to unforeseen circumstances. 

The stability studies were carried out as follows: 

a) Stability of samples at room temperature and 4°C: separate QC samples at low, medium and 

high concentrations of antiretrovirals in plasma, secretions and tissue were kept at room 

temperature or 4°C for 48 hours. Samples were analyzed immediately after preparation and after 

48 hours at respective conditions, and antiretroviral drug concentrations were expressed as % 

deviation from the initial concentration.  
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b)  Stability of samples after three freeze/thaw cycles: QC samples at low, medium and high 

concentrations of antiretrovirals in plasma, secretions and tissue frozen at -80°C and then 

allowed to thaw at room temperature three times. Samples were analyzed immediately after 

preparation and after three freeze/thaw cycles, and antiretroviral drug concentrations were 

expressed as % deviation from the initial concentration. 

6.3.10 Matrix effect and recovery 

 In the initial method validation steps, the matrix effect on chromatography for plasma, vaginal 

secretions and vaginal tissue was examined by observing whether blank matrix samples had any visible 

peaks at the expected retention times for each analyte, and whether matrix eluates spiked with analytes 

caused any shift or perturbation of the retention time for each analyte. Subsequently, the matrix effect for 

each analyte in each matrix was assessed. Three series of QC samples at low, medium and high 

concentrations in triplicate were prepared as follows: 

a) Neat standards of antiretroviral drugs subjected to the same extraction process, sans matrix; 

b) Plasma, vaginal secretion and vaginal tissue samples spiked with antiretroviral drugs and 

internal standards after extraction; 

c) Plasma, vaginal secretion and vaginal tissue samples spiked with antiretroviral drugs and 

internal standards before precipitation. 

The recovery and ion suppression/enhancement of the MS/MS signal of drugs and internal standards in 

the presence of plasma, vaginal secretion and tissue matrices (i.e. the matrix effect) was assessed by 

comparing the absolute peak areas of analytes either solubilized in extraction buffer (A), or added after 

(B) or before (C) the extraction process, based on the recommendations by Matuszewski et al.237, 238 

Mean peak area ratios (B2, C2) were calculated as the ratio of drug to appropriate internal standard (e.g. 

ETR to ETR-13C6) within the same sample. The matrix effect (ME) is expressed as the ratio of peak 

areas of the analytes added to blank matrix after extraction to the neat standard (B/A), expressed as a 

percentage. The extraction yield (EY) is expressed as the ratio of peak areas of blank matrix samples 
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spiked before and after extraction (C/B), expressed as a percentage. The overall recovery (OR) was 

expressed as the ratio of mean peak area ratios for each antiretroviral for samples spiked before 

extraction to those spiked after extraction (C2/B2). The process efficiency (PE) is expressed as the ratio 

of the peak area of analytes spiked before extraction to the peak area of analytes spiked into neat 

extraction buffer (C/A).  

6.4 RESULTS AND DISCUSSION 

6.4.1 Chromatograms 

We present a single method for simultaneous detection of ETR, MVC, RAL by liquid 

chromatography coupled with tandem mass spectrometry. Typical chromatographs of ETR, MVC and 

RAL at the lowest calibration level (Figure 6.2, a-c) and highest calibration level (Figure 6.2, d-f) of the 

neat standards reveal that peak retention time and shape are consistent across the calibration range. 

Typical retention times for each analyte can be found in Table 6.2. The internal standards were spiked at 

a single concentration for all samples (1 ng mL-1) and resulting chromatograms can be found in Figure 

6.2 (g-i). The chromatograms for the internal standards (ETR-13C6, MVC-d6 and RAL-d6) (Figure 6.2, g-

i) reveal identical retention to the corresponding analyte (ETR, MVC and RAL). The separation occurs 

between 4-7 minutes of the 8.5-minute run, and is satisfactory for obtaining sufficient peak resolution for 

all analytes.  

Figure 6.3 shows chromatograms for ETR, MVC and RAL at the medium level QC 

concentration (5 ng mL-1) in each of the tested matrices (plasma, vaginal secretions and vaginal tissue). 

None of the matrices caused a shift in retention time or peak shape for any of the drug analytes, or 

internal standards (not shown). Changes in peak intensity due to the presence of matrix (matrix effects) 

are discussed in section 6.3.5. 
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Figure 6.2: Chromatograms for drugs (MVC, RAL, ETR) and internal standards (MVC-d6, 

RAL-d6, ETR-13C6) at high and low concentrations. Neat chromatograms for 0.1 ng mL-1 standards 

(a-c), 100 ng mL-1 standards (d-f) and 1 ng mL-1 internal standards (g-i). 

 
  



   

 117 

 

Figure 6.3: Chromatograms for (ETR, MVC, RAL) in each matrix. Each drug was at a 

concentration of 5 ng mL-1 in plasma (a-c), vaginal secretions (d-f) and vaginal tissue (g-i). 
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6.4.2 Calibration curve and internal standard 

 Calibration curves for each antiretroviral drug (Table 6.1) were described by a split linear 

regression. Samples at a concentration of 1 ng mL-1 or above were analyzed using a calibration curve 

that included all eight calibration levels (regardless of LOQ), while samples at lower concentrations were 

analyzed using a calibration curve that included the four calibration levels from 0.01-1 ng mL-1. This 

method allowed for the widest, reproducible range of quantification for each drug. Over the considered 

calibration range, the regression coefficient (r2) was >0.99 for each curve. The back-calculated 

calibration standards were within ±15% (or ±20% at LOQ) of the nominal concentration.  

 Stable, isotopically labeled analogues were used as internal standards for each antiretroviral 

drug. Studies in analyte detection using LC-MS/MS have revealed that labeling compounds with three to 

eight 2H or 13C is the most common strategy to achieve co-elution of drug and internal standard, while 

minimizing cross-talk on the mass analyzer and compensating for small errors that may arise during 

processing and samples analysis.239, 240 Based on availability and suitability, ETR-13C6, MVC-d6 and 

RAL-d6 were chosen and produced a corresponding internal standard for each antiretroviral drug that 

was shifted by +6 mass units. The individual internal standard for each ARV drug allows for precise 

observation of matrix-induced change retention time for each drug/internal standard combination and are 

appropriate for use across species.  

6.4.3  Precision, accuracy, LOQ and LOD 

 Precision and accuracy as determined by the low, medium and high QC samples in plasma, 

vaginal secretions and vaginal tissue (Table 6.3). The levels of QC samples were chosen to reflect low, 

medium and high concentrations of the linear calibration range as determined with preliminary 

experiments, as well as anticipated clinically relevant drug concentrations. The mean inter-assay 

precision (%CV) and accuracy (% bias) were 5.08% and 1.96%, respectively. Intra-assay precision and 

accuracy were 3.44% and 1.08 %, respectively. The inter-assay and intra-assay deviations (bias) from 

nominal concentrations ranged from -14.87% to 16.68% and -19.08% to 16.72%, respectively.  Overall, 
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the quantification of ETR and MVC were more accurate and precise than RAL in all matrices. The 

lowest QC for RAL (0.5 ng mL-1) had a large deviation in %CV in plasma (17.54%), vaginal secretions 

(21.61%), and vaginal tissue (16.18%), which is likely due to effects from the matrix on the ionization 

efficiency of RAL. Heine et al. also observed an increased recovered concentration compared to nominal 

concentration for RAL in peripheral blood mononuclear cells (PBMCs).230 Increasing the organic 

precipitation volume to matrix ratio may decrease matrix effects, thereby increasing the range of 

quantification for RAL. For more conservative analyses, it may be appropriate to consider only 

concentrations of 1 ng mL-1 of RAL in matrix, while neat standards are viable down to 0.5 ng mL-1.  

 Based on standard pharmacokinetics and pharmacodynamics for topical delivery we expect that 

secretion concentrations > tissue concentrations >> plasma concentrations, in comparison to oral 

delivery, wherein the order is reversed.241 Thus, topical delivery will likely dictate the maximum 

concentration for vaginal secretions and tissue but minimum concentration for plasma, whereas oral 

delivery will define the maximum plasma concentration but minimum vaginal secretion and tissue 

concentrations. Topical gel and ring microbicide formulations of MVC have yielded concentrations of 

100-101 ng mL-1 in plasma, 104-107 ng mL-1 in vaginal fluid and 102-104 ng mL-1 in vaginal tissue.226, 242, 

243 Though ETR has not yet been tested as a microbicide, dapivirine, a chemically similar antiretroviral 

has been extensively tested as a microbicide, yielding concentrations of 10-103 ng mL-1 in vaginal tissue, 

100-102 ng mL-1 in plasma and ng mL-1 in vaginal fluid.213, 244-246 RAL concentration after administration 

as a topical, vaginal microbicide has not yet been reported in the literature. Orally delivery yields plasma 

concentrations of 102-103 ng mL-1 ETR,230  102-103 ng mL-1 MVC,247  and 102-103 ng mL-1 RAL,248 but 

have not yet been quantified in the vaginal compartment. Given these reported values, we anticipate that 

this quantitative method for simultaneous detection of ETR, MVC and RAL will adequately span the 

clinically relevant range for all three drugs. 
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6.4.4 Stability of extracted antiretrovirals  

 The stability of ETR, MVC and RAL in plasma, vaginal secretions and vaginal tissue samples 

were evaluated under room temperature and 4°C storage conditions for 48 hours (Table 6.5.) The 

deviation after storage at room temperature ranged from -11.76% to 15.66% of the original concentration 

measured for ETR, MVC and RAL. For the samples stored at 4°C, deviations ranged from -9.66% to 

12.74%. Given the analytical variation, these results indicate that ETR, MVC and RAL are stable in all 

matrices for at least 48 hours at either room temperature or 4°C. The stability of the three antiretrovirals 

was also evaluated after three freeze/thaw cycles, wherein samples were allowed to completely freeze at 

-80°C, before completely thawing at room temperature. Compared to previously measured 

concentrations for these samples, the deviations ranged from -9.58% to 15.48% for all three drugs. Thus, 

we expect that standards and samples may be frozen and thawed up to three times before analysis 

without risking skewed results due to drug degradation. 

Table 6.5: Stability of ETR, MVC, RAL in plasma, vaginal secretions and vaginal tissue after 

storage at room temperature, 4°C and three freeze(-80°C)/thaw cycles. 

Matrix Drug 
(ng mL-1) 

Room 
Temperature 
(48 hours), % 

4°C 
 (48 hours), % 

3X Freeze-thaw, % 

Plasma ETR 0.5 -4.43 1.82 3.78 
5 -6.07 -4.94 0.29 

50 -1.43 -1.46 -1.49 
MVC 0.5 7.60 -3.25 -9.58 

5 -3.76 -1.70 4.21 
50 -5.46 -0.78 -3.74 

RAL 0.5 -12.78 -0.51 -7.91 
5 0.14 3.51 -3.45 

50 0.41 0.84 -2.20 
Vaginal 

Secretions 
ETR 0.5 14.36 1.40 -0.09 

5 2.18 -7.37 -5.67 
50 1.80 -4.83 5.92 

MVC 0.5 15.66 -9.66 13.33 
5 10.69 7.36 15.48 

50 9.70 5.59 4.98 
RAL 0.5 -4.49 -0.38 9.17 

5 -2.87 7.03 -5.27 
50 -1.04 5.67 -4.97 

Vaginal 
Tissue 

ETR 0.5 3.78 3.57 -2.26 
5 0.79 -8.27 -5.38 

50 -7.71 -4.31 -4.31 
MVC 0.5 -5.03 -1.93 -6.10 

5 0.84 -4.65 -5.87 
50 -2.45 0.74 0.62 

RAL 0.5 -11.76 12.74 1.80 
5 1.57 1.97 1.02 

50 -1.24 3.11 2.13 
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6.4.5 Matrix effect and recovery 

 The matrix effect, extraction yield, overall recovery, and process efficiency were analyzed for 

ETR, MVC and RAL in plasma, vaginal secretions and vaginal tissue (Table 6.6). The assessment of 

matrix effect was quantified as the ratio of mean peak area of analytes spiked before extraction to that of 

the neat standard (ratio B/A, Table 6.6). A value above or below 100% indicates enhancement or 

suppression of ionization, respectively, by the given matrix.249 Our results indicate that ETR and MVC 

are minimally affected by plasma (100-119% recovery) and vaginal secretions (98-120% recovery), 

while RAL undergoes significant ionization enhancement (185%-377% recovery) in these matrices. ETR 

is minimally affected (99%-106% recovery) in the vaginal secretions whereas MVC undergoes 

ionization suppression (45-52%), and RAL undergoes ionization enhancement (189%-384%). These 

differences may be due to inherent variations in pH and protein content in these matrices that alter the 

solubility and ionization efficiency for these physicochemically diverse drugs.250-252   

 Extraction yield (EY) was evaluated by normalizing the samples spiked after extraction to those 

spiked before extraction (ratio C/B) for each matrix (Table 6.6). As expected, there was a loss of each 

drug and internal standard through the extraction process, although this was remarkably consistent across 

concentrations. Extraction in plasma and vaginal tissue yielded the greatest recovery of MVC, followed 

by ETR and RAL whereas vaginal secretions yielded highest recovery of ETR, followed by MVC and 

then RAL. Process efficiency (PE) as evaluated by normalizing peak areas of samples spiked before 

extraction to the corresponding neat standards, and echo the trends observed with the extraction yield for 

plasma samples. However, for vaginal secretions, MVC has a very low (~28%) but consistent PE, while 

RAL is high (94-190%). In vaginal tissue, the PE of ETR is similar to plasma and secretions, while the 

PE for MVC and RAL are both higher than expected, with increasing PE with decreasing concentration. 

These differences reflect how the different matrices and varied extraction protocols affect the drug 

ionization, and are attenuated by carefully timing the spiking of internal standard.   
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Most importantly, the overall recovery (OY) was assessed using peak adjusted ratios for each drug and 

corresponding internal standard (ratio C2/B2) in order to ensure that unknown concentrations from future 

study samples are quantified accurately. All drugs were within ±15% of the neat standard, indicating that 

samples in all matrices may be normalized to a neat standard with this assay, and that internal standards 

must be spiked before extraction to overcome the matrix effects and extraction inefficiencies associated 

with this assay.  
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Table 6.6: Matrix effect, extraction yield, process efficiency, and overall recovery of 

antiretroviral drugs. 

 

 

Matrix Compound Nominal 
Conc.  

(ng mL-1) 

Mean Peak Areas Mean Peak 
Area Ratios 

ME 
(%) 
B/A 

EY  
(%) 
C/B 

PE  
(%) 
C/A 

OR 
 (%) 
C2/B2 

 
A  

(n=3) 
B  

(n=3) 
C  

(n=3) 
B2 C2 

Plasma ETR 50 309365 308815 216646 52.68 53.98 100% 70% 70% 102% 
5 30904 32003 21663 5.23 5.09 104% 68% 68% 97% 

0.5 3168 3426 2222 0.56 0.52 108% 65% 65% 94% 
MVC 50 1495418 1665409 1369574 53.78 53.45 111% 82% 82% 99% 

5 148516 169360 140618 5.42 5.34 114% 83% 83% 99% 
0.5 13762 16419 15054 0.52 0.56 119% 92% 92% 108% 

RAL 50 343857 635792 334203 40.48 41.84 185% 53% 53% 103% 
5 23781 63743 33353 4.06 4.06 268% 52% 52% 100% 

0.5 1759 6623 3403 0.42 0.42 377% 51% 51% 100% 
ETR-13C6 50 5801 5862 4013 - - 101% 68% - - 

5 5868 6120 4256 - - 104% 70% - - 
0.5 5813 6173 4254 - - 106% 69% - - 

MVC-d6 50 27979 30969 25625 - - 111% 83% - - 
5 28021 31255 26325 - - 112% 84% - - 

0.5 23674 31438 26730 - - 133% 85% - - 
RAL-d6 50 8492 15708 7988 - - 185% 51% - - 

5 5473 15702 8208 - - 287% 52% - - 
0.5 3207 15595 8014 - - 486% 51% - - 

Vaginal 
Secretions 

ETR 50 309365 307674 210309 55.00 53.97 99% 68% 68% 98% 
5 30904 31249 21237 5.34 5.36 101% 68% 69% 100% 

0.5 3168 3348 2207 0.54 0.54 106% 66% 70% 101% 
MVC 50 1495418 678174 399876 41.51 45.94 45% 59% 27% 111% 

5 148516 65043 39438 4.15 4.71 44% 61% 27% 113% 
0.5 13762 7210 3935 0.47 0.46 52% 55% 29% 100% 

RAL 50 343857 651437 321720 40.90 46.61 189% 49% 94% 114% 
5 23781 65916 32024 4.18 4.49 277% 49% 135% 107% 

0.5 1759 6747 3346 0.42 0.47 384% 50% 190% 112% 
ETR-13C6 50 5801 5594 3897 - - 96% 70% - - 

5 5868 5853 3959 - - 100% 68% - - 
0.5 5813 6242 4067 - - 107% 65% - - 

MVC-d6 50 27979 16338 8705 - - 58% 53% - - 
5 28021 15658 8380 - - 56% 54% - - 

0.5 23674 15487 8476 - - 65% 55% - - 
RAL-d6 50 8492 15926 6902 - - 188% 43% - - 

5 5473 15763 7130 - - 288% 45% - - 
0.5 3207 15902 7061 - - 496% 44% - - 

Vaginal Tissue ETR 50 309365 304446 208348 52.50 51.00 98% 68% 67% 97% 
5 30904 31048 21526 5.18 5.13 100% 69% 70% 99% 

0.5 3168 3177 2209 0.57 0.54 100% 70% 70% 95% 
MVC 50 1495418 1575348 1255628 50.82 50.78 105% 80% 84% 100% 

5 148516 160173 133328 5.21 5.21 108% 83% 90% 100% 
0.5 13762 16464 16186 0.55 0.63 120% 98% 118% 116% 

RAL 50 343857 561681 299121 36.60 38.05 163% 53% 87% 104% 
5 23781 56126 29092 3.57 3.57 236% 52% 122% 100% 

0.5 1759 5906 3149 0.39 0.40 336% 53% 179% 105% 
ETR-13C6 50 5801 5799 4085 - - 100% 70% - - 

5 5868 5990 4195 - - 102% 70% - - 
0.5 5813 5613 4125 - - 97% 73% - - 

MVC-d6 50 27979 30996 24727 - - 111% 80% - - 
5 28021 30722 25593 - - 110% 83% - - 

0.5 23674 30018 25514 - - 127% 85% - - 
RAL-d6 50 8492 15346 7862 - - 181% 51% - - 

5 5473 15701 8157 - - 287% 52% - - 
0.5 3207 15303 7784 - - 477% 51% - - 
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6.5 CONCLUSIONS 

 We report a validated LC-MS/MS method for the simultaneous detection of ETR, MVC and 

RAL in pigtail macaque plasma, vaginal secretions and vaginal tissue. This analytical method should 

enable the pharmacokinetic study of these antiretrovirals applied through a topical, vaginal microbicide 

or oral treatment/prophylaxis. The high sensitivity and specificity attained allows for the quantification 

of as little as 0.2 pg for ETR, 0.1 pg for MVC, and 1 pg for RAL from a 2 µL injection volume. These 

outcomes will allow for accurate quantification of these antiretroviral drugs in non-human primate, as 

well as human, pharmacokinetics studies. The combination of a corresponding internal standard for each 

drug analyte and quantification using a neat standard curve highlight the usability and robust nature of 

this analytical method. To our knowledge, this is the first LC-MS/MS method to quantify these three 

antiretroviral drugs simultaneously in matrices appropriate for detection in reproductive tract tissues 

(vaginal secretions, vaginal tissue and plasma).  
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Chapter 7. In Vivo Pharmacokinetics and Ex Vivo Protection of Pigtail Macaque 

Vaginal Mucosal Tissue from RT-SHIV by Drug-Eluting Fibers Containing a 

Triple Antiretroviral Combination 

Adapted from: In Vivo Pharmacokinetics and Ex Vivo Protection of Pigtail Macaque Vaginal Mucosal 
Tissue from RT-SHIV by Drug-Eluting Fibers Containing a Triple Antiretroviral Combination. Anna K. 
Blakney, Yonghou Jiang, Christina Nhan, Yvonne Cosgrove Sweeney, Ryan Stoddard, Edward Roberts, 
Joseph Phan, Rick Edmark, Dorothy L. Patton, Kim A. Woodrow. Manuscript in preparation. 

 

7.1 ABSTRACT 

Recent microbicide clinical trials have motivated the development of alternative dosage forms to 

meet the varying preferences of women worldwide that are affected by the ongoing HIV epidemic. Here, 

we have developed two rapidly dissolving fiber formulations containing a triple combination of 

antiretroviral drugs, for on-demand prevention of sexual transmission of HIV. The combination of 

etravirine (ETR), maraviroc (MVC) and raltegravir (RAL) was chosen for the variety of mechanisms of 

actions, physicochemical diversity and a potency known to be 10-fold greater than tenofovir disproxil 

fumarate (TDF) alone.253 We quantified the concentrations of each drug in vaginal secretions and plasma 

after a single dose of the fiber formulation, and assessed the safety profile of repeated dosing of the dual 

layer fibers. The concentration of all three drugs was quantified in tissue after a single dose of the dual 

layer fibers, and the corresponding tissue biopsies were challenged ex vivo with RT-SHIV. We observed 

that the dual layer fibers resulted in a quick, high concentration (~106 ng/mL) of MVC and RAL, while 

the fiber-in-fiber formulation provided a more constant concentration (~103 ng/mL) of these drugs over 

14 days. The pharmacokinetic profile of ETR in vaginal secretions, and all three drugs in plasma, was 

similar between the two formulations. There was a significant, positive correlation between the secretion 

and plasma concentrations for all three drugs after 24 hours, indicating effective tissue penetration. A 

single dose of the dual layer fibers resulted in high tissue concentrations of all three drugs (~106 ng/g) 

after 1 hour, which prevented infection with RT-SHIV in these tissues for up to 24 hours. These results 

support the potential of electrospun fibers as an on-demand dosage form for the prevention of HIV.  
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7.2 INTRODUCTION 

In 2015, 2.1 million people were infected with HIV.254 While new HIV infections in children 

have fallen 50% since 2010, new infections in adults have only decreased by 6%.254 The primary driver 

for the epidemic is sexual transmission, thus motivating the development of HIV prevention strategies 

including microbicides, oral pre-exposure prophylaxis, and vaccines. 

Recent clinical trials have demonstrated the potential for vaginal, topical microbicides to prevent 

HIV. In the CAPRISA 004 trial, a 1% tenofovir (TFV) gel reduced HIV acquisition by 39%,255 with a 

strong relationship between local TFV exposure in the genital tract and HIV prevention.256 In the VOICE 

trial, a 1% TFV gel was found to reduce the risk of HIV acquisition in adherent users by 50%; however, 

less than 40% of users were found to adhere to the specified dosing regimen.257 Similarly, the FACTS 

001 trial found that TFV gel was highest in effectiveness in women who reported proper product use, but 

this subgroup was only 20% of the study population.258 A user preference study of HIV prevention 

dosage forms conducted by IPSOS in South Africa, Uganda, and Nigeria found that there was not a 

single preference amongst women between a vaginal film, intravaginal ring, implant, or injectable, but 

that women desired both an on-demand and a long-acting option.259 The indications from these studies 

are twofold for the microbicide community. First, it is imperative to develop alternative dosage forms to 

meet the variety of preferences of women who may use the products in order to increase adherence. 

Second, there must be adequate concentrations of antiretrovirals in vulnerable tissues, thus motivating 

expanding the repertoire of vaginally administered antiretrovirals to drugs with high capacity to 

penetrate tissue. 

Drug-eluting electrospun fibers have been widely investigated for delivery of antiretrovirals in 

vitro including encapsulating drugs with varying physiochemical properties,4, 106 tunable drug release 

using polyester polymers,210 scale-up of fibers with remarkably high drug loading,82 amorphous solid 

dispersions,260 and fibers that release a bolus of drug in response to a change from vaginal pH (~4) to that 
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of semen (~7),5 but have yet to be tested in vivo. Depending on the polymer and drug composition, 

electrospun fibers can be engineered to dissolve in a wide range of timescales, from a few seconds260 to a 

few months.261 For application as a practical vaginal, topical microbicide, solid dosage forms must either 

dissolve quickly or be sub-micron in size in order to remain imperceptible to the user or the user’s 

partner during coitus. We developed two formulations to probe the potential of electrospun fibers for 

pericoital HIV prevention in vivo. First, we developed a dual layer fabric composed of water-soluble 

polymers (polyvinyl alcohol (PVA) and polyethylene oxide (PEO)) as a quick-dissolving delivery 

system. Then, we augmented the dual layer fabric with fibers composed of water-insoluble but 

biodegrading polymers (poly(lactic-co-glycolic acid) (PLGA) and polycaprolactone (PCL)), that had 

been reduced to a sub-micron size (“micronized”) using a novel blending and sieving process, yielding a 

fiber-in-fiber (FIF) system.  

Here, we investigated the safety and pharmacokinetics of a triple combination of antiretrovirals 

with mechanisms of action targeted to early, middle, and late stages of the HIV replication cycle 

including maraviroc (MVC), an entry inhibitor, etravirine (ETR), a non-nucleoside reverse transcriptase 

inhibitor, and raltegravir (RAL), an integrase inhibitor. We aimed to quantify concentrations of ETR, 

MVC, and RAL in vaginal secretions and plasma to inform the optimal dosing strategy for both the dual 

layer and fiber-in-fiber fabrics. We observed the correlation between concentration in vaginal secretions 

and plasma as an indicator of drug tissue penetration. Finally, we evaluated the potential of the dual layer 

formulation to protect tissue biopsies from SHIV challenge ex vivo, and observed the correlation 

between tissue drug concentration and SHIV infectivity.  
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7.3 MATERIALS & METHODS 

7.3.1 Preparation of electrospun fiber dosage forms 

7.3.1.1 Dual layer fiber dosage form 

Polyvinyl alcohol (MW=30-70 kDa, 87-90% hydrolysis, Sigma Aldrich, St. Louis, MO, USA) 

and polyethylene oxide (MW= 400 kDa, Scientific Polymer Products Inc., Ontario, NY, USA) were 

dissolved in deionized H2O (DI H2O) at 20.4 % (w/v) at a ratio of 86% PVA and 14% PEO with 0.02% 

(w/v) NaCl and allowed to dissolved overnight at 35 °C. Etravirine (ETR), maraviroc (MVC) and 

raltegravir (RAL) (purified by the Suydam laboratory, Seattle University, Seattle, WA, USA) were 

micronized using a mortar and pestle prior to addition to polymer solution. RAL was added to the 

polymer solution at 4.06 % (wt. drug/wt. solution) with 1.5 molar equivalent of NaOH (Sigma Aldrich) 

in order to fully solubilize drug. RAL polymer solution was then electrospun on a 

Nanospider™Production Line NS 1WS500U (Elmarco Inc., Morrisville, NC, USA) using the following 

conditions: 250 mm wire electrode distance, -40 kV collecting electrode, 60 kV spinning electrode, 250 

carriage traveling distance. Brown wax paper was used as a collection substrate, and was passed back 

and forth through the collection zone every 20 minutes while spinning. ETR and MVC were then added 

to a single polymer solution (as previously described) at 1.86 and 2.20 wt.% (wt. drug/wt. solution), 

respectively, homogenized for 5-10 minutes using a Ultra-Turrax® homogenizer (Ika Works Inc., 

Wilmington, NC, USA), and then spun directly onto the RAL fiber layer (Figure 7.1), using the same 

electrospinning conditions. Dual layer fibers were then cut into a 4x4 cm square and stored in a vacuum 

desiccator until use.  

7.3.1.2 Polyester fiber electrospinning and micronization 

Poly(lactic-co-glycolic acid) (50:50, acid end group, 0.15-0.25 dL/g, Lactel Absorbable 

Polymers, Birmingham, AL, USA) and polycaprolactone (MW= 80 kDa, Sigma Aldrich, St. Louis, MO, 

USA) were dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) at 15% (w/v) at a mass ratio of 9:1 

PLGA:PCL. ETR, MVC, and RAL were dissolved in polyester polymer solution at 50% (wt. total 
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drug/wt. polymer) at an equimolar ratio, and then spun on the Nanospider™ instrument at the following 

conditions: 200 mm wire electrode distance, -25 kV collecting electrode, 60 kV spinning electrode, and 

250 mm carriage traveling distance, using brown wax paper as a collection substrate. Fibers were dried 

overnight at ambient conditions. Approximately 6g of fibers were then added to a blender (Blendtec, 

Orem, UT, USA) with 500 mL of DI H2O, and blended using the following regimen: 1X ice crush, 1X 

ice cream. Micronized fibers <250 μm were then separated by flowing the blended solution through a 

250 μm stainless steel sieve (VWR, Radnor, PA, USA). Larger fiber fragments were returned to the 

blender and processed until size conformity was achieved. Micronized fibers were then dried using a 1.2 

μm nylon filter paper (Merck Millipore Ltd., Tulagreen, Ireland) and house vacuum. Dried micronized 

fibers were then stored at 4 °C. 

7.3.1.3 Fiber-in-fiber dosage form 

Fiber-in-fiber dosages were fabricated using the same process as the dual layer fibers and 

incorporating the micronized drug-loaded polyester fibers into each layer. RAL polymer solution was 

prepared as stated above, and then 28.6 wt.% (wt. micronized fibers/wt. solids) micronized fibers were 

added to solution, homogenized, and electrospun using aforementioned conditions. Then, the ETR and 

MVC polymer solution was prepared, and 28.6 wt.% (wt. micronized fibers/wt. solids) micronized fibers 

were added to the solution, homogenized, and electrospun on top of RAL fiber layer loaded with 

micronized polyester fibers, using aforementioned conditions. Fiber-in-fiber doses were then cut into a 

4x4 cm square, and stored in a vacuum desiccator. 

7.3.1.4 Placebo dosages 

Placebo fibers were prepared for both the dual layer and FIF dosage forms, using identical 

processing conditions, sans drugs. Placebo fibers were cut into 4x4 cm squares, and stored in a vacuum 

desiccator.   
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Figure 7.1: Schematic of drug-eluting electrospun fiber formulations loaded with ETR, MVC 

and RAL. 

7.3.2 Nonhuman primate dosing schedule 

Eight sexually matured pigtail macaques (Macaca nemestrina) were tested in this study. 

Animals were housed at the Washington National Primate Research Center (WaNPRC). All studies were 

carried out according to approved University of Washington IACUC protocols. The dual layer and FIF 

dosages were administered according to two different dosing regimens in order to assess the 

pharmacokinetic decay of ETR, MVC, and RAL in vaginal secretions, tissue, and plasma after a single 

dose, and the safety of daily dosing (Figure 7.2). For PK studies, both the dual layer and FIF 

formulations were administered vaginally a single time in pigtail macaques (n=8), who were under 

ketamine sedation, without the use of a speculum. For the dual layer safety study, anesthetized animals 

were dosed intravaginally every 24h for 5 days using a speculum. For the FIF safety study, anesthetized 

animals were dosed intravaginally a single time using a speculum. Regardless of formulation, the RAL 

layer was placed proximal to tissue upon administration. For both safety studies, n=4 animals were 

dosed with the drug-loaded fibers and n=4 animals were dosed with placebos initially. The study was 

carried out, animals were given a two week recovery period, and then crossed over to the other arm of 

the study, e,g, animals that received placebo first then received drug-loaded fibers, for a total of n=8 for 

each condition.  
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Figure 7.2: Dosing and sampling schedule for safety and pharmacokinetic studies of dual layer 

and fiber-in-fiber formulations. 

7.3.3 Safety observation 

Colposcopy was used to observe changes in the vaginal and cervical tissue and secretions in 

response to both placebo and drug-loaded fiber dosages. For the dual layer safety study, animals were 

observed at 0.5 h and 1, 2, 3, 4, and 7 days (Figure 7.2). For the FIF safety study, animals were observed 

at 1, 2, 3, 4, 7, 10 and 14 days (Figure 7.2).  

7.3.4 Pharmacokinetic sample collection 

Vaginal secretion samples were collected using a Merocel opthalmic swab (Medtronix, 

Jacksonville, FL, USA), placed in a cryovial, and immediately frozen at -80°C. Swabs were then diluted 

using 300 μL of phosphate buffered saline (PBS) to thin the mucus, and incubated for 1h at 4°C. The 

swab and extraction buffer were then transferred to Spin-X centrifuge tubes with a 0.22 μm cellulose 

acetate filter (Corning Inc., Corning, NY, USA) and centrifuged at 10,000 RPM for 10 min. Secretion 

eluate was then frozen at -80 °C. Blood was taken in an EDTA-coated 5 mL tube, centrifuged at 3000 
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RPM, and then the plasma layer was separated and frozen at -80 °C. Vaginal and cervical tissue biopsies 

were taken using tissue biopsy forceps and immediately frozen at -80 °C. 

In the dual layer PK study, vaginal secretion and plasma samples were collected at 1h, 2h, 4h, 

and 1, 2, 3, 4, 7, 10, and 14 days (n=8). For the FIF PK study, vaginal secretion and plasma samples 

were collected at 1, 2, 3, 4, 7, 10 and 14 days. After both the dual layer and FIF studies to assess 

pharmacokinetics of ETR, MVC, and RAL in secretions and plasma were completed, a single study 

using the dual layer fibers was carried out to assess the concentration of each drug in vaginal and 

cervical tissue. Tissue biopsies were taken 1h (n=2), 2h (n=2), 1 day (n=2), 2 days (n=2), 3 days (n=3), 4 

days (n=3), 7 days (n=4), 10 days (n=4), and 14 days (n=8).  

7.3.5 Pharmacokinetic sample processing and analysis 

Vaginal secretions, tissue, and blood plasma samples were analyzed for ETR, MVC, and RAL 

concentration using a previously published LC-MS/MS assay.262 Briefly, 50 μL of cold acetonitrile 

(ACN) was added to 50 μL of processed vaginal secretions or plasma. For tissue samples, 200 μL of 

cold ACN was added to each biopsy, along with 640 mg of 1.4 mm and six 2.8 mm zirconium oxide 

ceramic beads (Precellys, Bertin Coporation, Rockville, MD, USA), which was then homogenized using 

a Precellys® 24 tissue homogenizer (Bertin Corporation, Rockville, MD, USA) for three cycles of 20 s 

at 6500 RPM. 10 μL of a 10 ng/mL internal standard solution of ETR-13C6, MVC-d6, and RAL-d6 

(Alsachim Inc., Illkirch-Grafefenstaden, France) was added. Samples were vortexed for ~1 min., and 

then centrifuged at 10,000 RPM for 10 min. using a Sorvall Legend 14 centrifuge (Thermo Scientific, 

Waltham, MA, USA). Eluate was filtered using a 0.22 μm PVDF syringe tip filter (Millipore, 

Burlington, MA, USA) and added to an 200 μL Qsert vial (Waters Corporation, Milford, MA, USA). 

Analytes were separated on an EMD Chromolith® Performance RP-183 100-3mm analytical column 

(Merck, Darmstadt, Germany) using a gradient method of water with 10 mM formic acid and 1:1 

acetonitrile : methanol with 10 mm formic acid on a I-Class Acquity UPLC (Waters Corporation, 

Milford, MA, USA). The chromatography system was coupled to a Waters Xevo TQ-S tandem 
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quadrupole mass spectrometer (Waters Corporation, Milford, MA, USA) with a Micromass Zspray™ 

Atmospheric Pressure Ionization (API) Source. The following ion transitions (m/z) were used: 

435.22à162.98 (ETR), 441.20à162.98 (ETR-13C6), 514.48à290.22 (MVC), 520.38à280.22 (MVC-

d6), 445.35à109.10 (RAL), and 451.35à115.10 (RAL-d6). The LC-MS/MS system and data analysis 

was carried out using MassLynx® software (version 4.1, Waters Corporation, Milford, MA, USA). The 

limit of quantification was 0.1, 0.05 and 0.5 ng/mL for ETR, MVC, and RAL respectively. 

7.3.6 Ex vivo tissue biopsy challenge assay 

Immediately after excision and being weighed, fresh cervical and vaginal tissue biopsies (n=1) 

were used for virus challenge assay. Briefly, biopsy tissues were exposed to 5x104 RT-SHIV at 37 °C for 

2 hours. Tissues were then washed and placed in fresh medium. Culture supernatant was collected after 

3, 6 and 9 days and was frozen at -80°C. Infection was monitored by viral p27 using SIV p27 Antigen 

ELISA (ZeptoMetrix Corporation, Buffalo, NY, USA) according to manufacturer protocol.  

7.3.7 Data analysis 

Secretion, plasma, and tissue concentrations are reported as mean ± standard deviation. 

Pharmacokinetic parameters, including Cmax, Tmax, and AUC were calculated using GraphPad Prism 

(version 6.0). AUC was calculated using the trapezoidal rule. Comparison of the concentrations and 

AUC values for the dual layer vs. FIF dosage forms was performed using a paired Student’s t-test using 

a two-tailed distribution. For correlations between vaginal secretion and blood plasma drug 

concentrations, data was log-transformed and fit using linear regression using GraphPad Prism. Tissue 

penetration ratio (TPR) was calculated using the following equation: 

TPR =
𝐶𝑜𝑛𝑐.!"#$%#
𝐶𝑜𝑛𝑐.!"#$"%&'(
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7.4 RESULTS 

7.4.1 Dual layer and FIF formulations are safe despite high ARV concentrations in secretions 

 We assessed whether daily administration of the dual layer formulation and a single 

administration of the FIF formulation were safe, as defined by a lack of genital irritation, inflammation, 

or mucosal breakdown. In addition, we measured the concentration of ETR, MVC, and RAL in vaginal 

secretions and plasma to observe the pharmacokinetics of the dosing regimen for the safety study. For 

the dual layer fibers, the concentrations in secretions for all three drugs were remarkably high, reaching 

levels of ~109 ng/mL for MVC and RAL and ~105 ng/mL for ETR (Figure 7.3a). These concentrations 

remained high over the 5 days that the animals were dosed, and then falling by ~4 orders of magnitude 3 

days after the final dose. Despite the high drug concentrations in the vaginal secretions, no adverse 

events, such as cervical friability, epithelial disruption, blister or ulceration, were observed by 

colposcopy for any of the animals. There were no changes in the vaginal pH of any of the animals after 

repeated dual layer fiber dosing. 

 

Figure 7.3: Concentrations of ETR, MVC and RAL in vaginal secretions (a) and blood plasma 

(b) after daily dosing for dual layer formulation. Dual layer fibers were dosed daily for five days, 

beginning at t=0. Shapes represent mean concentrations for ETR (blue), MVC (purple) and RAL (green) 

and error bars represent standard deviation. 
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 The safety profile of the FIF formulation was evaluated after a single administration, since they 

would not be used daily. The drug concentrations in secretions and plasma were quantified (not shown), 

and mirrored the results from the PK study (Figure 7.4). After 4 days, one of the animals was observed 

to have ecchymosis. No other adverse events or changes in vaginal pH were observed over the course of 

the study. 

7.4.2 Dual layer formulation resulst in rapid and high ARV concentrations while FIF formulation 

results in more constant concentrations in secretions and plasma  

Despite wide variations of drug solubility in polymer solution, ETR, MVC, and RAL were 

encapsulated in the dual layer fibers at 4.1, 3.7 and 6.7 % (wt. drug/wt. fiber). Each administered dosage 

was ~160 mg, resulting in a delivered dose of 6.6 mg ETR, 5.9 mg MVC, and 10.7 mg RAL, and 23.2 

mg of total drug. We aimed to quantify the amount of all three ARVs in pigtail macaque vaginal 

secretions and blood plasma over the course of 14 days after a single dose. ETR, MVC and RAL all 

reached their individual maximum concentrations in the secretions after 1 hour, at values of 1.5x105, 

6.3x106 and 6.7x106 ng/mL, respectively (Table 7.1), indicating a ~40-fold greater concentration of 

MVC and RAL than ETR. All three drugs exhibited pseudo-linear decay from 0-72 hours, and then 

exponentially decreased (Figure 7.4, a-c). Remarkably, after two weeks all three of the drugs were still 

present in the secretions at levels of ~102 ng/mL for MVC and RAL, and ~10 ng/mL for ETR. This is 

particularly significant as all of the fiber doses were completely dissolved within 24 hours as observed 

by colposcopy.  
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Table 7.1: Pharmacokinetic parameters of ETR, MVC and RAL in blood plasma and vaginal 

secretions for dual layer and fiber-in-fiber formulations. 

  Secretions Plasma 

Drug Formulation Tmax 

(h) 

Cmax 

(ng/mL) 

AUC 

(ng*h/mL) 

Tmax 

(h) 

Cmax 

(ng/mL) 

AUC 

(ng*h/mL) 

ETR Dual 1 145,923 703,798 96 10.77 1425 

FIF 24 1,490 47,235 24 0.99 98.62 

MVC Dual 1 6,314,096 6,867,000 4 7.20 111.4 

FIF 48 4,370 470,471 24 2.70 490.8 

RAL Dual 1 6,712,524 65,740,000 2 10.70 733 

FIF 48 8,796 996,698 24 16.70 613 

 

As expected, drug concentrations in plasma had lower Cmax and delayed Tmax compared to 

secretion concentrations. RAL, MVC, and ETR reached maximum concentrations of 10.7, 7.2, and 10.8 

ng/mL after 2, 4, and 96 hours (Figure 7.4, d-f). However, while concentrations in the secretions varied 

as much as 5-fold in 14 days, the concentrations in plasma were much more consistent. As such, MVC 

and ETR were present in plasma after 14 days at concentrations of ~0.5 and ~10 ng/mL, while RAL was 

not detectable after 72 hours.  
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Figure 7.4: Concentrations of ETR, MVC and RAL in vaginal secretions (a-c) and blood 

plasma (d-f) for 14 days after a single dose of dual layer or fiber-in-fiber formulations. Circles 

represent mean concentration for dual layer (blue) or FIF (orange) and error bars represent standard 

deviation.   

 

 We hypothesized that using electrospun fibers composed of PLGA and PCL, two hydrophobic 

but biodegradable polymers, to deliver ETR, MVC, and RAL would dampen the burst release of drugs 

from the fibers, and provide a more sustained dose over time. We anticipated that rapid dissolution of the 

fibers and imperceptibility to the user would be important physical attributes for any microbicide 

product. Instead of applying a single layer of PLGA/PCL, that would takes on the order of months to 



   

 138 

degrade,263, 264 we micronized the fibers using a novel blending and sieving process, and electrospun them 

directly into the dual layer fiber dosage form. ETR, MVC, and RAL were encapsulated in the fiber-in-

fiber dosages at 2.45, 1.96, and 3.56 % (wt. drug/wt. fiber). Each administered dosage was ~240 mg, 

resulting in a delivered dose of 5.9 mg ETR, 4.7 mg MVC, 8.5 mg RAL, and 19.1 mg of total drug. 

 Compared to the dual layer dosages, all three drugs had delayed Tmax and lower Cmax for the FIF 

formulation; ETR, MVC, and RAL achieved maximum concentrations of 1.5x103, 4.4x103, and 8.8x103 

ng/mL in vaginal secretions at 24, 48, and 48 hours, respectively (Table 7.1). Over the course of two 

weeks, ETR decreased in a pseudolinear fashion to a final concentration of ~10 ng/mL, while MVC and 

RAL remained at a more constant concentration of ~103 ng/mL (Figure 7.4, a-c). This is significant 

because similar to the dual layer fabrics, the FIF formulation dissolved within 24 hours, and were not 

visible thereafter during the colposcopy examinations. Interestingly, the concentration of ETR, MVC, 

and RAL peaked in plasma after 24 hours, at concentrations of 16.7, 2.7, and 0.99 ng/mL, respectively. 

All three drugs were detected in plasma at a concentration of ~0.1 ng/mL after 14 days.  

 Concentrations of MVC and RAL were higher in vaginal secretions for the dual layer fibers than 

the FIF formulation after 24 hours (p<0.001), but ETR were equivalent. We then compared the 

concentrations in secretions and plasma after 3, 7, and 14 days and the AUC3-14 for ETR, MVC, and RAL 

for the dual layer and FIF formulations (Table 7.2) to elucidate if there was a significant difference in the 

sustained release properties between the two formulations. While the average MVC and RAL 

concentration at 7 and 14 days, and the AUC3-14 was higher for FIF formulation, the trends were not 

statistically significant. The concentrations of ETR and MVC were statistically significantly higher in 

plasma for the dual layer formulation after both 7 and 14 days.  
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Table 7.2: Pharmacokinetic parameters comparing capacity of dual layer and fiber-in-fiber 

electrospun fiber formulations to sustain release of ETR, MVC and RAL. 

 

  

  Concentration Day 3 
(ng/mL) 

Concentration Day 7 
(ng/mL) 

Concentration Day 14 
(ng/mL) 

AUC Day 3-14 
(ng*h/mL) 

Matrix Drug Dual FIF p Dual FIF p Dual FIF p Dual FIF p 

Secretions ETR 43.1 
± 

102 

49.94 
± 

118 

0.91 
 

23.3 
± 

18.3 
 
 

2.87 
± 

6.47 

0.47 
 

60.9  
± 

64.3 
 

1.04  
± 

1.37 

0.033 
 

547  
± 

236 

176.  
± 

385 

0.071 
 

MVC 18,800
± 

22,300 
 
 

3,590
± 

4,010 
 
 

0.11 
 

99.9 
± 

107 
 
 

823 
± 

1,770 
 
 

0.28 
 

29.4 
± 

45.7 
 

685 
± 

1,770 
 
 

0.32 
 

43,400 
± 

47,100 
 
 

14,500± 
14,300 

 
 

0.14 
 

RAL 5,200 
± 

6,490 
 
 
 

7,940
± 

8,680 
 
 

0.53 67.7 
± 

94.1 
 
 

2,520
± 

6,840 
 
 

0.34 
 

33.4 
± 

70.2 
 
 

609 
± 

1,670 
 
 

0.36 
 

12,800
± 

12,800 
 
 

334,500
± 

40,000 
 
 

0.19 
 

Plasma ETR 7.05 
± 

9.20 
 

0.47 
± 

0.69 
 
 
 

0.085 
 

2.03 
± 

0.26 
 
 
 

0.36 
± 

0.40 
 
 

<0.001 
 

2.15 
± 

0.23 
 
 

0.05 
± 

0.06 
 
 

<0.001 
 

59.7 
± 

41.9 
 
 

2.78 
± 

2.31 
 
 

0.0064 
 

MVC 2.73 
± 

6.30 
 
 

0.11 
± 

0.16 
 
 

0.27 
 

0.42 
± 

0.02 
 
 

0.15 
± 

0.21 
 
 

0.0070 
 

0.43 
± 

0.06 
 
 

n.d. <0.001 
 

18.1 
± 

23.6 
 

1.74 
± 

2.76 
 
 

0.096 
 

RAL 2.86 
± 

7.22 
 
 

3.29 
± 

1.63 
 
 

0.85 
 

n.d. n.d. N/A n.d. n.d. N/A 15.3 
± 

28.7 
 
 

9.60 
± 

5.59 
 
 

0.53 
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7.4.3 ARV concentrations in secretions and plasma are positively correlated after 24h 

 Correlations between vaginal fluid and plasma concentrations may be a qualitative proxy for 

antiretroviral penetration into tissue.265 We aimed to analyze whether increased ARV concentrations in 

vaginal secretions were positively correlated with concentrations in plasma, indicating that the drugs 

were penetrating through the tissue. First, we observed how the tissue penetration ratio (TPR) (plasma 

concentration/secretion concentration) changed over time, after a single dose of the dual layer fibers 

(Figure 7.5). All three drugs had a drastic increase in the TPR in the first 24 hours, but then reached a 

pseudo steady-state ratio of ~10-2 for ETR and ~10-3 for MVC and RAL. Log-transform of all the 

secretion and corresponding plasma concentrations for all timepoints between 24h and 14 days for both 

formulations (Figure 7.6) showed a positive correlation between ETR, MVC and RAL secretion and 

plasma concentrations (p=0.023, 0.029, and 0.0007, respectively).  

 
Figure 7.5: Tissue penetration ratio (TPR) of plasma concentration to vaginal secretion 

concentration for ETR, MVC and RAL after a single application of dual layer fibers. Dotted line at 

unity indicates equal concentrations in plasma and secretions, thus a higher (TPR) show better 

penetration from the secretion, through tissue, to plasma for a given drug. 
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Figure 7.6: Correlations between vaginal secretion and blood plasma concentrations for ETR 

(a), MVC (b) and RAL (c). Data for timepoints between day 1 and day 14 for both dual layer and FIF 

formulations were log10 transformed and fit using linear regression. R2 value indicates goodness of fit 

and p value indicates significance of a non-zero slope. 

 

7.4.4 A single dose of dual layer fibers results in high vaginal and cervical tissue concentrations of 

all three ARVs after just 1 hour and for up to 14 days 

 We measured the concentration of ETR, MVC and RAL in cervical and vaginal tissues over the 

course of 14 days after a single dose of dual layer fibers to assess whether the fibers were capable of 

providing high enough concentrations of drug in the tissue to prevent RT-SHIV infection at the effector 

site. Despite much higher initial MVC and RAL concentrations compared to ETR concentration in 

vaginal secretions, the concentration of all three ARVs was ~106 ng/g after 1 hour (Figure 7.7). The 

maximum concentration for ETR and RAL in cervical tissue occurred after 2 hours, while MVC reached 

maximum concentration after 24 hours (Table 7.3). All three drugs reached maximum concentration in 

vaginal tissue after 24 hours. The maximum concentration in cervical tissue for all three drugs was 

equivalent (~106 ng/g) while in vaginal tissue, MVC and RAL reached a concentration of 3x106 ng/g 

compared to a 4-fold lower concentration of 7x105 ng/g for ETR. While the concentration of all three 

drugs peaked within 24 hours, they diminished to a concentration of ~103 ng/g by 48 hours. Between the 

3 day and 24 day timepoints, ETR was maintained at a concentration of ~103 ng/g (Figure 7.7a), while 
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MVC and RAL experienced slight peaks again after 4 days, but falling to ~102 ng/g by day 14 (Figure 

7.7, b-c). The AUC for MVC and RAL was ~2-fold the AUC for ETR in both cervical and vaginal 

tissue.  

 

Figure 7.7: Concentration of ETR (a), MVC (b) and RAL (c) in cervical and vaginal tissue over 

7 days after a single dose of dual layer fibers. 

 
 

Table 7.3: Pharmacokinetic parameters of ETR, MVC and RAL in vaginal and cervical tissue 

after a single dose of the dual layer formulation. 

 Cervical Vaginal 

Drug Tmax 

(h) 

Cmax 

 (ng/g) 

AUC1-14 

(ng*h/g) 

Tmax 

(h) 

Cmax  

(ng/g) 

AUC1-14 

(ng*h/g) 

ETR 2 398,039 635,988 
 

24 716,675 
 

1,501,000 
 

MVC 24 195,437 1,208,000 
 

24 2,908,050 
 

3,670,000 
 

RAL 2 786,261 1,137,000 
 

24 2,880,322 
 

3,473,000 
 

 

7.4.5 A single dose of dual layer fibers prevents RT-SHIV infection in tissue biopsies for 24 hours    

We challenged vaginal and cervical biopsies of tissue that been treated with a single dose of dual 

layer fibers with RT-SHIV to assess the functional protective capabilities of the fibers over 7 days 

(Figure 7.8). We measured p27 SIV antigen in the culture media after 6 days for tissue that had been 

untreated (control) and tissue at various timepoints from 1 to 168 hours after a single dose of the dual 
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layer fiber formulation (Figure 7.8a). All of the untreated tissue biopsies were infected after 3 days, with 

an average of 1000 ng p27/g tissue after 6 days. The tissue biopsies that were excised one hour after 

fiber administration did not produce p27 after 6 days in culture. p27 production increased with time 

elapsed since fiber administration. For all samples that were challenged 72 hours or more after fiber 

administration, all biopsies became infected. These results are reflected in the survival curve (Figure 

7.8b), which shows that 100% of the control becomes infected, while a single administration offers 

100% protection after 1 hour and 75% protection after 2 hours. We then log transformed the p27 

production and total drug concentration, and observed the correlation, to establish whether higher drug 

concentration in tissue correlated with a decrease in infectivity (Figure 7.8c). We found that an increase 

of each drug individually correlated with a decrease in p27 production (p<0.0001 for ETR, MVC and 

RAL) (data not shown). Similarly, we found that an increase in the total drug concentration (ETR + 

MVC + RAL) correlated inversely with p27 production (R2=0.61 and p<0.0001). Overall, these results 

show that an increased concentration of drug in tissue correlates with less RT-SHIV infectivity in 

cervical and vaginal tissue, and that a single administration of dual layer fibers may be protective for 24 

hours against challenge with RT-SHIV with a high viral load. 
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Figure 7.8: Infectivity of pigtail macaque cervical and vaginal biopsies after a single dose of 

dual layer fibers and subsequent challenge with RT-SHIV. a) SIV p27 production by cervical and 

vaginal tissue biopsies. Control represents cervical and vaginal tissue biopsies that were not exposed to 

fibers nor drugs. Line and error bars represents mean and standard deviation. b) Kaplan-Meier survival 

curves for untreated control (pink) and a single treatment of dual layer fibers (blue). Percent of biopsies 

uninfected was calculated by the total number of tissue samples that produced a measurable level of p27 

compared to the total number of tissue samples at each timepoint. c) Correlation between log-

transformed total drug tissue concentration (sum of ETR, MVC and RAL concentration in ng/g) and log 

p27 production by the corresponding biopsy. 

7.5 DISCUSSION 

Here, we studied the safety and pharmacokinetics of ETR, MVC, and RAL in vaginal secretions, 

tissue, and blood plasma over the course of two weeks after delivery by drug-eluting nanofibers. We 
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studied two novel microbicide formulations: dual-layer fibers containing ETR and MVC in one layer and 

RAL in the other, and the dual-layer fibers with encapsulated, drug-loaded, micronized fibers, deemed 

fibers-in-fibers. We observed that both formulations resulted in similar concentrations of ETR in vaginal 

secretions over time, but the dual layer fibers produced higher, more rapid concentrations of MVC and 

RAL, compared to more continuous, consistent concentrations with the FIF dosage. We found that a 

single dose of the dual layer fibers prevents RT-SHIV infection ex vivo for 24 hours.  

 The effective concentration of ETR, MVC, and RAL in vaginal tissue for prevention of HIV 

acquisition has not been previously defined for each individual drug, let alone the combination of all 

three. ETR, MVC, and RAL are potent antiretrovirals, with EC50 values of 1.4 nM,266 3.3 nM,267 and 15 

nM,250 which make them ideal candidates for use in vaginal microbicides. A 30 mg dose of RAL alone, 

formulated in a vaginal gel, was found to protect macaques from SHIV infection when applied 3 hours 

after vaginal gel, although corresponding secretion and tissue concentrations were not quantified.228 A 

gel formulation of 132 mg of MVC prevented SHIV infection with 100% efficacy when challenged 30 

minutes after gel application, reaching tissue concentrations of ~1200 ng/g 24h after application.242 In 

this study, we achieved a concentration of ETR, MVC and RAL that was ~800-fold higher in cervical 

and vaginal tissue after 24 hours, and maintain tissue concentrations similar to the reported protective 

concentration of MVC out to 14 days. A similar study, with a much lower dose of MVC (12 mg), 

prevented SHIV acquisition in 6/7 macaques when challenged 30 minutes after gel application.268 ETR 

has not yet been investigated as a vaginal microbicide by itself. The combination of these drugs is of 

particular interest, as MVC was shown to have pre-exposure efficacy,242, 268 while RAL has been shown 

to have post-exposure efficacy,228 presenting for the potential of a product that could be used before or 

after coitus. However, formulating these three drugs into a single dosage form, whether liquid or solid, 

presents quite a challenge given that MVC and RAL are relatively water soluble, but ETR is highly 

water insoluble. Electrospun fibers have been shown to encapsulate, and co-encapsulate, antiretroviral 

drugs with a wide variety of water solubility,4, 82, 106, 210, 260 allowing for formulation of multiple drugs into 

a single dose. In this study, we achieved high encapsulation efficiency (>90%) and drug distribution in 
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the scale-up of both the dual-layer and FIF formulations, further warranting the investigation of fibers as 

a vaginal microbicide.  

 There is increasing precedent for alternative dosage forms to those currently in the pipeline, 

including on-demand and long-acting prevention methods.259 We found that both the dual layer and FIF 

formulations dissolved within 24 hours, upon colposcopy inspection. Despite the quick dissolution, all 

three drugs persisted in vaginal secretions for 14 days (Figure 7.4). This is a particularly powerful 

attribute of the fiber dosage form; it dissolves quickly but provides a local, imperceptible depot of drug 

for up to 14 days. However, this is only useful if the concentrations at the effector site, i.e. in vaginal 

secretions and tissue, are high enough to prevent HIV acquisition. We found that a tissue concentration 

of ~103 ng/g was present until 14 days. Using an ex vivo challenge assay with RT-SHIV, we found that 

cervical and vaginal biopsies were completely protected for 24 hours after a single administration of the 

dual layers fibers. The discrepancy between high concentrations of drug in tissue for 14 days and 

protection from RT-SHIV challenge may be due to exposure to a relatively high titer of virus (5x104 

copies) for a small tissue biopsy (~5 mg). Dobard et al. used 1.5x106 RNA copies of SHIVSF162P3, a 

SIVmac239 backbone virus known to be less potent than RT-SHIV,269 for in vivo challenge of the entire 

vaginal tract.270 Because we measured tissue concentration of each drug, it is not possible to discern 

whether the drugs are located at the appropriate effector sites, either intracellularly (ETR, RAL) or 

extracellularly (MVC), although an inverse correlation with each drug and p27 production indicates that 

it is possible that each drug is protecting the tissue to some extent. It may also be possible to use 

secretion drug concentrations to inform protection windows and dosing strategies for vaginal 

microbicides. A post-hoc analysis of the CAPRISA 004 trial found that tenofovir (TFV) concentrations 

of >1000 ng/mL were correlated strongly with decreased HIV incidence.241 While our drugs have 

different half-lives, partitioning properties, etc., than TFV, if we use 1000 ng/mL of drug as a 

benchmark, the dual layer formulation may protect from RT-SHIV/HIV infection up to 6 days, and the 

FIF formulation up to 9 days (Figure 7.4). The prolonged presence of drugs past the point of fiber 
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dissolution may be due to a functional, local depot wherein the fibers shift towards a mucoadhesive,271, 272 

gel-like state, and continue to release drugs. 

 There are many limitations associated with this study. Due to a limited number of animals, we 

did not evaluate the FIF formulation for tissue concentration, or the corresponding ex vivo challenge with 

RT-SHIV. Thus, it is still unknown if, and for how long, the FIF formulation may be effective against 

RT-SHIV. Furthermore, we did not use formulations of ETR, MVC, and RAL by themselves as controls. 

Therefore, we cannot claim which of the drugs are acting effectively, nor that there are synergistic 

benefits to using this combination. Finally, there are noted differences in the vaginal tissue of pigtail 

macaques and humans,273 which may result in different pharmacokinetics and efficacy in human trials.  

 Our study offers new insight into the use of electrospun fibers for HIV prevention. This is the 

first time fiber formulations have been used as a quick-dissolving vaginal dosage form that is shown to 

protect against ex vivo RT-SHIV challenge for up to 14 days. Electrospun fibers are an elegant strategy 

to co-deliver antiretroviral drugs with varying solubility, and have the capacity to efficiently encapsulate 

a high drug loading. This study warrants further investigation into the use of fibers formulations, which 

completely dissolve within hours, to deliver high concentrations of antiretrovirals to tissue for days after 

a single dose.  

7.6 CONCLUSION 

We encapsulated ETR, MVC, and RAL, a potent combination of antiretrovirals with varying 

mechanisms of action, in two novel electrospun fibers, including dual layer and FIF formulations. After 

a single dose of either the dual layer fibers or FIF, all three drugs were detectable in the vaginal 

secretions of pigtail macaques after 14 days, although the dual layer formulation resulted in a higher, 

more rapid concentration of MVC and RAL, while the FIF formulation yielded a more consistent 

concentration of these drugs. The pharmacokinetics of ETR in secretions was similar for the two 

formulations, as were all three drugs in plasma. The dual layer and FIF dosages were observed to be 

safe, even given the high secretion concentrations observed after repeated dosing of the dual layer fibers. 
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There was a positive, significant correlation between the plasma and secretion concentrations after 24h, 

indicating good tissue penetration. Similarly, all drugs were detected in tissue out to 14 days, and ex vivo 

challenge of tissue biopsies with RT-SHIV showed that a single dose of dual layer fibers protected tissue 

from infection for 14 days. These results show the promise of drug-eluting fibers for local delivery of 

antiretroviral drug combinations for on-demand prevention of HIV.  

7.7 FUTURE WORK 

Given the promising results from the in vivo pharmacokinetic study of a single dose of the dual 

layer fibers, we plan to test the efficacy of this dosage form in a pigtail macaque challenge model. 

Similar vaginal, topical microbicides have identified a tissue concentration of MVC242 or TFV241 of ~103 

ng/g to be protective against SHIV challenge. We observed tissue concentrations of ETR, MVC and 

RAL of ~103 ng/g for up to 14 days after a single administration of the dual layer fibers. If a fiber dosage 

containing this triple drug combination could prevent RT-SHIV infection for 14 days, this would highly 

impact the microbicide field and could potentially establish a useful new HIV prevention method for 

women. Our goal for the challenge study is to rigorously test the efficacy of the fibers against RT-SHIV 

infection, and to answer the following questions: 

• Does a single administration of the dual layer fibers containing ETR, MVC and RAL 

prevent RT-SHIV infection when applied before or after viral challenge?  

• Is there any protective effect from blank fibers? 

We propose the following groups to probe the functional efficacy of the fibers against RT-SHIV 

infection: 
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Table 7.4: Proposed challenge schedule for efficacy study of dual layer fibers.  

Group Description Challenge Timing Number of NHPs 

Positive control No fibers  N/A 3 

Blank fiber control Single administration 
of fibers containing 

no drugs 

1 hour after 
administration 

3 

Post-exposure Single administration 
of fibers containing 

ETR, MVC and RAL 

1 hour after 
administration 

6 

Pre-exposure Single administration 
of fibers containing 

ETR, MVC and RAL 

1 hour before 
administration 

6 

Late pre-exposure  Single administration 
of fibers containing 

ETR, MVC and RAL 

72 hours after 
administration 

6 

Total animals 24 

 

Because we will challenge each animal a single time, we will use a high dose of RT-SHIV, as 

opposed to repeating, low doses. We propose to use a similar challenge model as Malcolm et al., which 

consisted of a dose of 500 TCID50 of RT-SHIV,242 which is an order of magnitude higher than the doses 

used by Dobard et al. and Smith et al.228, 274 The primary outcome of this study is RT-SHIV infection as 

monitored by RT-PCR in blood samples taken for up to 60 days after challenge.  
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APPENDIX A: CHAPTER 4 SUPPLEMENTARY FILES 
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Supplementary Table 4.1. Evolution of PLGA-PU polymer compositions.  

Polymer 
ID 

Isocyanate Soft segment Chain 
Extender 

Fluorine 
Pendant 

Ratio Solubility Fibers? Comments 

634 LDI PLGA-PEG-PLGA 
Mn 1000:1000:1000 

 

DAHP - 6/1/5 DMF 
HFIP 

Yes Low MW; loss 
of fiber 

morphology 

635 LDI PLGA-PEG-PLGA 
Mn 1000:1000:1000 

 

DAHP FPI 6/1/5/5 HFIP Yes Low MW; loss 
of fiber 

morphology 
637 BDI PLGA-PEG-PLGA 

Mn 1000:1000:1000 
 

DAHP - 6/1/5 HFIP Yes Low MW; loss 
of fiber 

morphology 
638 BDI PLGA-PEG-PLGA 

Mn 1000:1000:1000 
 

DAHP FPI 6/1/5/5 HFIP Yes Low MW; loss 
of fiber 

morphology 
640 LDI PLGA-PEG-PLGA 

Mn 1000:1000:1000 
 

BDA - 6/1/5 HFIP Yes Low MW; loss 
of fiber 

morphology; 
Poor solubility 

642 BDI PLGA-PEG-PLGA 
Mn 1000:1000:1000 

 

BDA - 6/1/5 HFIP Yes Low MW; loss 
of fiber 

morphology; 
Poor solubility 

646 LDI PLGA-BD-PLGA 
Mn 500:58:500 

 

BDA - 2/1/1 HFIP/DCM 
DMSO 
DMF 

Yes Low MW; loss 
of fiber 

morphology 
668 LDI PLGA-BD-PLGA 

Mn 500:58:500 
 

BDA - 2/1/1 Insoluble NT Low MW 

670 MDI PLGA-BD-PLGA 
Mn 500:58:500 

 

BDA - 2/1/1 Insoluble NT Low MW 

648 LDI PLGA-TEG-PLGA 
Mn 500:190:500 

 

BDA - 2/1/1 DCM Yes Fiber 
morphology 
maintained; 
Mw=27,000 

Batch repeated 
(681) 

676 LDI PLGA-TEG-PLGA 
Mn 500:190:500 

 

BDA/ 
DAHP 

FPI 2/1/0.92
/0.08/0.

08 

DCM Yes Fiber 
morphology 
maintained; 
Mw=10,000 

Batch repeated 
(686) 

681 LDI PLGA-TEG-PLGA 
Mn 500:190:500 

 

BDA - 2/1/1 DCM Yes PLGA-PU 
Fiber 

morphology 
maintained; 
Mw=27,000 
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683 LDI PLGA-TEG-PLGA 
Mn 500:190:500 

 

BDA - 3/1/2 HFIP Yes PLGA-2PU 
Fiber 

morphology 
maintained; 
Mw=8,000 

686 LDI PLGA-TEG-PLGA 
Mn 500:190:500 

 

BDA/ 
DAHP 

FPI 2/1/0.92
/0.08/0.

08 

DCM Yes PLGA-PU-FB 
Fiber 

morphology 
maintained; 
Mw=8,000 

689 LDI PLGA-TEG-PLGA 
Mn 500:190:500 

 

BDA/ 
DAHP 

FPI 2/1/0.84
/0.16/0.

16 

DCM Yes PLGA-PU-2FB 
Fiber 

morphology 
maintained; 
Mw=11,000 

692 LDI PLGA-TEG-PLGA 
Mn 500:190:500 

 

BDA/ 
DAHP 

FPI 3/1/1.88
/0.12/0.

12 

HFIP No Low MW; loss 
of fiber 

morphology 
Mw=4,000 

LDI lysine diisocyanate BDI butane diisocyanate MDI methane diisocyanate PLGA-PEG-PLGA PLGA co-block polymer with 
polyethylene glycol linker PLGA-BD-PLGA PLGA co-block polymer with butane linker DAHP diaminohydroxypropane  
BDA butane diamine FPI fluorophenylisocyanate DMF dimethyl formamide HFIP hexafluoroisopropanol  
DCM dichloromethane DMSO dimethylsulfoxide 
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APPENDIX B: CHAPTER 5 SUPPLEMENTARY FILES 

 

 

  

Supplementary Table 5.1. HPLC method specifications for the detection of DPV, MVC and TFV from extracted 
hydrogel and tissue samples.  
Drug Mobile phase Flow rate 

(mL/min) 
Method 

time 
(min) 

Column oven 
temperature 

(°C) 

Injection 
volume 

(µL) 

Detection 
wavelength 

(nm) 

Retention 
time (min) 

DPV 65% ACN + 35% 10 
mM ammonium 
acetate in H2O 

1.0 10 30 10 310 6.4 

MVC 26% ACN + 74% 50 
mM KH2PO4 in H2O, 

pH=3.2 

1.0 15 44 20 193 8.9 

TFV 28% ACN + 72% 
0.045% TFA in H2O 

1.0 10 30 20 259 2.3 
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APPENDIX C: PROPERTIES AND STRUCTURES OF 

SELECTED APIS 

 
 

Drug Type MW 
(Da) 

Solubility in 
H2O 

pKa logP Structure 

Levonorgestrel 
LNG 

Hormonal 
contraceptive 

312.45 5.83x10-3 g/L 17.91 3.25 

 
Tenofovir 

TFV 
Antiretroviral 

NRTI 
287.21 1.87 g/L 1.35 -1.5 

 
Maraviroc 

MVC 
Antiretroviral 
Entry inhibitor 

513.67 1.06x10-2 g/L 14.5 4.3 

 
Norfloxacin 

NFL 
Antibiotic 319.33 1.01 g/L 5.77 -0.47 

 
Dapivirine 

DPV 
Antiretroviral 

NNRTI 
 

329.41 3.05x10-11 g/L 5.80 5.27 

 

Raltegravir 
RAL 

Antiretroviral 
Integrase 
Inhibitor 

444.42 7.1 g/L 5.62 -0.39 

 

Etravirine 
ETR 

Antiretroviral  
NNRTI 

435.28 1.69x10-2 g/L 12.49 3.67 
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