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Abstract 

Recently, there has been an increasing interest of developing topically applied microbicides as 

novel women-oriented prevention strategies against sexually transmitted infections. Among the 

different drug delivery systems, drug-eluting intravaginal rings (IVRs) became an attractive 

option from a pharmacokinetic perspective as it can provide extended residence in the female 

genital tract (FGT) with controllable sustained release of active pharmaceutical ingredients (APIs) 

with high user acceptability and patient adherence. In the current thesis, I focused on the 

development and evaluation of different types of IVRs with emphasis on hot-melt extrusion-

based technologies for fabrication including hot-melt extrusion (HME), hot-melt injection 

molding (HMIM), and fused deposition modeling (FDM) based three-dimensional (3D) printing. 

Matrix and reservoir type IVRs for sustained delivery of an anti-HIV and immunomodulatory 

compound, hydroxychloroquine (HCQ), were fabricated with HME and HMIM processes. 

Surface coating with either polyvinylpyrrolidone or poly(vinyl alcohol) dramatically reduced the 

burst release effect from matrix-type HCQ polyurethane (PU) IVRs while reservoir-type PU 

IVRs made from 35% water swellable hydrophilic PU exhibited nearly zero-order release profile 

of HCQ at the rate of 32.23 µg/mL/day. Furthermore, we transformed the same reservoir IVR 

segments into a RFID-tagged rabbit vaginal implant and evaluated its in vivo release and efficacy 

to maintain a low baseline of local immune activity under acute exposure of nonoxynol-9 (N9). 

We developed a novel implantation procedure to non-invasively place the implant within the 

upper section of the rabbit vaginal cavity and its vaginal residence was more than 40 days with 

evident long-term biocompatibility even when in direct contact with rabbit vaginal epithelium. 

The HCQ delivered from the rabbit implant maintained therapeutic effective concentrations of 

HCQ in rabbit vaginal fluid during the study, attenuated N9-induced vaginal epithelium damage, 
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reduced pro-inflammatory cytokine and chemokine production, and most appealingly, abolished 

the expression of local T lymphocyte activation markers. In an attempt to realize precise and 

tunable release of APIs under different categories, we introduced FDM 3D printing to produce 

reservoir PU IVR and IVR segments with precisely controlled rate-controlling membrane (RCM) 

thickness and porosity for API diffusion. By altering print patterns and interior fill densities, 

FDM 3D printing demonstrated to be an attractive fabrication technology to modulate the release 

of small chemotherapeutics, macromolecules, and PLGA nanoparticles.   
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1.1 HIV transmission and prevention 

1.1.1 Global epidemiology of HIV/AIDS 

In 1981, the Centers for Disease Control and Prevention reported unusual clusters of 

Pneumocystis carinii pneumonia and Kaposi's sarcoma in gay men in parts of the US, which 

were recognized as the first cases of Acquired Immune Deficiency Syndrome (AIDS) reported [1, 

2]. Three decades later, more than 36.7 million people live with human immunodeficiency virus 

(HIV) in the world (Figure 1.1) with approximately 2.1 million new HIV infections globally till 

2015 [3]. According to the 2014 Gap Report by the Joint United Nations Programme on 

HIV/ADIS (UNAIDS), the countries bearing the highest estimated burden of HIV infections 

include Swaziland, Lesotho, Botswana and South Africa, with South Africa being the country 

with the highest number of HIV-positive individuals [4]. A decline of new cases of HIV 

infection globally has been estimated by 35% in 2014 from 2000 [5], likely due to the increased 

use of condoms [6, 7], contribution from community support [8] and effective antiretroviral 

therapy [9, 10]. Currently, Sub-Saharan Africa is one of the regions most affected by HIV/AIDS. 

Although only 10% of the world's population lives in sub-Saharan Africa, the region accounted 

for an estimated 72% of all new HIV infections worldwide in 2011 [11]. Women in sub-Saharan 

Africa represent 58% of the global population living with HIV [11]. But the conventional 

prevention strategies such as abstinence, the use of condoms and monogamy are usually out of 

women’s control especially in regions like sub-Saharan Africa [12] due to mixed factors such as 

socioeconomic inequalities, gender discriminatory policies, tolerance of violence and male 

authority over women [3, 13]. Two types of HIV: HIV-1 and HIV-2, arose from two distinct 

ancestral strains of simian immunodeficiency virus (SIV) [14, 15], of which HIV-1 is the 

predominant virus over HIV-2 globally as HIV-1 is more infectious and pathogenic. This thesis 
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will only focus on HIV-1 infection. 

 

 

Figure 1.1 Global situation and trends of HIV 

Globally, 34.0–39.8 million people were living with HIV at the end of 2015, accounting for an 

estimated 0.8% of adults aged 15–49 years worldwide. Of all regions globally, Sub-Saharan 

Africa remains most severely affected. Figure reprinted with permission from World Health 

Organization website with permission. Adult HIV prevalence (15-49 years), 2015 by WHO 

region. Accessed on April 16, 2017 at http://www.who.int/entity/gho/hiv/hiv_013.jpg?ua=1 
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1.1.2 HIV-1 genome and structure  

The structural biology of HIV-1 has been extensively reviewed in numerous scientific literatures 

[16-19]. As an enveloped virus, each mature HIV-1 virion encapsulates two copies of single-

stranded positive RNA. HIV-1 belongs to the unique Retroviridae family that can reverse-

transcribe its genome from RNA to a DNA intermediate for replication with the help of reverse 

transcriptase enzyme. HIV-1 virion has been revealed to possess variable sizes and 

ultrastructures observed under electron micrographs with an intermediate size of approximately 

130 nm ranging from 119 nm to 207 nm [19, 20]. Two copies of linear single-stranded RNA 

with 9.2 kb in length comprises HIV-1 viral genome in each virion, encoding a total of nine 

genes for structural proteins involving group-specific antigen (gag), polymerase (pol), envelope 

(env) and other non-structural proteins [21, 22]. The non-structural proteins involve regulatory 

and accessory proteins: trans-activator of transcriptation (Tat), differential regulator of 

expression (Rev), negative regulator factor (Nef), viral protein R (vpR), virus protein U (Vpu), 

and viral infectivity factor (Vif) [23, 24].  

An illustration of HIV viral structure with the key components is presented in Figure 1.2. 

The HIV-1 gag proteins (p17, p24, p7, and p6) are essential for assembling a fully functional 

HIV-1 virion, responsible for numerous roles in viral maturation and early events of viral 

replication [25]. The matrix protein, p17, is involved in the early and late stages of viral 

replication cycle [26]. Capsid protein p24 and nucleocapsid protein p7 are involved in the 

process of formation of the viral capsid and encapsulation of the viral genomic material within 

the core of the viral particle [27]. Associated with the viral accessory protein Vpu, p6 is 

recognized as a docking site for several cellular and viral binding partners and is important for 

the formation of mature viruses [28]. Localized within the conserved region of HIV genome, the 
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pol gene encodes three viral enzymes including protease, reverse transcriptase and integrase [29]. 

Protease is involved in the proteolytic process of HIV-1 genome responsible for cleaving the 

precursor viral polyprotein into mature functional viral proteins [17]. Reverse transcriptase, a 

RNA-dependent DNA polymerase, is the key component for the reverse transcription of viral 

RNA into proviral DNA [30], which is turned into double stranded viral DNA by removing 

several nucleotides from the 3’ ends of proviral DNA [31]. Integrase assists the process of 

incorporating the generated double stranded viral DNA into the host cell genome [32]. The env 

gene encodes the viral envelope glycoproteins, gp120 and gp41. Both are cleaved from the 

precursor protein gp160 [33, 34]. The gp120 protein, anchored by gp41 on the viral lipid 

membrane, plays an important role as receptor binding target cells [35]. Both envelop proteins 

together form the heterotrimeric complexes containing three molecules of each protein on HIV-1 

virion surface to facilitate the entry process into the target cells [36]. The gp120 envelope 

glycoprotein binds the CD4 molecule on the target cells [37], triggering gp120 conformational 

changes to allow the interaction to one of two chemokine receptors, CCR5 or CXCR4 [38-40], 

which leads to the exposure of the ectodomain of gp41 and other conformational changes 

resulting in the fusion of the viral and host cell membranes [41, 42]. During HIV-1 pathogenesis, 

HIV accessory proteins (Vpu, Nef, Vpr, and Vif) and regulatory proteins (Tat and Rev) also play 

important roles in HIV replication [43-47]. For instance, Vpu downregulates the CD4 and MHC 

type I molecules, enhancing the release of mature infectious virions from infected cells [48, 49]. 

Nef contributes to the downregulation of CD4 expression on infected cells and acts as a prime 

effector for HIV-1-mediated inflammation by inhibiting host cell autophagy [45, 50, 51]. Vpr has 

been reported to be associated with long-terminal repeats (LTR) transactivation [52], apoptosis 

regulation [43], and the induction of cell cycle arrest [53]. Vif regulates viral infectivity by 
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inhibiting virion incorporation of innate host molecules possessing antiviral activities during the 

viral budding process [54, 55]. Rev protein is involved in the process of exporting and slicing the 

RNAs of viral structural proteins [56]. As a multifunctional protein, Tat demonstrates its 

involvement in modulation of pro-inflammatory cytokine gene expressions, induction of 

apoptosis, and cell penetration [57]. 

 

 

 

 

 

 



 

 7 

 

Figure 1.2 Schematic of HIV-1 structure 

The important viral structural elements were highlighted including viral genomic material, capsid 

protein, nucleocaspid protein, envelope proteins, integrase, reverse transcriptase, protease, 

accessory proteins and lipid bilayer. Reproduced with permission from Macmillan Publishers Ltd: 

Robinson, H. L. Nat Rev Immunol. 2002; 2(4): 239-250. [58]. Copyright © Nature Publishing 

Group. 
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1.1.3 Life cycle of HIV-1 

Understanding the life cycle of HIV-1 is crucial to finding appropriate ways of thwarting HIV 

infection and pre-clinically determined effective drug candidates targeting different steps of the 

HIV-1 life cycle have been reported to be formulated in various dosage forms for intravaginal 

delivery (Table 1.1). Basically, an HIV-1 viral life cycle (Figure 1.3) can be summarized into the 

following steps [16, 19, 44]: (1) binding of HIV virions to the target cells via CD4 receptor and 

either CCR5 or CXCR4 co-receptors interacting with viral envelope glycoproteins [59]; (2) 

fusion of virions with the target cell membrane and release of the genetic materials into the 

cytoplasmic compartment of the target cells [60]; (3) uncoating of the viral core shell; (4) reverse 

transcription of viral RNA into double-stranded viral DNA; (5) integration of viral DNA into the 

host cell genome; (6) translocation of pre-integration complex (PIC) into host cell nucleus; (7) 

PIC-associated integration process and the formation of the integrated provirus in the presence of 

the host chromatin-binding protein lens epithelium-derived growth factor (LEDGF); (8) 

transcription of viral RNA and translation of viral proteins mediated by host RNA polymerase II 

(RNA Pol II) and positive transcription elongation factor b (P-TEFb); (9) the export of yielded 

different sizes of viral mRNAs from cell nucleus into cytoplasmic compartment, of which the 

larger sized mRNAs of Gag and Pol is guided into cytosol for translation by the host nuclear 

export factor, chromosome region maintenance 1 (CRM1); (10) translation of viral proteins from 

mRNA templates utilizing the translational machinery of the host cell; (11) assembly of new 

viral particle in the cytosol through the incorporation of full-length viral RNA and protein 

components into new virions; (11) budding process of the viral particle from host cell membrane; 

(12) release of pre-matured virions facilitated in the presence of ALIX (apoptosis-linked gene 2 

(ALG-2)-interacting protein) [61, 62] and ESCRT complexes (endosomal sorting complex for 
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transport) into the extracellular spaces [63]; (13) viral maturation mediated by protease and the 

initiation of the next round of HIV-1 life cycle. In general, HIV infection of target cells require 

fusion between the viral membrane and cell membrane by sequential interaction of gp120 with 

target cell surface CD4 molecules and one of two chemokine receptor molecules (CXCR4 or 

CCR5) serving as co-receptors. Virtually all strains of HIV-1 use CD4 as a receptor on target 

cells [64]. Thus, CD4-expressing cells such as macrophages, T cells, and DCs can be 

productively infected with HIV [39, 65]. 
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Figure 1.3 Illustration of HIV-1 life cycle 

Numerous host and viral proteins are involved in the life cycle of HIV-1 including multiple 

intracellular events. Each step also represents a potential target for corresponding anti-HIV drug 

candidate, which is indicated in white boxes. INSTI, integrase strand transfer inhibitor; NNRTI, 

non-nucleoside reverse transcriptase inhibitor; NRTI, nucleoside reverse transcriptase inhibitor. 

Reproduced with permission from Macmillan Publishers Ltd: Engelman, A. and P. Cherepanov. 

Nat Rev Microbiol. 2012; 10(4): 279-290. [16] Copyright © Nature Publishing Group. 
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Table 1.1 Representative drug candidates targeting different steps of HIV-1 life cycle 

Drug class Drug Derivative M.W. 
(g/mol) 

LogP 
[Ref] 

Melting Point (°C) 
[Ref] 

Water Solubility 
(g/L) 

Vaginal formulation 
tested[Ref] 

Entry 
Inhibitor Maraviroc N/A 513.67 4.3 198 1.06E-02 IVR[66], gel[67] 

Fusion 
Inhibitor 

Enfuvirtide N/A 4491.88 N/A N/A n.s. N/A 

(N)NRTI 

Tenofovir monohydra
te 305.2 -3.7 278 13.4 IVR[68], gel[69] 

Apricitabine N/A 229.26 N/A 200 N/A N/A 

Dapivirine N/A 329.4 6.3[70] 220 5 IVR[70], gel[71] 

UC781 N/A 335.85 N/A >145[72] n.s. IVR[72], film[73] 

Integrase 
Inhibitor 

Elvitegravir N/A 447.88 N/A 151 N/A N/A 

Raltegravir Monopotas
sium 482.51 2.72 156 soluble N/A 

Protease 
Inhibitor 

Ritonavir N/A 720.94 3.9 121 1.26E-03 N/A 
Indinavir Sulfate 711.87 2.9 152 0.015 N/A 
Nelfinavir Mesylate 663.89 6 349 4.5 N/A 
Atazanavir Sulfate 802.93 2.88 195 4-5 N/A 
Saquinavir Mesylate 766.95 3.8 349 2.47E-03 gel[71] 

(N)NRTI: (Non)-Nucleotide Reverse Transcriptase Inhibitor; n.s.: negligible soluble. IVR, intravaginal ring.  
The molecular weight, melting points, logP and water solubility values for the derivatives of the drugs are either obtained from the 
Merck Index, PubChem or DrugBank 
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1.1.4 The physiology of human female genital tract (FGT) 

Natural transmission of HIV via heterosexual intercourse is through a mucosal surface at FGT, 

which serves as the first line of defense against potential pathogenic invasions [74, 75]. 

Understanding the physiological characteristics of FGT is a crucial prerequisite for the 

development of prevention strategies against genital mucosal transmission of HIV-1. The 

mucosa of the human vagina (Figure 1.4) consists of a stratified squamous epithelium resting on 

an indistinct lamina propria and an underlying vascular sub-mucosa. This multi-layered structure 

can be 20–45 cells thick and is comprised of four layers including the basal, squamous, granular 

and cornfield layers [76]. As epithelial cells progress in their upward migration from the dividing 

cells of the germinal basal layer, they become flattened and keratinized cells with small pyknotic 

nuclei. The ectocervix has a similar architecture, while the cervical transformation zone and the 

endocervix consists of a mucus-secreting simple columnar epithelium covering a vascular lamina 

propria. Cervical mucus itself provides some protection against HIV infection. It acts as a 

potential barrier to infected cells and contains proteins with antiviral activities including 

secretory leukocyte protease inhibitor [77]. Normally, the cervicovaginal mucus is acidified to a 

pH of 4–5 [75]. The acidic microenvironment of the vagina (pH 3.5-4.5) is maintained by lactic 

acid producing bacteria. The most common of these found throughout the reproductive cycle of 

normal pre-menopausal healthy women is Lactobacillus [78]. 

The mucosal immune system in the lower genital tract of women consists of a resident 

population of T cells, B cells, dendritic cells (DCs), macrophages, natural killer cells, and 

neutrophils in the lamina propria of the vagina and cervix [79]. B cells are commonly found in 

the lamina propria [80]. CD8+ T cells comprise over 60% of the total T cells in the 

cervicovaginal mucosa [81]. These cells are common in the deep layers of the vaginal epithelium 
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or in the superficial lamina propria [82]. An estimated ratio of CD8+ T cell to CD4+ T cell was 

reported to be approximately 8:2 in the female vaginal tract [79]. In addition, Langerhans cells 

(LCs; specialized DCs of the mucosa) are abundant in the epithelial layer of the vaginal and 

ectocervical mucosa of women [83]. Dendritic processes from LCs extend to the lumen of the 

vagina to sample antigen in the vaginal lumen [82]. Thus, LCs have a sentinel role designed to 

detect pathogenic invasion and damage of epithelial surfaces. Migration of LCs from epithelial 

surfaces is triggered by inflammatory cytokines induced either by pathogen invasion of mucosal 

surfaces or epithelial damage [84]. The anatomical positioning of these CD4+ cells in 

cervicovaginal epithelium and their normal trafficking pattern to T cell zones of lymph nodes 

suggest their significant role in HIV transmission. HIV may come into direct contact with these 

cells through exposure of dendritic processes to virions in the vaginal lumen, epithelial thinning, 

or through trauma. Thus, HIV-infected mucosal LCs could mediate transmission of HIV across 

the intact genital epithelium. Natural killer (NK) cells possess cytotoxic activity and constitute 

approximately 10% of systemic leukocytes but up to 70% of mucosal leukocytes in the 

endometrium [75]. These cells are involved in several processes including host defense and 

pregnancy [74, 85]. NK cells at FGT demonstrated unique phenotype including the expression of 

CD9 on cell surface in comparing to its counterpart in blood. [85] Uterine NK cells produce pro-

inflammatory cytokines such as GM-CSF, IL-10, IL-8 and IFN-g and promote the inflammatory 

response, inducing macrophage activation and cytotoxic T cell generation. Table 1.2 lists the 

distribution of the major type of immune cells present at different zones of FGT. 
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Figure 1.4 Schematic illustration of human FGT epithelium morphology 

(A) the upper FGT, consisting of the Fallopian tubes, uterine endometrium and endocervix is 

lined by a single layer of columnar epithelial cells linked by tight junctions. (B) the lower FGT, 

consisting of the ectocervix and vagina is covered by a layer of stratied squamous epithelial cells. 

FGT, female genital tract. Reproduced with permission from Macmillan Publishers Ltd: Hickey 

DK et al. J Reprod Immunol. 2011 Mar;88(2):185-94. [75] Copyright © 2011 Elsevier Ireland 

Ltd. 

 



 

 15 

Table 1.2 Immune cells residing in the FGT  

 Cell type Role Function Upper Lower 

Epithelial 
cells 

Innate 
Physical barrier 
Mucin production 
Broad spectrum antimicrobials 
(uterine) 
IgA transport (uterine) 

 
Single 
cuboidal 

Stratified 
squamous 

 
 

   
   CD4+ T cells Adaptive Th-1 cell mediate response High Low 

  IFN secretion - antiviral activity   CD8+ T cells Adaptive Th-1 cell mediate response High Low 

  Apoptosis of infected cells 
IgG & IgA 
present 

 B cells Adaptive Th-2 humoral responses IgG>IgA 

 
 

Maturation into IgA/IgG secreting 
plasma cells 

 DC/LC Innate Antigen presentation High Low 

Macrophages Innate Phagocytosis (include antibody bound 
pathogens) High Low 

  Antigen presentation   NK cells Innate Apoptosis of infected cells Low  High 
Neutrophils Innate Phagocytosis 

      Antimicrobial activity High Low 
 
DC: dendritic cells; LC: Langerhans cells; NK: natural killer; Th-1: T helper type-1; Th-1: T 
helper type-2. Summarized from the following references: [86-88]. 
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1.1.5 HIV-1 infection at FGT and local inflammation  

The majority of HIV infections occurs in women through male-to-female sexual transmission 

[89]. During sexual transmission at the FGT, T lymphocytes and DCs residing within the genital 

epithelia are target cells for HIV virus from semen or mucosal fluids [90]. Followed by cell entry, 

HIV-1 viral replication then progresses to the production of progeny virus. Virions will then be 

taken up into the lymphoid tissues to regional lymph nodes, and eventually blood circulation 

resulting in systemic infection of the host [91, 92]. Investigations into the early infection events 

of rhesus macaques with genital mucosal exposure to simian immunodeficiency virus (SIV, 

Figure 1.5), evidence suggests that virus can rapidly cross the mucosal epithelial barrier within 

hours [93] to infect local susceptible cells resulting in a small number of founder population of 

the infected cells, which further undergoes local expansion within a week and propagates into a 

systemic level into other lymphoid organs thereafter [94-96]. The similar events were also 

observed in humans infected by HIV-1 [97, 98]. Ideally, two infection prevention strategies 

against propagation of local infection into systemic levels may be worthy of consideration [91]: 

(1) establishing early interventions to reach a basic reproductive number (R0, the number of 

infected cells generated by a single infection over the course of the infectious period) below 1 to 

terminate the infection locally; (2) preventing local expansion in order to break the spread of 

local infection at genital tract to systemic circulation. This partially provided the rationale of 

inducing immune quiescence at FGT as a new strategy for breaking the chain of HIV 

propagation into systemic circulation level [99], based on which we developed and evaluated 

intravaginal drug delivery systems described in Chapter 2 and Chapter 3.  
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Figure 1.5 SIV transmission at genital tract 

Within hours after SIV infection, virus breaches the mucosal epithelium to infect the local 

susceptible cells, establishing a small local infected founder population comprised of infected 

resting and activated CD4+ T cells. After local expansion of this founder population, systemic 

propagation of viral infection occurs through the bloodstream to reach the draining lymph node 

and further other organs. Green boxes indicate the two early viral vulnerabilities as possible 

infection prevention opportunities for terminating the infection propagation into the systemic 

level. R0, basic reproductive number. Reproduced with permission from Macmillan Publishers 

Ltd: Haase, A. T. Nature 2010; 464(7286): 217-223 [91] Copyright © Nature Publishing Group. 
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 Human vaginal transmission of HIV-1 (Figure1.6) through sexual intercourse can involve 

transmission by the routes of vagina or cervicovagina [100]. Due to the unique anatomical 

characteristics of human FGT, the cervical transformation zone within vagina which contains 

single layer of columnar epithelium are more vulnerable sites for being breached by HIV-1 [101]. 

The endocervix, however, is found to be protected by thick mucus offering a physical barrier to 

HIV-1 infection even though columnar epithelium is present on the endocervical surface [95]. 

The possible disruption of the vaginal mucosa integrity leading to HIV-1 breaching the mucosa 

may be caused by a dried vaginal environment or tearing of the vaginal epithelium during sexual 

intercourse [102, 103], the presence of bacterial vaginosis [104], or other disease-induced 

inflammation within the vaginal tract [105]. After breaching the mucosa, HIV-1 will reach 

submucosal susceptible cells including T lymphocytes, macrophages and dendritic cells [106] 

with LCs being the main cell type to be infected within the first hour of HIV-1 exposure [93]. 

This is due to, the dendritic projections of LCs, extending into the vaginal lumen, encountering 

cell-free virus traversing within the mucosa layer and thus resulting in the infected LCs (Figure 

1.6) [107]. Within 24 hours after the initial infection, CD4+ T cells in the sub-epithelium are 

infected [95], providing the source of viral dissemination throughout the lymphatic tissues.  

HIV-1 mucosal infection results in rapid upregulation of cytokines and chemokines and 

upregulation of chemokine receptors, leading to recruitment and activation of additional HIV-

target cells. For example, viral exposure immediately increases MIP3-α expression in the 

endocervical epithelium (Figure 1.7). This chemokine attracts plasmacytoid dendritic cells 

(pDCs), which in turn recruit CD4+CCR5+ T cells to vaginal mucosa and macrophages through 

the CCR5+ chemoattractant chemokines MIP-1α, MIP-1β, and CCL5 (RANTES) [91, 95, 108-

110]. Other pro-inflammatory mediators found to be significantly elevated during HIV-1 vaginal 



 

 19 

infection include IL-8, IP-10, and MCP-1[108], also contributing to the CD4+ T-cell recruitment. 

In addition, any pre-existing inflammation associated with thinned vaginal epithelium [110] or 

other genital infections [105] may increase HIV-1 acquisition. In addition to recruiting more 

target cells for HIV replication, pro-inflammatory cytokines induce expression of transcription 

factors such as nuclear factor NF-kB, binding to HIV-1 LTR and upregulating the viral 

replication [111]. Elevated pro-inflammatory cytokines may also facilitate HIV infection by 

disrupting tight junctions between epithelial cells, further damaging the integrity of the vaginal 

mucosa [112]. 
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Figure 1.6 Factors involved in HIV-1 infection at human FGT 

The factors associated with HIV-1 infection involve: ectopic protrusion of endocervical 

columnar epithelium into the ectocervix, the squamous epithelial layer thinning, other bacterial 

infections, local recruitment of HIV-target cells due to inflammation, traumatic events during 

sexual intercourse, Reproduced with permission from Macmillan Publishers Ltd: Lederman MM 

et al. Nat Rev Immunol. 2006 May;6(5):371-82. Copyright © Nature Publishing Group.  
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Figure 1.7 HIV-exposed endocervical epithlium resulting MIP3-α secretion and subsequent 

T cell recruitment  

Exposure of endocervical epithlium to HIV-1 increases MIP3-α secretion from the epithelium 

cells that initiating the recruitment of pDCs, which produces other T-lymphocytes attracting 

molecules, such as MIP-b, along with pre-existing local inflammation to fuel the local expansion 

of infected cells. pDC, plasmacytoid dendritic cells. Reproduced with permission from 

Macmillan Publishers Ltd: Haase, A. T. Nature 2010; 464(7286): 217-223 [91] Copyright © 

Nature Publishing Group. 
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 Previous studies have demonstrated that HIV-1 can establish more productive infection in 

activated CD4+CCR5+ T cells of the FGT [113]. Higher expression of T-cell activation markers 

including CD38 and HLA-DR in HIV-infected women [114] correlates with higher frequencies 

of activated T cells in the FGT, HIV shedding, and CD4+ T-cell depletion. While the reduced 

expressions of CD38 [115], HLA-DR and CCR5 [116] on CD4+ T cells at systemic levels were 

observed in the uninfected partners of serodiscordant couples. Lymphocytes isolated from HIV-

exposed seronegative (HESN, individuals who remain uninfected when exposed to HIV) 

individuals showed lower levels of early T-cell activation marker CD69 [117]. Overall, vaginal 

exposure of HIV-1 typically results in immune activation of the FGT characterized by elevated 

levels of pro-inflammatory cytokines and chemokines, increased infiltration of HIV-target cells 

and local T-cell activation. 

1.1.6 The challenges of preventing HIV-1 infection at FGT 

After more than three decades since the original discovery of HIV, numerous efforts have been 

attempted to identify effective prevention strategies (Figure 1.8). The search of an effective 

vaccine for HIV-1 is challenging due to: (1) inability of antibodies to neutralize HIV-1 since the 

conserved regions are highly variable and thermostably concealed with heavy glycosylation 

coverage [42, 118]; (2) HIV can form latent proviral DNA which can establish during the early 

infection stage with long half life; (3) the existence of highly variable HIV-1 strains capable of 

recombination with high error rate of reverse transcription process [58]. Therefore, in absence of 

a successful HIV-1 vaccine, several other prophylactic strategies have been proposed, including 

post-exposure prophylaxis (PEP) [119, 120], pre-exposure prophylaxis (PrEP) [121, 122], and 

induction of immune quiescence at FGT [99]. 

 



 

 23 

 

 

Figure 1.8 Key moments in HIV-1 research 

The historical milestones in discovery, research, diagnosis, and seek of treatment or prevention 

strategies against HIV-1. CCR5, CC-chemokine receptor 5; CMV, cytomegalovirus; IPrEx, 

Iniciativa Profilaxis Pre-Exposición study; PEPFAR, US President’s Emergency Plan for AIDS 

Relief; PrEP, pre-exposure prophylaxis; SIV, simian immunodeficiency virus; SMART, 

Strategies for Management of Antiretroviral Therapy; START, Strategic Timing of 

AntiRetroviral Treatment. Reproduced with permission from Macmillan Publishers Ltd: Deeks, 

S.G., et al., Nat Rev Dis Primers, 2015. 1: p. 15035. [59] Copyright © Nature Publishing Group. 

 

 

 

 

 

 

 

 



 

 24 

PEP, was originally derived from the evidence of SIV challenge studies [123] showing 

PEP could reduce or eliminate the infection when it was applied from immediate exposure to 72 

hr post-exposure, followed by a 4-week continuous treatment to maximize the possibility of 

preventing productive infection. Clinical use of PEP is based on a case-control study that 

demonstrated an 81% reduction of HIV-1 infection among health care workers that were given 

prophylactic zidovudine [124]. However, due to ethical and logistical constraints, randomized 

controlled clinical trials of PEP regimens are not feasible, which in turn affects the appropriate 

evaluation and application of PEP as an effective HIV prevention strategy. 

With the advancement of effective antiretroviral therapy (ART), HIV-1 is no longer 

considered a terminal disease but a manageable long-term condition. For individuals known to be 

at high risk of becoming infected with HIV-1, using antiretroviral drugs before the infection, so-

called PrEP, has been proven to provide substantial protection from HIV-1 acquisition [125]. 

The rationale of this PrEP is to administer a preventive dose of drug(s) before the exposure to 

HIV-1 infection in order to inhibit viral replication immediately after viral invasion, resulting in 

the abolishment of the infection. Results from previous clinical trials demonstrated that tenofovir 

disoproxil fumarate (TDF) based regimens yielded relatively high prevention rates of HIV 

acquisition in men who have sex with men [126] or between heterosexual serodiscordant couples 

[127]. In July 2012, FDA approved the PrEP of using Truvada® (a daily-taken tablet containing 

TDF and emtricitabine, FTC) to reduce the risk of sexually acquired HIV-1 in adults with high 

risk of viral exposure [127, 128]. In 2016, the World Health Organization (WHO) released new 

guidelines [129], recommending the daily use of either Truvada® or Viread® (containing TDF) 

as PrEP for individuals at substantial risk of acquiring HIV-1. The most important prerequisite 

for maintaining PrEP efficacy, is to achieve high levels of drug adherence as demonstrated in 
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clinical trials and elucidated using models based on the measurement of drug levels in the blood 

and mucosal tissue [130]. However, since TDF accumulates 10 to 100 times less in vaginal tissue 

than rectal tissue [131]. For current TDF-based PrEP to possess similarly efficacy observed in 

men who have sex with men, women need to be strict with the adherence to the daily regimen, 

which unfortunately was not achieved in subsequent failed oral PrEP trials (FEM-PrEP [132] and 

VOICE [133] trials, during which the drug adherence is less than 40% and approximately 30%, 

respectively). In contrast, results from other oral TDF trials (such as Partners PrEP [127, 134], 

TDF2 [135] and BTS [136]) with high patience adherence (83% for uninfected women/31% for 

infected women in Partners PrEP, 80% for uninfected women/50% for infected women in TDF2, 

and overall 66% in BTS, respectively) showed that high drug adherence indeed support the high 

efficacy of protection from HIV-1 infection in women (71% for TDF and 66% for TDF/FTC in 

Partners PrEP; 49% in TDF2; 79% in BTS). Overall, high adherence had a positive correlation 

with the high PrEP efficacy reported in the trials, as indicated by the drug levels in various 

biomatrices. To improve PrEP adherence, other prophylaxis formulations are currently being 

explored, including long-acting dosage forms [59]. For example, a recent phase I trial using IVR 

releasing TDF for 14 days showed that the ratio of TDF present in cervicovaginal lavage fluid to 

rectal fluid was more than 100 folds since the fourth day of IVR usage [137].  

Despite PEP and PrEP, induction of immune quiescence (IQ) status at FGT has been 

recently proposed to be another potential HIV-1 prevention strategy, based on the elevated 

immune activation during HIV-1 infection at FGT and the immunological evidence from HSEN 

people naturally resistant to HIV-1 infection [99]. As described in Section 1.1.5 previously, 

immune activation at FGT after the exposure to HIV-1 is a significant contributor to damage the 

local immune system, responsible for attracting HIV-target lymphocytes and facilitating the 
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dissemination of infection into the draining lymph nodes. The results from the studies on HESN 

individuals with high risk of HIV-1 exposure which may shed new light on the development of 

new strategy HIV prevention to reduce HIV-1 transmission: (1) lower expressions of HLA-DR 

and CCR5 on CD4+ T-cell isolated from HESN individuals with resistance to in vitro HIV-1 

infection [116]; (2) reduced susceptibility of unstimulated PBMC to in vitro HIV infection 

associated with low levels of activated CD4+CD69+ T cells and increased levels of 

CD4+CD25+FOXP3+ regulatory T cells [138, 139]; (3) reduced CD69+ CD4+ and CD8+ T 

cells in vivo in HESN when compared with controls [139]; (4) other T-cell activation markers 

including CD38 [115] and Ki67 [115] are also identified to express at lower levels on T cells; (5) 

lowered levels of pro-inflammatory cytokines including IL-1b, IL-6, RANTES, and TNF-a 

produced at baseline in HESN women than HIV-negative control [140]; (6) reduced expression 

of IL-1α, IL-8, MIG and IP-10 in cervicovaginal lavage (CVL) samples [141]; (7) individuals 

with high levels of quiescent T cells are capable of responding to recall antigens or mitogens 

[142]. Therefore, IQ model to establish local mucosal resistance to HIV-1 infection was 

proposed (Figure 1.9), representing a state of low baseline immune activation limiting HIV target 

cells and substrates available for productive viral replication at human FGT [99, 140]. Since HIV 

replication in resting CD4+ T cells is less productive than that occurs in activated T cells [96, 

143, 144], pharmacological interventions delivery by microbicides may be introduced at FGT to 

decrease the local T-cell activation and expressions of pro-inflammatory mediators without 

interfering with normal mucosal immune response, preventing the recruitment of HIV-target 

cells from systemic circulation. Eventually, the clearance of infected cells are allowed through 

local HIV-specific cytotoxic T lymphocytes (CTL) in the presence of elevated levels of 
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regulatory T cells (Treg) or innate mechanisms[145]. The potential drug candidates to induce IQ 

at FGT can be those possess immunomodulatory properties [146-149].  

 In summary, currently TDF-based PrEP is considered as the major pharmacological HIV 

prevention strategy approved by FDA against HIV infection, though a high user adherence is 

required for women under PrEP to acquire efficient protection. Besides the evaluation of new 

regimens able to improve women adherence for TDF-based PrEP, other new HIV prevention 

strategies targeting host immune system to limit the negative impact of HIV mutation without 

comprising normal immune response, such as IQ, are currently under investigation and may offer 

direct protection acting alone or synergistic protection when combined with PrEP.  
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Figure 1.9 Induction of IQ at FGT to prevent HIV-1 infection 

Reproduced under the terms of the Creative Commons Attribution License from Card, C.M., T.B. 

Ball, and K.R. Fowke,. Retrovirology, 2013. 10: p. 141. Copyright © Card et al.; licensee 

BioMed Central Ltd. 2013 
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1.1.7 Vaginal drug delivery 

The vaginal route has been used for the administration of a wide range of therapeutic agents such 

as those for contraception and for the treatment of local vaginal infections. The human vagina is 

a slightly S-shaped fibro-muscular structure extending from the exterior of the body to the uterus 

[150, 151]. The vaginal wall is composed of the epithelial layer, the middle muscularis, and the 

tunica adventitia [152]. The presence of elastic rugae on the surface of the vagina greatly 

increases surface area of the vaginal wall. Due to the smooth elastic fibers in the mucularis and 

the loose connective tissue of the tunica adventitia, the vagina exhibits excellent elasticity. The 

network of vaginal blood vessels involves a plexus of arteries expanding from the internal iliac 

artery, uterine, middle rectal as well as internal pudental arteries [153]. Both blood and 

lymphatic vessels are abundant in the wall of the vagina. The lymphatic drainage of the vagina 

involves the lower one third of the vagina draining into the inguinal lymph nodes and the upper 

two thirds to the pelvic and para-aortic lymph nodes [154].  

 Drug transport across the vaginal membrane may occur by any one of the following 

mechanisms: passive diffusion through the cells due to a concentration gradient, vesicular- or 

receptor-mediated transport, or diffusion between cells through tight junctions [155]. Drug 

absorption across the vaginal epithelium membrane involves three sequential steps: release of the 

drug from the delivery system, dissolution of the drug into vaginal fluid within the vaginal lumen, 

and the membrane penetration of the drug [156]. Thus, permeability of drugs in the vagina can 

be affected by the physicochemical properties of the drug itself, changes in vaginal fluid volume, 

pH and composition, variations in the thickness of the vaginal epithelium, or the contact time 

between drug and vaginal epithelium [157]. Physicochemical properties such as molecular 

weight, lipophilicity, ionization, surface charge, and solubility can affect vaginal drug absorption. 
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For example, the large surface area along with the highly vascular surface of the vaginal mucosa 

enable rapid absorption of low molecular weight lipophilic drugs [157]. Lipophilic steroids such 

as progesterone and estrogen are much more greatly absorbed in comparison to hydrophilic 

steroids such as hydrocortiscone and testosterone [158]. However, any drug intended for vaginal 

delivery still requires a certain degree of solubility in water since vaginal fluid contains a large 

amount of water [153]. Vaginal tissues exude about 2-8 mL of fluid each day [159] and 

approximately 0.5-0.75 mL is present at any one time [160]. The human vaginal fluid may 

contain enzymes, proteins, carbohydrates, amino acids, hydroxylketones and aromatic 

compounds [161]. Changes in the volume, viscosity and pH of vaginal fluid may have either 

negative or positive impact on drug absorption. For instance, increased volume of vaginal fluid 

may help to increase the absorption of some poorly water-soluble drugs. However, increased 

fluid may also “wash out” drug from the vaginal cavity and result in reduced drug absorption. 

Changes in vaginal pH may affect the degree of drug ionization, resulting in altered drug 

absorption [162, 163]. The vaginal environment is slightly acidic as a result of lactic acid 

produced by the dominating flora present in the vagina, Lactobacillus acidophilus [153]. Thus, 

the microbial balance between Lactobacillus and other gram-negative anaerobes can also 

influence drug absorption. During the menstrual cycle, the thickness of the human vaginal 

epithelial cell layer may change by approximately 200-300 µm [164]. The cyclic changes in 

thickness of vaginal epithelium can affect the absorption of certain steroids. For example, 

vaginal absorption of estrogen has been shown to be higher in postmenopausal women compared 

to premenopausal women [165]. Besides, drug residence time within the vaginal tract can also 

influence the extent of absorption [153].  



 

 31 

 Advantages of vaginal drug delivery have been well documented in terms of reduced 

systemic toxicity, increased bioavailability, and improved patient acceptance and regimen 

adherence. Prolonged-acting dosage forms, such as IVRs or other vaginal implants, can be 

applied within the FGT, providing lower daily doses and potentially reducing systemic toxicity 

[154]. Compared with oral route of administration, the avoidance of gastric irritation [166] and 

bypassing of the hepatic first-pass effect enable greater bioavailability via vaginal delivery [167], 

which is especially ideal for drugs that undergo a high degree of hepatic metabolism [168]. The 

reason drugs administered intravaginally can bypass the hepatic portal system is because that, the 

drug will enter the peripheral circulation upon absorption via a rich venous plexus, which 

primarily empties into the internal iliac veins [169]. Longer intervals between doses are generally 

more convenient than daily dosing, resulting in enhanced patient compliance. The ease in self-

administration/removal of most vaginal dosage forms also helps to increase user acceptability 

[170] and reduce the burden of repeated hospital appointments [171]. 

 

1.2 Intravaginal ring (IVR) - novel microbicide system for HIV prophylaxis 

Microbicides are active APIs or pharmaceutical formulations containing the APIs, such as 

creams, gels, films, or rings, applied topically at vagina or rectum to break the propagation of 

sexually transmitted infections by providing chemical, physical, or biological barriers to the 

infections. Recently, there is renewed interest in the development of sustained and controlled 

dosage forms for the intravaginal delivery of antiretroviral therapeutics for the prevention and 

treatment of HIV infection [154]. The intravaginal ring (IVR) platform has demonstrated great 

potential as a novel vaginal delivery strategy for antiretroviral drugs currently being investigated 

in various pre-clinical and clinical studies. Generally speaking, IVRs are flexible, torus-shaped, 
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elastomeric drug delivery devices that can provide long-term, sustained or controlled release of 

substances to the vagina for either local or systemic effect. Sustained release refers to the release 

of API over a prolonged period of time, while controlled release refers to manipulative release 

rates of API can be achieved preferably in a zero-order kinetics to delivery API at a constant rate 

[172]. IVRs are designed to be self-inserted and removed, and are positioned in the upper portion 

of the vagina, generally adjacent to the cervix [173]. Although not critical for clinical efficacy, 

the exact location of ring deployment may affect comfort in some women. 

 Traditionally, vaginal formulations consist of creams, gels, tablets, pessaries, foams, 

ointments, and douches [154]. Later, IVRs have been introduced for contraception and hormone 

replacement therapy. In 1970, the first IVR was formulated for the controlled release of medroxy 

progesterone acetate for contraception [156]. The concept of sustained/controlled drug delivery 

at human FGT using IVR devices has been described since then. It was reported that a range of 

molecules, including steroids, could be released from silicone elastomer constructed IVRs in a 

predictable manner [174]. Consequently, the early focus for IVR technology was the 

development of steroid-releasing silicone elastomer rings for contraception, reflecting concerns 

over the increasing global population particularly in the developing world and the need for more 

choices when it comes to family planning. The first IVR product (Pharmacia & Upjohn's 

estrogen replacement therapy product Estring®) and two other ring products (Nuvaring® and 

Femring®), reached the market since 1992. The main marketed IVR products and those currently 

under clinical trials are summarized in Table 1.3. 

Since the efficacy of a drug delivery system is directly affected by user adherence as 

described in Section 1.1.6, it is important that this parameter is evaluated for IVRs. In contrast to 

many other HIV prevention technologies such as gel [175], bio-adhesive tablet or film [176], 
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IVRs require minimal action on the part of the user to achieve product adherence. This may turn 

out to be an important advantage for IVR products since it may be inserted and worn 

continuously for 1 month or longer. The use of an IVR product does not require daily, 

intermittent, or coitally-associated application of an active ingredient. As a result, the product 

adherence both within and outside of a clinical trials context may be easier to achieve. In the 

most recent IPM 011 clinical trial performed by the International Partnership for Microbicides 

(IPM) among sub-Saharan African women, there was high user acceptability with the placebo 

IVR (> 95% of sexually active women wore the IVR every day for at least 12 h and 82% of 

participants never removed the IVR during the entire 12-week period of use) [177]. Various 

phase-I clinical trials in Africa demonstrated high user acceptability and adherence of using IVR 

for PrEP [177-179]. As a result, this further strengthens the suitability of IVRs as a novel 

strategy for treating and/or preventing HIV. 

IVRs are commonly fabricated using high temperature methods such as hot-melt 

extrusion or hot injection molding which will be discussed later sections. During these processes, 

the polymers are melted at relatively high temperatures and forced by either melt extrusion 

screws or injection sprue into a mold to make the ring. Traditionally, polymers used in IVR 

fabrication include thermoset silicones [66, 180, 181] and thermoplastic ethylene-vinyl acetate 

(EVA) [182].  More recently, a variety of medical grade thermoplastic polyurethanes have drawn 

more attention [70, 72, 183-185]. This is due to the reason that the hydrophobicity of silicone 

and EVA limits the number of antiretrovirals (ARVs) that can be delivered from them. A 20-30% 

cumulative release of total drug loading is usually observed in IVRs fabricated using silicone 

elastomers [66] while more than 70% cumulative release was often seen when drug is diffused 

out of a polyurethane matrix [184, 185]. Thermoplastic polyether urethane (PU) elastomers are 
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linear segmented copolymers with an amorphous ‘soft’ segment and a crystalline ‘hard’ segment. 

The morphology and properties of PUs are influenced by the chemical composition of the 

component monomers, leading to higher drug solubility for many ARVs in comparison with 

silicone or EVA [186]. This makes it possible for incorporating larger quantities of drugs into the 

IVRs, thus providing prolonged drug release over several months. The dimensions of the IVRs 

that are already marketed or currently under development range from 55-56 mm in outer 

diameter (OD) and 4-9 mm in cross-sectional diameter (XD). 
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Table 1.3 Some IVR devices currently on the market and in clinical 

development 

   

IVR device (status) API Intended Use IVR design Material  Release profile (duration) Ref 

Estring® (M) estradiol HRT Reservoir silicone 7.5 µg/day (3 months) [172] 

Femring® (M) estradiol acetate HRT Reservoir silicone 50-100 µg/day (3 months) [172] 

Nuvaring® (M) estonogestrel and ethinyl estradiol CTP Reservoir EVA 120-15 µg/day (21 days) [187] 

Progering® (M) progesterone CTP Matrix silicone variable (3 months) [188] 

Fertiring® (M) progesterone CTP Matrix silicone variable (3 months) [172] 

DPV IVR (C) DPV anti-HIV Matrix silicone variable (28 days) [189] 

TDF IVR (C) TDF anti-HIV Reservoir PU variable (14 days) [137] 

Versaring-a (C) acyclovir anti-HSV Pod-insertion silicone 200 µg/day (3 months) [172] 

 

M: marketed; C: in clinical development; HRT: hormone replacement therapy; CTP: contraception; EVA: ethylene-vinyl acetate; 

PU, polyurethane; DPV, dapivirine 

 

TDF: tenofovir disoproxil fumarate  
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1.2.1 Conventional IVRs and their drug release mechanisms 

There are two major categories of conventional IVRs either already on the market or under pre-

clinical development: matrix-based IVRs and reservoir-based IVRs. Other derivative designs 

such as multi-segment IVRs and insertion-based IVRs have also emerged recently in some pre-

clinical studies (Figure 1.10). Some of the IVR devices designed to deliver anti-HIV 

microbicides in each category are summarized in Table 1.4. In a matrix-based IVR system, the 

drug to be delivered is dispersed uniformly within the polymeric matrix of the ring during the 

fabrication. The drug release is correlated with both drug loading and the surface area of the 

device. The mechanism of drug release is usually through diffusion-permeation across the 

elastomer [172]. During the process, drug is first solubilized within the polymeric matrix and 

undergoes simple diffusion out of the device into the vaginal fluid. As time progresses, the 

thickness of the zone that drug is already depleted increases with simultaneous decreased surface 

area of the inward moving boundary layer [190]. Therefore, a decreased daily drug release is 

usually observed in matrix-based IVR systems due to less amount of the drug close to the surface 

of the device and less surface contact between the remaining drug and the diffusional pathway.  

In a typical reservoir-based IVR system, the drug is usually formulated into a semi-solid 

dosage form with proper excipients and the semi-solid mixture is then inserted into a semi-

permeable hollow tubing. The ends of the tubing are joined to form the desired size IVR. The 

release rate of the drug is not only related to the surface area of the device but also determined by 

the chosen semi-permeable tubing and excipients to form the drug-excipient core [191, 192]. 

During the drug release, as the semi-solid mixture becomes wet after the absorption of vaginal 

fluid, the outward diffusion of drug into the vaginal fluid is determined by the pore size and the 

water swellability of the semi-permeable membrane. The viscosity and the swellability of the 
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excipients also affect the release rate in terms of retention of the drug molecules inside the semi-

solid. The common release profiles observed in matrix-based and reservoir-based IVR systems 

are summarized in Figure 1.11.  
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Figure 1.10 Different types of IVRs

Matrix-IVR: pharmaceutical ingredients (shown in green 

dots) are homogeneously dispersed throughout the IVR 

polymeric matrix  

Reservoir-IVR: lumen or tubing extruded IVR (light blue) 

with a highly concentrated drug loaded core (yellow)  

Segmented-IVR: multi segments (shown in different colors) 

made from different polymers can be welded together to 

form the full torus-shaped IVR  

Insertion-based IVR: multi inserts in forms of either tablets 

or capsules (shown in different colors) can be inserted into 

the cavities in the IVR body post high temperature IVR 
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Table 1.4 Representative IVR devices evaluated pre-clinically for anti-HIV applications 
 

         Type API Organization/
Group Elastomer type F OD x XD Release profile [highest loading tested, 

duration] Tested in Ref 

R HCQ University of 
Manitoba Hydrophilic PU HMIM 25 x 5 mm 161.15 µg/day [4 mg, 24 days] In vitro [193, 194] 

M DPV University of 
Utah hydrophobic PU HME 55 x 4.3 mm ~1.5 µg/mm2 

[2%, 30 days] in vitro [183] 

M TFV University of 
Utah hydrophilic PU HME 55 x 5.0/5.5/6.0 

mm 
> 2 mg/day 
[21%, 90 days] in vitro [184] 

M TDF University of 
Utah hydrophobic PU HME 55 x 5.3 mm 

 
>1 mg/day 
[10%, 30 days] 

in vitro [195] 

M UC-
781 

University of 
Utah hydrophobic PU HME 55 x 4.0 mm 

 
>1.6 mg/day 
[11%, 30 days] 

in vitro [72] 

M MIV-
150 

Population 
Council EVA-40 HMIM 20 x 4 mm 195 µg/day 

[100 mg, 30 days] 

 
in vitro and 
macaque model 

[182] 

M MVC 
+ DPV 

Queen's 
University of 
Belfast 

silicone elastomer IM 56 x 7.6 mm 
 
cumulative 4% of MVC and 45.6% of DPV 
[400 mg of MVC and 25 mg of DPV, 30 days] 

in vitro [66] 

M 
CMPD
167 + 
MVC 

Queen's 
University of 
Belfast 

silicone elastomer IM 25 x 6.0 mm 

 
cumulative 127 mg of MVC and 13 mg of 
CMPD167 [400 mg of MVC and CMPD167, 
30 days] 

in vitro and 
macaque  [181] 

R DPV 
Queen's 
University of 
Belfast 

silicone elastomer IM  
55 x 9.0 mm 136 µg/day [4%, 71 days] in vitro [180] 

R TFV University of 
Utah hydrophilic PU HME  

55 x 5.5 mm 8-14 mg/day [65%, 90 days] sheep [185] 

S TFV + 
DPV 

University of 
Utah 

hydrophilic/hydrop
hobic PU HME 55 x 4.6 mm 

 
TFV: > 2 µg/mm2 [~7.2%, 30 days]; DPV: > 
1.2 µg/mm2 [5%, 30 days] 

in vitro [70] 

I TFV + 
ACV CONRAD silicone elastomer IM 56 x 8.0 mm  

TFV: 144 µg/day; ACV: 120 µg/day [28 days] in vitro [196] 

M: matrix-IVR; R: reservoir-IVR; S: segmented-IVR; I: insertion based-IVR 
HCQ: hydroxychloroquine; TFV: tenofovir; TDF: Tenofovir Disoproxil Fumarate; MVC: maraviroc; ACV: acryclovir; DPV: dapivirine 
PU: polyether urethane; EVA-40: 40% vinyl acetate content 
F: fabrication technology; HME: hot-melt extrusion; HMIM: hot-melt injection molding; IM: injection molding 
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Figure 1.11 Representative drug release profile in matrix and reservoir-based IVRs 

Typical (A) daily release and (B) cumulative release profiles from both types of matrix and 

reservoir-based IVRs. Reservoir-based IVR systems usually demonstrate zero-order or nearly 

zero-order release profile while an initial burst release of drugs is often seen when utilizing 

matrix IVRs, followed by a sustained but decreasing release rate. The plots were generated as 

examples for demonstrating the typical release profiles generally observed from both kinds of 

IVRs  
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1.2.2 Novel designs of IVRs and their drug release mechanisms 

Recently, due to the increased interest in multi-purpose prevention microbicide development, 

several designs of a single IVR targeting different pathogenesis of the sexually transmitted 

disease (STI), or targeting different types of STIs, or possessing extra protection of unwanted 

pregnancy, or with designs specifically serving for user adherence monitor were developed and 

evaluated both in vitro and in animal models. These IVRs include multi-segmented IVR, 

insertion-based IVR, and electronics-containing IVR. 

 In a multi-segmented IVR, pharmaceutical ingredients are encapsulated in different 

polymers, making it possible to achieve customizable release profiles for each ingredient. 

Different segments are then welded together to form the full-sized IVR device. The purpose of 

using multi-segmented IVRs usually lies in the requirement for simultaneous delivery of multiple 

pharmaceutical agents with a near zero-order release profile, since the active agents may require 

different polymers to achieve this. A different polymer that is non-permeable to the active agents 

can be employed to prevent the diffusion of active agents between the joint sections of different 

segments [197]. Usually, a combined drug release mechanism based on simple dissolution 

(segments derived from matrix-type IVRs) and membrane-controlled diffusion (segments 

derived from reservoir-type IVRs) can be seen in multi-segmented IVRs. For example, co-

delivering the HIV-1 reverse transcriptase inhibitor tenofovir and the contraceptive 

levonorgestrel (LNG) was developed to achieve 90-day release of both APIs from a dual 

reservoir setup of a polyurethane segmented-IVR [197]. Due the distinct differences in 

hydrophobicicity nature of the APIs, this IVR fabricated with both hydrophilic and hydrophobic 

polyurethanes was able to release tenofovir and lenvonorgestrel at an average rate of 7.5 mg/day 

and 21 µg/day, respectively.  
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 As for insertion-based IVR systems, tablets or capsules containing the active 

pharmaceutical ingredients are inserted into cavities within the IVR and the release of them are 

usually determined by: i) release-controlling polymers forming the tables or capsules; ii) the 

sizes of the release orifices. These tablets or capsules are coated with rate-controlling polymers 

to control the release of multiple APIs [196, 198, 199] or proteins [200, 201]. A pod-insertion 

IVR was described to delivery five drugs simultaneously in a sheep model [199]. This silicone-

based IVR containing two pods of the same drug with a total of 10 pods inserted into the IVR 

body. Each IVR carried 32 mg of tenofovir, nevirapine, saquinavir, and estradiol along with 20 

mg of etonogestrel, with the anti-retroviral and contraceptive purpose. The constant release of 

these drugs into CVL was achieved over 28 days. Another group recently described a design of 

insertion-based polyurethane IVR by inserting multiple API-containing HPC tablets into the 

tubular device body [202]. The orifices opened on the hydrophobic polyurethane tubing 

controlled the rate of hydration of the internal tablets and diffusion speed of the drugs from them 

for 30 days with a unique release profile controlled by the rate-controlling excipient HPC. 

Another unique design of IVR co-delivering four active ingredients was developed by the 

Population Council recently by formulating the hydrophilic ingredients (carrageenan and zinc 

acetate) within a solid core and later incorporating into the cavity created by the extruded EVA 

tubing containing the nonnucleoside reverse transcriptase inhibitor MIV-150 and LNG, forming 

a so-called core-matrix IVR [203]. The hydrophilic ingredients were allowed to diffuse from the 

cores into the vaginal fluid via the 500 µm or 800 µm sized pores opened on the EVA tubing. 

Drugs released both in vitro and in vivo were active against HIV-1, HSV-2, and HPV while the 

LNG released in serum reached the concentration required for local contraceptive protection. 

Besides being a novel carrier system for the chemotherapeutics, insertion-based IVR also allow 
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for the delivery of heat-sensitive macromolecules that typically cannot be fabricated into an IVR 

device due to the high processing temperature usually required during the IVR fabrication. The 

release profile of macromolecules from insertion-based IVRs is unrelated to the physicochemical 

properties of the polymer used for IVR fabrication, but is directly affected by the design of the 

tablets or capsules that will be inserted into the cavities of the ring body. Currently, the insertion-

based IVR design is an attractive strategy to develop vaginal mucosal vaccines for inducing 

vaginal mucosal immunity against HIV. Two insertion-based IVR devices have been tested in 

vitro and in vivo for sustained delivery of model proteins [200] and human HIV-1 recombinant 

protein CN54gp140 [201], respectively. 

 Due to the persistent non-biodegradable materials usually employed for fabricating IVRs, 

it is possible that electronics can be embedded inside the IVR body to possess functions other 

than drug elution, including the monitor of IVR device vaginal residence to potentially offer 

valuable clinical data of patient acceptance and adherence using IVR-based microbicides. 

Recently, two IVRs [204, 205] have been developed based on the temperature difference 

observed in and outside of the body with the potential for the real-time adherence assessment. 

 

1.3. Advancement of hot-melt extrusion based technologies utilized in drug 

delivery 

1.3.1 Hot-melt extrusion 

Hot-melt extrusion (HME) [206-210] is a continuous process of transforming raw materials into 

products with certain shape uniformly by manipulating materials via different sorts of dies within 

controlled environment under specific conditions involving temperature, humidity, pressure, 

feeding rate, and the rotation speed of the extrusion screws. The initial invention of HME 
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technique was created for lead pipes manufacture at the end of the eighteenth century [211] with 

industrial application dates back 1930’s [212]. And later, it became one of the most widely used 

processing technology in the plastic, rubber, and food industries for fabricating numerous 

products including bags, films, sheets, and pipes. Due to its wide acceptance as a rapid, robust 

and cost-effective technologies with broad spectrum applications in the field of manufacturing 

industry, HME was introduced to the pharmaceutical research development within recent 

decades [206, 213]. Its application covers a wide range of applications for the development of 

novel pharmaceutical dosage forms [214-218] including tablets, films, capsules, other solid 

dispersions, and drug-eluting medical devices for delivering active pharmaceutical ingredients 

(APIs) through different administration routes such as transmucosal, oral, and transdermal routes. 

The benefits and limitations of HME are described in Table 1.5. Moreover, HME is one of the 

desired processing technologies following the scopes of the process analytical technologies (PAT) 

scheme and quality by design (QbD) set by FDA for designing, analyzing, and controlling the 

manufacturing process coupled with quality control measurements [219]. 

 As a reliable thermal processing technology to produce polymeric drug delivery dosage 

forms, the general process of HME can described in the following steps: (1) feeding of the 

polymeric raw materials into the extruder through a hopper; (2) mixing, grinding, and reducing 

the particles size of the material under appropriate strength of kneading with proper venting; (3) 

extrusion of the melt materials via the die, and (4) formation of specifically designed shape after 

passing through the die for further processing. During this process, the raw materials are melt 

and manipulated within an extruder, which contains the core component of either single or dual 

rotatory screws (in co-rotating or counter rotating configuration) within a stationary cylindrical 

barrel [220]. The extruder should be equipped with the rotatable screws capable of delivering 
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desirable speed with appropriate compensation of the torque and shear force generated between 

the interactions of the extruded materials and the screws inside the barrel [221]. Other 

components of the extruder usually consist a feeder with either passive or active mechanism of 

feeding raw materials into the melting zone, a driving motor for screw rotation with speed 

control panel, an extrusion barrel with programmable heating and cooling units, and an extrusion 

die (Figure 1.12). For the purpose of pharmaceutical formulation development, the twin-screwed 

extrusion system offered more preferable solution of HME mostly due to its controllable 

capability of mixing (or so-called “hot-melt co-extrusion”) either different polymeric materials 

[207, 222] or polymers with thermostable APIs [223-225]. Other advantages of using a twin-

screw extruder over single-screw extruder include (i) the reduced residence time of a typical 

extrusion process into 5 to 10 min, (ii) the feature of self-cleaning screw to preventing any cross 

contaminations between extrusion processes using different substances [226].  

The pharmaceutical application of HME include the development for solid dispersions to 

improve solubility or bioavailability [227], facilitation of microencapsulation [228], the 

development of targeted drug delivery systems to maximize the therapeutic efficacy by 

controlling drug biodistribution profile [229, 230], the preparation of formulations capable of 

sustained release of APIs [231, 232], nanomedicine development [233-235] including the 

manufacturing of solid nano-sized formulations, and taste masking [236-238]. Table 1.6 briefly 

summarized some representative pre-clinically developed pharmaceutical formulations for 

different administration routes. When developing formulations via HME technology, key 

parameters needs to be carefully considered involving the affection of the glass transition 

temperature (Tg) of the polymer upon the molecular mobility of this materials at certain 

temperature [239], the drug–polymer miscibility or the solubility of drug in the chosen polymer 
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related to the risk of phase separation during and after HME process [240], the effect of drug 

loading upon the stability and drug delivery rate of the final formulations [72, 241], and the 

impact of melt viscosity upon material processing [242]. It should be noted that HME, as both a 

thermal and mechanical process, applies a significant amount of heat and shear stresses on the 

materials being subjected to the material manipulation process. As a result, the drug substances 

and the polymeric carriers may undergo chemical reactions. Therefore, the chemical properties 

and the stability of the formulation components must be monitored in order to eliminate any 

degradation concerns [243]. The possible mechanisms of chemically induced degradation 

include the main chain reactions induced main chain scission [244] or cross-linking [245] and the 

side chain reactions resulted side chain elimination [246] or cyclization. Additionally, impurities 

in polymeric carriers are another factor contributing to the chemical incompatibility during the 

process of HME [243]. Therefore, selection of an appropriate polymeric is critical for producing 

the desired final product.  

In conclusion, HME as a continuous pharmaceutical manufacturing process has immense 

adaptability and potential to replace the traditional batch process. Furthermore, with the 

incorporation and assistance of in-situ quality control processing, such as QbD and PAT 

approaches, the HME process can easily facilitate scale-up production. This attractive feature of 

scalability exhibited by HME is expected to increase the demand for extrusion processes in 

pharmaceutical manufacturing in the future. 
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Table 1.5 Benefits and limitations of HME 

 
  Benefits Limitations 

• Continuous process 

• High throughput 

• Solvent-free technique 

• Increases solubility and bioavailability of poorly 

water-soluble drugs 

• No downstream processing required 

• Wide application in pharmaceutical industry 

• Useful for low compressibility index active 

pharmaceutical ingredients (APIs) 

• Comparatively thermodynamically stable 

• Exposure to oxygen in extrusion channel is 

limited 

 

• Unable to process 

thermolabile compounds 

• Limited number of heat stable 

polymers 

• Requires raw materials with 

high flow properties 

• High energy input 

 

 

 

 

 

  

 

Reproduced with permission from Patil, H., Tiwari, R.V. & Repka, M.A. AAPS PharmSciTech 

(2016) 17: 20. doi:10.1208/s12249-015-0360-7. Copyright © American Association of 

Pharmaceutical Scientists 2015. 
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Figure 1.12 Twin-screw extruder 

(A) A schematic illustration of the extruder for HME. The twin screws can be setup in co-

rotating or counter rotating configuration. A die is usually attached to the extruder orifice to 

shape the freshly extruded materials into desired forms. (B) The twin-screw HAAKE™ MiniLab 

II Micro Compounder (ThermoFisher Scientific) used for performing the experiments presented 

in this thesis.  
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Addition of raw materials 

or materials/drug mixture 

Rotation of  
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Table 1.6 Representative pharmaceutical dosage forms fabricated via HME in pre-clinical studies 

     Dosage 

form 
Ref Route Polymer API (drug loading w/w) 

Solid 

dispersion 

 

  

[247] Oral copovidone Indomethacin (5-90%) 

[248] N/A Eudragit® EPO felodipine (10%) 

[249] Oral 
Hydroxypropyl cellulose, 

hypromellose  
felodipine 

[250] N/A Aerosil 200 azithromycin (60-75%) 

Tablet [251] Oral Eudragit® E PO  Mefenamic acid (20-40%) 

 

[252] Oral Eudragit® EPO Ketoprofen (10-50%) 

  
[253] Oral 

Hydroxypropyl cellulose, 

Ethyl cellulose 

ondansetron HCl dihydrate 

(20%) 

Film 
[216] Oral Lycoat® RS 780  

chlorpheniramine maleate (1-

9%) 

 

[254] Oral hydroxypropyl cellulose 
clotrimazole (10%) or nystatin 

(10%) 

 

[255] Oral 
Hydroxypropylcellulose, 

Poly (ethylene oxide)  
miconazole (2-15%) 

  
[256] Oral 

Hydroxypropylcellulose, 

Poly (ethylene oxide)  
domperidone (10%) 

Gel 
[257] Transdermal 

Kolliphor® P407, 

Kollisolv® PEG400 
diclofenac sodium (1%) 

IVR [72] Intravaginal polyether urethane UC781 (2-10%) 

 [193] Intravaginal polyether urethane HCQ (4%) 

 

[184] Intravaginal polyether urethane tenofovir (2-21%) 

 

[258] Intravaginal 
ethylene vinyl acetate 

copolymer 
progesterone (10%) 

  
[203] Intravaginal ethylene vinyl acetate 

MIV-150 (3 mg/IVR) and 

levonorgestrel (0.6 mg/IVR) 

Capsule [259] Ocular polycarbonate urethane Avastin® 
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1.3.2 Hot-melt injection molding 

Similar as HME, Hot-melt injection molding (HMIM) is a process of inducing softened 

polymeric materials via heat but injecting the melt materials into a mold cavity under high 

pressure to manufacture products with defined three dimensional shapes sometimes containing 

more complex surface details than those fabricated from HME [260]. The major components of 

an injection molder (either horizontal or vertical type) include the heating/injecting unit where 

heating, melting, mixing, and compression occur and the clamping unit where the designed mold 

can be secured to receive the hot-melt materials during each injection period (Figure 1.13). The 

HMIM process generally involves the following steps: (1) melting of materials; (2) transfer of 

molten material from an injector into channels called "runners" in the mold and finally into the 

mold cavity; (3) hardening of the material in the mold to the shape of the cavity; (4) ejecting the 

part from the cavity to produce the final product after cooling down or with the help of mold 

release agents. Polymers, commonly thermoplastic materials, are suitable to be processed by 

HMIM [261]. The temperature of the thermoplastic material needs to be raised sufficiently above 

its melting temperature to reduce its melt viscosity and allow transfer into the mold cavity at 

manageable pressures. Thermoplastic materials with Tg above room temperature form hard parts 

upon cooling, including polystyrene, poly(methyl methacrylate), polypropylene, and 

polyethylene. Thermoplastic materials with Tg below room temperature (thermoplastic 

elastomers) form rubbery parts on cooling, and example materials suitable for IM are ethylene 

vinyl acetate copolymers (EVA, eg, VitalDoseTM), various polyurethanes (eg, ChronothaneTM, 

ElasthaneTM, Tecoflex®), polystyrene-polyisobutylene block terpolymers (eg, KratonTM), 

polyether-polyamide block copolymers (eg, Peebax®), and polyvinylbutyral (eg, Butvar®). The 

selection criteria of the polymer for HMIM usually include the capability of being processed 
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with suitable melt flow index, material thermal stability, its behavior upon cooling, and most 

importantly, the physio-chemical property for offering desired drug release kinetics. To date, 

studies have reported the application of HMIM to fabricate some innovative pharmaceutical 

formulations including oral capsules [262, 263], tables [264], oral non-disintegrating matrices 

[265, 266], implants [267-269], and intravaginal inserts [270, 271] or IVR [193].  
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Figure 1.13 Hot-melt injection molder 

(A) A schematic illustration of the injection molder (horizontal type). (B) The vertical type of a 

bench-top injection molder coupled with an oil-free air compressor used for performing the 

experiments presented in this thesis. 

A 
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1.3.3 3D printing via fused deposition modeling (FDM) 

In addition to the application of HME and HMIM for fabricating pharmaceutical formulations, 

3D printing has recently received much attention and expanded rapidly in the field of 

pharmaceutical research after the recent introduction of the first FDA approved 3D printed tablet, 

Spritam (levetiracetam) [272, 273]. 3D printing has been used by the manufacturing industry for 

decades, primarily to produce product prototypes and it has demonstrated several advantages 

over traditional HME or HMIM technologies, including great potential of customization and 

personalization, increased cost efficiency, enhanced productivity, and the ease for collaboration 

[274]. For instance, the use of 3D printing to customize prosthetics and implants can provide 

great value for both patients and physicians [275]. In addition, custom-made implants, fixtures, 

and surgical tools can have a positive impact in terms of the time required for surgery, patient 

recovery time, and the success of the surgery or implant [276]. 3D printing technologies allow 

pharmaceutical dosage forms and drug release kinetics to be customizable for meeting the 

demand by each individual patient, offering an attractive option as a potential manufacturing 

technology for personalized medicine [277]. Traditional manufacturing methods remain less 

expensive for large-scale production, but the cost of 3D printing is considered more competitive 

for small production runs [278]. The high affordability of FDM 3D printing enables the cost-

effective development for fabricating small-scaled implants or prosthetics, including those can be 

utilized for spinal, dental, or craniofacial disorders [275]. This offers a great advantage for the 

companies that have low production volumes or that produce items that are complicated or under 

frequent modifications [276, 278]. 3D printing can also reduce manufacturing costs by 

decreasing the use of unnecessary resources so that some drugs may also be incorporated in 

dosage forms that are less expensive to patients [277]. In comparison to traditional methods, 
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which require significant amount of time for several rounds of milling and forging, 3D printing 

offers a more rapid way of fabrication which the same item can be obtained within hours or even 

minutes reliably and repeatedly with minimal or no compromise of resolution and accuracy as 

long as the printer is well maintained for constant operation. 

FDM 3D printing is an addictive manufacturing method in which objects are made by 

fusing or depositing materials in a layer-by-layer fashion to produce a 3D object [278]. An FDM 

printer (Figure 1.14) uses a printing head like an inkjet printer. However, instead of ink, heated 

thermoplastic polymers are extruded from the print head as it is melt under appropriate 

temperature, building the object in thin layers. This process is repeated over and over, allowing 

precise control of the amount and location of each deposit to shape each layer [276]. Since the 

material is heated as it is extruded, it fuses or bonds to the previous layers. As each polymeric 

layer cools down, it hardens, subsequently creating the solid object as the layers build. 

Depending on the complexity and cost of an FDM printer, it may have enhanced features such as 

multiple printheads or compatibility of different types of thermoplastics with distinct mechanical 

strength or melting temperatures. The minimum layer thickness can be achieved by FDM 3D 

printing is around 100 µm [279]. In fact, 3D FDM printed parts are often made from the same 

thermoplastics that are used in traditional injection molding or machining, so they have similar 

stability, durability, and mechanical properties. 

FDM 3D printing has been introduced into pharmaceutical research and development 

where thermoplastic polymers have been utilized as drug carriers to fabricate different dosage 

forms including tablets, circular discs, and drug-eluting devices (Table 1.7). Before FDM 3D 

printing of the designed dosage forms, drug-containing filaments are usually generated by HME 

process through incorporating the drug into the polymer of choice to achieve the target drug 
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loading [280]. Although initial studies attempted non-pharmaceutical grades of PLA or PVA 

filament for printing drug delivery systems with immediate or controlled release characteristics 

[281, 282], other biocompatible polymers have been recently evaluated for FDM 3D printing 

involving hydroxypropyl cellulose [283] (HPC), poly(ethylene glycol) (PEG) [284], 

polyvinylpyrrolidone (PVP) [285], polycaprolactone (PCL) [286], hydroxypropyl 

methylcellulose (HPMC) and ethyl cellulose (EC) [287]. It was reported that the FDM-based 

printing temperature can be lowered in the presence of a thermostable filler [287]. Also, Goyanes 

et al recently demonstrated the potential of coupling FDM 3D printing with 3D scanning to 

manufacture personalized topical drug delivery dosage forms [286]. 

 In summary, FDM 3D printing technologies offers a new reliable manufacture solution 

for rapid and accurate fabrication of fast-releasing pharmaceutical dosage forms with various 

pharmaceutical-grade materials. Its potential of being used for personalized medicine is 

attributed to the highly versatile nature of this technology to yield accurate 3D geometries of the 

products and can be coupled with other techniques such as 3D scanning. 
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Figure 1.14 Illustration of a FDM 3D Printer 

The schematic demonstration of a FDM 3D printing containing electronic components (X, Y, 

and Z-axis motors, extruder motor, printer control board, and power supply), hooked up with a 

PC via USB to printing polymeric filaments. Diagram credit to gronkwena at 

https://gronkwena.wordpress.com/2013/04/18/3d-printer-basics/ (accessed on April 18, 2017) 
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Table 1.7 Representative pharmaceutical dosage forms fabricated via FDM 3D printing in 

pre-clinical studies 

    Dosage form Ref Polymer Drug or model compound 

Tablet [282] PVA Fuorescein 

 

[288] PVA Acetaminophen 

 

[281] PVA Aminosalicylic acid  

 

[283] HPC Domperidone 

 

[289] PVA Prednisolone 

  [280] Eudragit RL, RS, E and HPC Theophylline 

Circular Discs [290] PLA Gentamicin or methotrexate 

 

[291]. PLA Nitrofurantoin 

  
[292] 

PLA and hydroxyapatite 

nanoparticles 
Nitrofurantoin 

Personalized 

nose mask 
[286] PCL and flexible PLA Aminosalicylic acid  

Capsule [284] HPC and PEG 1500 Acetaminophen 

 

HPC: hydroxypropyl cellulose; PLA: polylactic acid; PVA: poly(vinyl alcohol); PEG: 

poly(ethylene glycol); PCL: polycaprolactone. 
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2.1 Abstract 

Hydroxychloroquine (HCQ) has been shown to demonstrate anti-inflammatory properties and 

direct anti-HIV activity. In this study, we describe for the first time the fabrication and in vitro 

evaluation of two types of intravaginal ring (IVR) devices (a surfaced-modified matrix IVR and 

a reservoir segmental IVR) for achieving sustained delivery (>14 days) of HCQ as a strategy for 

preventing male-to-female transmission of HIV. Both IVRs were fabricated by hot-melt injection 

molding. Surface-modified matrix IVRs with PVP or PVA coatings exhibited significantly 

reduced burst release on the first day (6.45% and 15.72% reduction, respectively). Reservoir IVR 

segments designed to release lower amounts of HCQ displayed near zero-order release kinetics 

with an average release rate of 28.38 µg/mL/day for IVRs loaded with aqueous HCQ and 32.23 

µg/mL/day for IVRs loaded with HCQ mixed with a rate-controlling excipient. Stability studies 

demonstrated that HCQ was stable in coated or non-coated IVRs for 30 days. The IVR segments 

had no significant impact on cell viability, pro-inflammatory cytokine production, or colony 

formation of vaginal and ectocervical epithelial cells. Both IVR systems may be suitable for the 

prevention of HIV transmission and other sexually transmitted infections.   
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2.2 Introduction 

In 2010, it was estimated that 2.7 million people became newly infected with human 

immunodeficiency virus (HIV) with Sub-Saharan Africa being the region most affected by the 

acquired immunodeficiency syndrome (AIDS) [293]. More than half of all people living with 

HIV are women [294] with sexual intercourse as the main route of transmission [295]. In some 

regions (e.g. Sub-Saharan Africa), young woman aged 15-24 years old are as much as eight 

times more likely than men to be HIV positive [293]. Thus, there is a desperate need to develop 

innovative strategies that provide female-controlled prevention of HIV infection. 

Microbicides containing active agents that can be topically applied to the vagina, are 

currently being investigated for use as HIV prophylactic strategies. The CAPRISA 004 trial 

demonstrated that a vaginal microbicide containing an antiretroviral drug (tenofovir, TFV) could 

reduce the acquisition of HIV by 39% [296]. More recently, the VOICE trial [297] also 

evaluated the safety and effectiveness of the same TFV gel formulation, but unfortunately, it 

failed to show significant reduction in HIV acquisition over placebo gel when used daily [297]. 

The low user adherence of TFV gel and the inconvenient dosing regimen (the gel should be 

applied before and after sexual intercourse) may be some of the reasons that contributed to the 

poor effectiveness in preventing HIV transmission [298]. Thus, development of vaginal 

microbicides capable of providing sustained drug release can potentially increase user adherence 

and improve therapeutic efficacy. One possible approach is to formulate therapeutic drugs into 

intravaginal rings (IVR). IVR drug delivery systems have been marketed since 1992 for hormone 

replacement therapy but the use of IVRs as microbicides is relatively new. Compared to other 

vaginal microbicides such as gels [299] or tablets [300], drug delivery via an IVR has several 

advantages such as the ability to provide sustained, controlled drug release over extended periods 
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of time (>14 days) and the absence of leakage and messiness (that is associated with gels). 

Recently, a study evaluating drug-free IVRs in HIV-negative African female participants 

demonstrated that >95% of participants that used the placebo IVR every day for at least 12 h 

during the entire 12-week study had no major adverse effects [301]. This suggests that IVRs are 

relatively safe and have high user acceptability. Several IVR medical devices have been 

developed pre-clinically for the purpose of sustained release of either single antiretroviral drugs 

or for multiple drugs [195, 302-304].  

Successful development of IVRs for the delivery of drugs requires the selection of an 

appropriate polymer. In the case of hydrophilic drugs, the ideal polymer for IVR fabrication 

should satisfy several conditions: first, it should provide high drug solubilization capacity so that 

sufficient quantity of drug could be incorporated into the IVR formulation. Secondly, the 

polymer should be able to control the drug release based on properties such as water swellability 

and drug diffusion within the polymeric matrix. Lastly, its mechanical and chemical properties 

should allow the IVR to remain within the vaginal lumen without eliciting tissue damage and the 

selected polymer should be stable in the acidic vaginal environment (pH 3.5-4.2), which is a 

result of lactic acid present in the vagina [153].  

HCQ, a lysosomotropic amine and a hydroxyl derivative of chloroquine, has been used 

for the treatment of acute malaria [305] and autoimmune diseases such as lupus [306] and 

rheumatoid arthritis [307]. HCQ has been shown to exhibit anti-bacterial activity both in vitro 

[308] and in vivo [309, 310] and has demonstrated direct anti-HIV activity by increasing 

endosomal pH, alteration of enzymes required for gp120 production, [311, 312] and impairment 

of gp120, integrase, and Tat production [313, 314]. Studies have also demonstrated that HCQ 

can significantly reduce viral loads in HIV-1 infected patients with CD4 count between 200 and 
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500 cells/mm3 [315, 316]. Furthermore, HCQ has been reported to demonstrate anti-

inflammatory [317, 318] and immune modulatory effects [313, 318, 319]. Since studies have 

shown that inflammation of the female genital tract (FGT) can increase susceptibility to HIV-1 

infection [320], the anti-inflammatory effects of HCQ may potentially be protective. Our IVR is 

intended to release HCQ locally within the FGT, hence, minimizing systemic absorption, and 

reducing systemic toxicity. 

In the current study, we hypothesize that, an intravaginal ring, that is non-cytotoxic and 

stable under accelerated conditions, can deliver hydroxychloroquine (HCQ) in vitro in a 

controlled manner with extended period of time (>20 days) at or above the therapeutic 

concentrations. We report for the first time, the fabrication and in vitro characterization of two 

IVR medical devices (surface-modified matrix and reservoir segmented IVRs), which can 

provide sustained release and varying release rates (high and low) of HCQ for over 14 days. We 

evaluated the effects of polyvinylpyrrolidone (PVP) and poly(vinyl alcohol) (PVA) coating on 

the drug release profile of matrix IVR systems. In addition, stability of HCQ within the matrix 

IVR formulation and impact of drug-free IVRs on the viability of vaginal and cervical epithelial 

cells in vitro were investigated in the current study. 

2.3 Materials and Methods 

2.3.1 Materials 

Medical-grade non-biodegradable polyether urethane Tecophilic® HP-93A-100 (referred to as 

PU-93A in this article) and HP-60D-35 (referred to as PU-60D), was purchased from Lubrizol 

(Wickliffe, OH, USA). HCQ was purchased from TCI America (Portland, OR, USA). 

Ammonium acetate (HPLC grade), sodium phosphate dibasic (ACS grade), methylene chloride 

(HPLC grade), chloroform (HPLC grade) and dimethylacetamide (HPLC grade) were purchased 
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from Fisher Scientific (Whitby, ON, Canada). Water, methanol, and acetonitrile (all HPLC 

grade), were purchased from VWR International LLC (Batavia, IL, USA). PVP (average Mw 

~360,000) and PVA (average Mw 31,000~50,000) were purchased from Sigma-Aldrich (Whitby, 

Ontario, Canada). METHOCELTM K100M premium hydroxypropyl methylcellulose (HPMC, 

assayed apparent viscosity: 97,579 mPa.s) was kindly supplied by the Dow Chemical Company 

(New Milford, CT, USA). Dyna-purge® M polymer was kindly supplied by Shuman Plastics 

(Buffalo, NY, USA).  

2.3.2 Fabrication of matrix and reservoir HCQ-loaded IVR segments 

To fabricate matrix HCQ IVR, solvent casting method was used for the incorporation of HCQ 

into the PU-93A matrix. PU-93A was first dried in an oven at 80°C overnight to remove any 

absorbed moisture. Briefly, 20 g of PU-93A was added to 300 mL methylene chloride in a 1 L 

round-bottom flask. The polymer was dissolved by stirring the mixture at room temperature for 6 

h. After complete dissolution of the polymer, concentrated HCQ solution (200 mg/mL dissolved 

in methanol:water = 1:1, v/v) was added to the round-bottom flask containing the dissolved 

polymer to yield either a 2% or 4% (w/w) drug-containing PU-93A solution. The drug-

containing PU-93A solution was allowed to mix overnight. Once thoroughly mixed, drug-

containing PU-93A solution was poured into a Pyrex® crystallizing dish and methylene chloride 

was evaporated in a fume hood to form HCQ-loaded films. The films were then placed on high 

vacuum and considered free of methylene chloride when the film mass remained constant over 

24 h. Afterwards, the dried films were cut into approximately 1 cm2 pieces and stored in a 

container with desiccant at -20°C in the dark until further use. Fabrication of PU-60D matrix 

IVR was conducted under the same process. 
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IVRs were fabricated by hot-melt injection molding (Medium Machinery, LLC) at a 

temperature of 140°C for PU-93A and 160°C for PU-60D. The pre-cut, HCQ-loaded film pieces 

were loaded into the feeder and the melted HCQ-loaded PU was manually injected into a 

custom-fabricated, pre-heated aluminum mold with cavities for two varying sizes of IVRs 

(Cardatech, Alexandria, VA, USA). The larger IVR has dimensions of 55 mm outer diameter 

(OD) and 5.5 mm cross-sectional diameter (XD) while the smaller IVR has dimensions of 25 

mm OD and 5 mm XD. These dimensions have been previously evaluated for use in humans and 

macaques, respectively [321]. The OD and XD of each fabricated IVR were measured with a 

digital caliper and the mass of each IVR was measured using an analytical balance. In the current 

study, only the small size HCQ-loaded IVRs (25 mm OD with 5 mm XD) were used for the 

release and stability studies. 

Randomly selected 4% (w/w) HCQ-loaded IVR segments were either coated with PVP or 

PVA for release and stability studies. Briefly, 10% PVP and 5% PVA solutions were prepared in 

water (5% PVA solution was prepared by heating the solution at 80°C overnight to completely 

dissolve PVA). 100 ± 5 mg drug-containing segments were dip-coated in the PVP or PVA 

solutions for 2 seconds, followed by incubation in an oven at 50°C for 15 minutes to evaporate 

water. Each segment was coated twice following the process described above before it was used 

for release or stability studies.  

 To fabricate reservoir IVRs (res-IVR), the PU-93A and PU-60D pellets were dried 

overnight in an oven at 80ºC. Arc-shaped res-IVR segments (approximately 80-degree arch) 

were then fabricated by hot-melt injection molding at temperatures of 140°C and 160°C for PU-

93A and PU-60D, respectively. Briefly, PUs were loaded into the feeder of the hot-melt injection 

molder and the melted PUs were injected into a custom-designed, pre-heated aluminum mold 
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with cavities for small size res-IVRs (Cardatech, Alexandria, VA, USA). The res-IVR segments 

had target dimensions of 25 mm OD, 5 mm XD and a wall thickness of 0.75 mm, which were 

measured with a digital caliper. Loctite® 4013™ Prism® instant adhesive (Henkel Corporation, 

Mississauga, Ontario) was used to attach either 1 or 3 reservoir segments on to the proper length 

of pre-cut PU-60D matrix segments to form full size small res-IVRs. The res-IVR segment 

lumen was filled with HCQ solution or HCQ/K100M semi-solid (at 1:1 w/w ratio). The 

HCQ/K100M semi-solid was prepared using a two-syringe mixing method. Briefly, to make the 

semi-solid with the desired weight ratio of HCQ to HPMC, the HPMC powder was first weighed 

into a 10-mL beaker. A solution of HCQ at 60 mg/mL was added in a step-wise fashion and 

hand-mixed with HPMC powder thoroughly. Afterwards, all the content was transferred into a 5-

mL syringe, attached to another 5-mL syringe via a 1.5 cm length of polypropylene tubing with 

an internal diameter of 3 mm. HCQ/HPMC semi-solid was mixed thoroughly by passing the 

sample (minimum of 80 passes) from one syringe to another. 

2.3.3 Extraction of HCQ from matrix IVR segments and HCQ/K100M semi-solid 

Drug extraction from matrix IVRs was performed using a previously described method with 

slight modifications [322]. Briefly, 50 ± 2 mg HCQ-loaded PU-93A (or PU-60D) IVR segments 

were weighed and added to 5 mL volumetric flasks. Approximately 2 mL of dimethylacetamide 

(DMA) (or chloroform) was added into each volumetric flask and placed on a Gyrotory 

Waterbath Shaker (New Brunswick Scientific, Edison, NJ, USA) at 150 rpm overnight to 

dissolve the polymer. After complete dissolution, DMA was added to fill up to volume and the 

sample was vortexed. Afterwards, 100 µL sample was added into 900 µL of 50 mM ammonium 

acetate buffer and vortexed to precipitate the polymer. The samples were then centrifuged at 

20,000 x g and the supernatant was filtered using an Acrodisc® 0.45 µm PTFE membrane (Pall 
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Life Sciences, Mississauga, ON, Canada) into a HPLC vial insert for HCQ concentration 

analysis, which will be described later. 

 Extraction efficiency was determined by dissolving 50 ± 2 mg drug-free PU-93A (or PU-

60D) segments in 2 mL DMA in 5 mL volumetric flasks and placed on the same shaker at 150 

rpm overnight. A known amount of drug was added to the mixture and placed back on the shaker 

for another 4 h. The solution was then filled to volume with DMA followed by vortexing. Drug 

extraction was performed on the polymer solution containing known amount of HCQ using the 

same method described earlier. The calculated HCQ concentration from HPLC analysis in these 

“spiked” controls were then used to calculate the extraction efficiency. 

 HCQ loading in the semi-solid was determined by the extraction of HCQ from the 

HCQ/K100M semi-solid. Briefly, 10 ± 0.5 mg of semi-solid was weighed directly into a 1.5 mL 

microcentrifuge tube and dissolved in 1 mL sterile double distilled water. Extraction was 

performed by vertexing the tube at 2,000 rpm for overnight at 4 °C. Extraction samples were 

diluted 100x before subjection to the HPLC analysis described below. HCQ extraction efficiency 

was determined by spiking the similar amount of HCQ into 10 ± 0.5 mg of the HCQ-free K100M 

semi-solid via the same process and similarly calculated as mentioned above. 

2.3.4 Reversed-phase HPLC quantitation of HCQ 

Analysis of HCQ was performed using a reversed-phase HPLC method that was described 

previously with slight modifications [323]. For analysis of release study samples, Waters Nova-

Pak® C18 column (4 µm, 3.9 x 150 mm) was used under an isocratic condition on a Shimadzu 

LC-2010A HPLC system. The mobile phase consisted of methanol, acetonitrile, and 58 mM 

sodium phosphate dibasic buffer (4:22:74, v/v) containing 6 mM heptanesulphonic acid and 

adjusted to pH 3.1 with concentrated phosphoric acid. Flow rate was maintained at 1.0 mL/min 
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and the UV detection was set at 343 nm. Column temperature was maintained at 25°C. The 

retention time of HCQ was approximately 5.9 min. A linear calibration curve of HCQ was 

obtained in the range of 48-1000 ng/mL (r2>0.999) using a 40 µL injection. The lower limit of 

quantification for HCQ was 20 ng/mL with a signal to noise ratio greater than 10. 

2.3.5 In vitro release studies 

100 ± 5 mg matrix IVR segments from both drug-free and HCQ-loaded were prepared for in 

vitro release studies by adhering two small pieces of acrylic sheets (1 x 1 cm2) at each end of the 

segments using Loctite® 4013™ Prism® instant adhesive (Henkel Corporation, Mississauga, 

Ontario) to prevent HCQ release. This is to mimic drug release from a “complete” IVR that do 

not have exposed ends. The “capped” segments were then incubated for 18 days in 25 mM 

sodium acetate buffer (pH 4) in an incubating orbital shaker set to 37°C and 100 rpm. Sink 

conditions were maintained by replacing the entire release medium daily. Release samples (1 mL) 

were collected at determined intervals throughout the study (approximately 24 ± 0.5 h) and 

analyzed by HPLC for HCQ concentrations. The pH of the daily release medium was monitored 

for the entire study period. The release data was scaled up to represent the HCQ release from a 

full-size small matrix IVR (25 mm OD x 5 mm XD). The weight and the dimensions (length and 

diameter) of each segment were recorded both at the beginning and the end of the study.  

 The res-IVR segment lumens were either loaded with aqueous HCQ solution or 

HCQ/K100M semi-solid containing 4 ± 0.5 mg of HCQ. The ends of each segment were capped 

with custom-made silicone lids and sealed with Loctite® 4013™ Prism® instant adhesive (Henkel 

Corporation, Mississauga, Ontario). Release study was performed under the same conditions as 

described above. 
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2.3.6 Accelerated stability test 

IVRs (25 mm OD and 5 mm XD) were cut into 50 ± 10 mg segments and randomly selected, 

weighed, and wrapped in aluminum foil. The wrapped segments were then placed either at room 

temperature (R.T.) or at 40°C/75% relative humidity (RH) in an APT.line™ KBF-P 240 climatic 

chamber (Binder, Bohemia, NY, USA). At various time intervals (0, 15, and 30 days), the 

samples were collected and stored in -80°C until the time for drug extraction and HPLC analysis. 

2.3.7 Matrix IVR segment swelling test 

100 ± 10 mg non-coated and coated HCQ-containing matrix IVR segments were incubated for 7 

days in 25 mM sodium acetate buffer (pH 4) in an incubating orbital shaker set to 37°C and 100 

rpm (Thermo Scientific, Asheville, NC). Weights and cross-sectional diameters of IVRs were 

measured using an analytical balance and digital caliper, respectively. 

2.3.8 In vitro cytotoxicity evaluation of IVR segments 

2.3.8.1 Cell culture conditions 

In vitro cytotoxicity studies were evaluated using the human vaginal epithelial cell line 

VK2/E6E7 and ectocervical epithelial cell line Ect1/E6E7 were obtained from the American 

Type Culture Collection (ATCC, Rockville, Maryland, USA). The cells were cultured in 

keratinocyte-serum free medium (K-SFM) containing 0.1 ng/mL recombinant human EGF, 50 

mg/mL bovine pituitary extract (Life Technologies, Carlsbad, CA, USA), 0.4 mM CaCl2 and 1% 

penicillin/streptomycin (Sigma-Aldrich, Whitby, Ontario, Canada).  Cells were maintained in an 

incubator at 37°C and 5% CO2 prior to the treatment. 

2.3.8.2 IVR segment elution medium preparation 

The impact of drug-free IVR segments on cell viability was evaluated using an elution assay. 

Briefly, IVR segments (either non-coated or coated with PVP/PVA) were sterilized by 



 

 69 

immersion in 70% isopropanol for 10 seconds and air-dried in a sterile biosafety cabinet. The 

IVR segments were then put into a sterile 50 mL tube containing 10 mL of K-SFM using aseptic 

technique. The samples were incubated at 37°C for 1, 7, 15, 30 days in an incubating orbital 

shaker at a speed of 100 rpm. At the desired intervals, the elution medium was collected using 

aseptic technique by transferring the elution medium into a sterile 15 mL tube and stored in -

80°C until further analysis.  

2.3.8.3 Cell treatment 

1 M acrylamide was prepared in K-SFM and filtered using a 0.2 µm membrane. Acrylamide K-

SFM solution was used to induce cell death as a positive control for the CellTiter 96® AQueous 

One Solution Cell Proliferation Assay (MTS assay, Promega Corporation, Madison, WI, USA). 

Lipopolysaccharide (LPS; from Escherichia coli 0111:B4, Sigma) was suspended in 1 mL sterile 

PBS to yield a 1 mg/mL stock solution. Diluted LPS (50 µg/mL) prepared in K-SFM was used as 

positive control for IL-6 and IL-8 ELISA (R&D System Inc., Minneapolis, MN, USA). 

Nonoxynol-9 (N-9, 200 µg/mL; Spectrum Chemical, Corp., New Brunswick, NJ, USA) in K-

SFM was used as a positive control for IL-1β ELISA (R&D System). Drug-free K-SFM was 

used as negative control. VK2/E6E7 or Ect1/E6E7 cells were seeded at 2.5 x 104 per 100 µL per 

well and after overnight adhesion, the medium was replaced with 100 µL of positive and 

negative control medium and elution medium collected at different time intervals.  

2.3.8.4 MTS assay and cytokine ELISA 

After 24 h of elution medium treatment, 20 µL MTS assay reagent was added into each well 

followed by incubation at 37°C in the dark for 1 h as suggested by the manufacturer. Absorbance 

of each well at 490 nm was recorded using a Synergy HT Multi-Mode Microplate Reader 

(Biotek, Winooski, VT, USA). After 24 h of incubation (37°C, 5% CO2), supernatants in each 
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well were collected for cytokine ELISA analysis. Levels of IL-1β, IL-6 and IL-8 in VK2/E6E7 

or Ect1/E6E7 supernatants were evaluated using ELISA kits obtained from R&D Systems and 

data analyzed using SigmaPlot 12.2 (Systat Software Inc., San Jose, CA, USA). 

2.3.8.5 Colony formation assay 

Colony formation assay was performed similarly to other reported studies [33-35]. Plating 

efficiencies (PEs) for VK2/E6E7 and Ect1/E6E7 cells ranged between 9.5% to 20.2% and 11.3% 

to 21.9%, respectively. Cells were seeded at a density of 800 cells/well in 12-well plates and PEs 

for both cell lines were independent of the number of cells seeded (data not shown). After 2 h of 

cell attachment, medium was replaced with 4 mL of either regular medium (negative control) or 

elution medium collected at different time intervals. The cells were cultured without changing 

medium for 12 days till 50-200 colonies formed per well [36] at 37°C and 5% CO2. Thereafter, 

the medium was discarded and the colonies were gently washed once with warm PBS. The cells 

were fixed and stained using a mixture of 6.0% formaldehyde and 0.5% crystal violet (Alfa 

Aesar, Ward Hill, MA, USA) (2 mL per well for 30 minutes). After gentle rinsing, formed 

colonies containing more than 50 cells [37] were manually counted under a microscope. The 

colony-forming efficiency was calculated by dividing the average number of colonies with the 

number of cells inoculated, further normalized to the negative control and expressed as a 

percentage of the negative control. 

2.3.9 Statistical analysis 

Data are presented as mean ± standard deviation (SD). The n-value refers to number of replicates 

performed for each study. Student’s t-tests (unpaired, two-sample, unequal variance with two-

tailed distribution) was performed on all results, with p < 0.05 considered as significant. 
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2.4 Results  

2.4.1 Fabrication of HCQ IVRs 

Schematic representation of matrix IVRs and res-IVRs along with the corresponding fabricated 

IVRs are shown in Figure 2.1. HCQ-loaded small size matrix IVRs had actual measured 

diameters close to the target dimensions of 25 mm OD and 5 mm XD (Table 2.1). Upon coating 

of the IVRs with PVP or PVA, the dimensions of the IVRs slightly increased. The weight of the 

small size placebo IVRs, HCQ-loaded IVRs, and coated HCQ-loaded IVRs ranged from 1.36 to 

1.42 g (Table 1). Res-IVR segments fabricated from PU-93A and PU-60D had similar XD (~5.0 

mm) and segment thickness (~0.75 mm) (Table 2.2). 

 HCQ extraction efficiency from the matrix IVR segments was 98.75 ± 2.63% (mean ± 

SD, n = 6) and 96.37 ± 2.17% for PU-93A and PU-60D matrix IVR segments, respectively. The 

actual measured loading of HCQ in the non-coated IVR segments for 2% and 4% (w/w) HCQ 

loadings were 1.99 ± 0.08% and 3.93 ± 0.12% (mean ± SD, n = 6), respectively. Extraction of 

HCQ from PVP-coated and PVA-coated 4% (w/w) segments demonstrated a drug loading of 

3.80 ± 0.1% (mean ± SD, n = 3) and 3.81 ± 0.2% (mean ± SD, n = 3), respectively. HCQ 

extraction efficiency from the HCQ/K100M semi-solid was 96.47 ± 1.89% (mean ± SD, n = 6). 
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Figure 2.1 Drug-free and HCQ-loaded matrix and reservoir IVRs  

Schematic designs of (A) large and small matrix IVRs with HCQ (green) dispersed within the 

PU matrix and (B) small res-IVRs containing different quantities of reservoir segments with pre-

formulated HCQ filled in (green). Photographs of hot-melt injection molded (C) PU-93A matrix 

IVRs: a large drug-free matrix IVR (left, 55 x 5.5 mm), a small drug-free IVR (middle, 25 x 5 

mm), and a HCQ-loaded small IVR (right, 25 x 5 mm); (D) PU-60D res-IVR segments 

fabricated via hot-melt injection for in vitro release studies: a res-IVR segment (left), an end-

capped res-IVR segment (middle), and an end-capped res-IVR containing HCQ-free K100M 

semi-solid (right); (E) full small-size PU-60D matrix IVR and res-IVRs: a small drug-free IVR 

(left, 25 x 5 mm), a small res-IVR containing one reservoir segment loaded with HCQ/K100M 

(1:1 wt ratio; middle) semi-solid, and a small res-IVR containing three reservoir segments (right). 
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Table 2.1 Dimensions and weight of fabricated small-size matrix IVRs 

HCQ-Loaded IVR OD (mm) XD (mm) Weight (g) 

Placebo 25 ± 0.2 5.0 ± 0.1 1.36 ± 0.04  

2% (w/w) 25 ± 0.4 5.0 ± 0.2  1.38 ± 0.01 

4% (w/w) 25 ± 0.3 5.0 ± 0.1 1.39 ± 0.04 

4% PVP-coated 25 ± 0.7 5.0 ± 0.4 1.40 ± 0.04 

4% PVA-coated 25 ± 0.5 5.0 ± 0.3 1.42 ± 0.01 

OD, outer diameter; XD, cross-sectional diameter. Data expressed as mean ± SD, n = 3. 

 

 

 

 

 

Table 2.2 Dimensions of fabricated PU-93A and PU-60D res-IVR segments 

PU Used XD (mm) Thickness (mm) 

PU-93A 5.0 ± 0.1 0.75 ± 0.03  

PU-60D 5.0 ± 0.2 0.75 ± 0.02 

XD, cross-sectional diameter. Data expressed as mean ± SD, n = 3. 
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2.4.2 In vitro HCQ release 

Release studies demonstrated a sustained HCQ release from non-coated or PVA/PVP-coated 

matrix IVRs for 18 days (Figure 2.2, A-C). During the entire study period, HCQ release followed 

a typical matrix drug diffusion release pattern [324] in all matrix systems developed in the 

current study, which is characterized by a first-day burst release followed by a rapid drug elution 

phase and then a continuous decelerated release phase. In the current study, all matrix IVR 

systems exhibited burst release of HCQ on day 1 followed by rapid HCQ elution on day 2 to day 

4, after which the efflux of HCQ entered a decelerated release phase (Figure 2.2, A and B). 

Within the first 24 h, a burst release of 11.52 mg (43.52 ± 2.41%) and 21.77 mg (41.08 ± 2.24%) 

of initial loading (Figure 2.2, A and B) were observed for non-coated 2% and 4% (w/w) HCQ 

IVRs, respectively. During the rapid drug elution phase (day 2 to day 4), non-coated 2% and 4% 

(w/w) IVRs exhibited average daily release of 2.65 mg (10.23%) and 6.05 mg (11.42%), 

respectively. Daily HCQ release rates for the various matrix IVRs then gradually decreased to 

approximately 0.59-0.92% per day on day 10 and further to approximately 0.15-0.59% per day 

on day 14 (Fig 2, A and B). Over the 18-day study period, a total of 83.83 ± 3.57% and 85.51 ± 

1.81% of HCQ were released from 2% and 4% (w/w) HCQ-loaded IVRs, respectively (Figure 

2.2, C). PVP and PVA coated IVR segments demonstrated a reduced burst release on the first 

day, 34.36 ± 2.39% (6.45% reduction) and 25.36 ± 2.62% (15.72% reduction) of initial loaded 

HCQ in PVP and PVA coated segments, respectively (Figure 2.2, B). 

 In an attempt to reduce the burst release even further and to achieve controlled HCQ 

release, we altered the IVR design and fabricated res-IVRs using the same high water swellable 

PU-93A and low water swellable PU-60D. The first 7-day release profile from different IVR 

segments with the same 4 mg HCQ loading was compared in Figure 2.2, D and E. Although the 
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first day burst release was further decreased to 37.91 ± 3.51% of the total loading using PU-93A 

res-IVR segments, 79.69% of the total loading was released within the first 7 days of the study 

period (Figure 2.2, D). Similarly, matrix IVR segments fabricated from the lower swellable 

polymer PU-60D showed a reduced daily HCQ release profile with decreased first-day burst 

release (17.94 ± 7.99%, Fig 2E). In contrast, using PU-60D res-IVR segments loaded with 

aqueous HCQ, the first-day burst release was significantly decreased to 9.77% ± 0.73% with an 

average daily release of 8.65% per day within 7 days (Figure 2.2, E). Furthermore, we evaluated 

the rate of release from the same res-IVR that was loaded with HCQ mixed with HPMC as a rate 

controlling excipient. This HCQ/K100M semisolid mixture eliminated the burst release entirely 

with a controlled release rate of 5.66% per day within the initial 7-day period (Figure 2.2, E). 

Res-IVR segments containing HCQ/K100M semi-solid was capable of providing near zero-order 

release of HCQ (linear cumulative HCQ release over time with R2=0.981) at a rate of 32.23 

µg/mL/day (3.85%) for 24 days (Figure 2.2, F and G). Over the entire 24-day study period, pre-

formulation of HCQ into a HCQ/K100M enabled a steadier release rate in comparison to the 

aqueous HCQ at the same loading (Figure 2.2, F), and a total of 85.14 ± 5.17% and 92.10 ± 6.16% 

of HCQ were released from PU-60D res-IVR segments containing 4 mg of HCQ in the forms of 

aqueous solution and HCQ/K100M semi-solid, respectively (Figure 2.2, G).  

 During the entire release study, there were no significant changes in pH observed in the 

daily collected release medium (data not shown), indicating that the released HCQ did not alter 

the pH of the release buffer. 
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Figure 2.2 In Vitro release of HCQ from matrix IVRs and res-IVRs 

(A) HCQ release from a 2% (w/w) non-coated PU-93A IVR and (B) 4% (w/w) non-coated, 

PVP/PVA-coated PU-93A IVRs. Data was scaled up to represent the release from a full-size 

small IVR. Inset graphs show daily release rates of different HCQ loadings from day 10 to day 

18. (C) Cumulative release of HCQ from non-coated and PVP/PVA-coated PU-93A matrix full-

size small IVRs. The total cumulative release (%) of HCQ from different IVRs is indicated in 

brackets. (D) Daily release of 4 mg HCQ total loading from either matrix IVRs fabricated from 

PU-93A or (E) res-IVRs fabricated from PU-60D within initial 7 days. (F) Daily release and (G) 

cumulative release of HCQ from PU-60D res-IVR segments with either aqueous HCQ (purple) 

or HCQ/K100M (1:1 wt ratio) semi-solid (red) containing 4 mg of total HCQ loaded. Linear 

cumulative HCQ release was calculated for both res-IVRs. Data is expressed as mean ± SD, n = 

6 for 2% and 4% (w/w) matrix IVRs, n = 4 for PVP/PVA coated 4% (w/w) matrix IVRs and n 

=3 for all the other IVRs. 
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2.4.3 Stability of HCQ-loaded matrix IVR segments 

Accelerated stability testing of coated and non-coated HCQ-loaded IVR segments (2 and 4 % 

w/w) were conducted at R.T. and at 40°C/75% RH. In comparison to the controls (t = day 0), no 

significant difference in HCQ stability (no drug loss or degradation) was observed between the 

non-coated and PVP or PVA-coated matrix IVR segments during the 30-day study period at R.T. 

or at 40°C/75% RH as determined by HPLC (Figure 2.3).  

2.4.4 Matrix IVR segment swelling test 

To investigate the impact of polymer swelling on drug release, HCQ-loaded matrix IVR 

segments (either non-coated or coated with PVP/PVA) were incubated in sodium acetate buffer 

(pH4) at 37°C for 7 days. The segments began to absorb water within 24 h in buffer with the 

non-coated segments reaching an equilibrated swelled state (no significant weight increase) 

within 2 days (Figure 2.4). On the other hand, PVP and PVA coated segments reached their 

equilibrated swelled states after 5 days (P < 0.05). Compared to their initial dry weights, the 

equilibrated swelled weights of the non-coated, PVP-coated, and PVA-coated segments were 

91.86%, 97.63%, and 97.56% of their initial mass, respectively. After 7 days, the cross-sectional 

diameters of the non-coated, PVP-coated, and PVA-coated were 6.0 ± 0.2 mm, 6.0 ± 0.2 mm, 

and 6.0 ± 0.4 mm, respectively. As shown in Figure 2.4, after reaching the equilibrated swelled 

states, the increased mass in both the non-coated and coated PU-93A segments were nearly 100% 

of their initial weight. However, the latency in reaching the equilibrated state was observed in 

both types of coated segments (Figure 2.4), suggesting that swelling may be affected by the PVP 

or PVA coatings. The reduced swelling resulted in a reduced increase in the weights of the 
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coated segments (36.90% and 26.67% increase on the first day for PVP and PVA coated 

segments, respectively) in comparison to non-coated segments (47.85% weight increase). 
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Figure 2.3 PU-93A matrix IVR accelerated stability test 

HCQ extracted from 2% (w/w), 4% (w/w), and PVP, PVA coated matrix PU-93A IVR segments 

incubated for 30 days at (A) R.T and (B) 40°C/75% RH. Data expressed as mean ± SD, n = 3. 

(R.T.; room temperature, RH: relative humidity). 
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Figure 2.4 Swelling test of PU-93A matrix IVR segments 

Non-coated and coated 4% (w/w) HCQ PU-93A IVR segments were incubated in sodium acetate 

buffer (pH 4) for 7 days at 37°C. Non-coated segments reached equilibrated state (no significant 

mass change) after 2 days while PVP or PVA coated segments reached equilibrated state after 5 

days of incubation. Data expressed as mean ± SD, n = 3, * p < 0.05 and ** p < 0.001 vs. non-

coated matrix segments. 
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2.4.5 In vitro cytotoxicity evaluation 

The in vitro biocompatibility of the matrix IVRs developed was evaluated (Figure 2.5). Elution 

medium collected after 30 days from non-coated drug-free hot injection molded IVR segments as 

well as the PVP/PVA-coated segments appeared to have no significant impact on the viability of 

the vaginal epithelial cell line VK2/E6E7 or the ectocervical epithelial cell line Ect1/E6E7 when 

compared to the negative control (Figure 2.5, A). In contrast, treatment of cells with 1 M 

acrylamide (positive control) significantly reduced cell viability by 90%. Furthermore, no 

significant differences were observed in the production of the pro-inflammatory cytokines IL-1β 

(Figure 2.5, B), IL-6 (Figure 2.5, C), and IL-8 (Figure 2.5, D) in comparison to the negative 

control. Results from the colony formation assay using VK2/E6E7 and Ect1/E6E7 cells are 

shown in Figure 2.5E. No significant inhibition of cell colony formation was observed in both 

cell lines treated with elution medium from either non-coated or PVP/PVA-coated segment. 
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Figure 2.5 In Vitro biocompatibility evaluations of hot-melt IVR segments 

(A) MTS assay was performed to determine cell viability. Cells cultured in drug-free medium

was used as negative control. 1 M acrylamide prepared in culture medium was used to induce 

cell death as a positive control. (B) IL-1β, (C) IL-6, and (D) IL-8 production was determined by 

ELISA. Drug-free medium was used as a negative control and 200 µg/mL of Nonoxynol-9 or 50 

µg/mL of LPS treated cells were used as positive controls for IL-1β and IL-6/IL-8, respectively. 

(E) Colony formation assay was performed to determine the cell proliferation potential after cell

incubation with elution medium for 12 days. Cells cultured in drug-free medium was used as a 

negative control. Data was normalized to the negative control and expressed as mean ± SD, n = 3 

except panel A (n = 5), * p < 0.05 vs. negative control. N, negative control. P, positive control. 

E 



 

 88 

2.5 Discussion 

The vaginal route has been used for the administration of a wide range of therapeutic agents for 

women such as those for contraception and for the treatment of local vaginal infections. 

Compared with oral route of administration, vaginal delivery avoids gastric irritation [166], 

bypasses hepatic first-pass metabolism, and can achieve relatively higher drug concentrations in 

vaginal mucosal tissues while reducing systemic uptake [167, 325]. Drug absorption across the 

vaginal epithelium membrane involves three sequential steps: release of the drug from the 

delivery system, dissolution of the drug into vaginal fluid within the vaginal lumen, and 

membrane penetration of the drug [156]. Various dosage forms for intravaginal drug delivery 

have been developed. Among these delivery strategies, IVR dosing regimen can provide 

sustained drug delivery allowing therapeutic effects to be obtained using lower daily doses, 

which provides effective local drug concentrations at the vagina mucosa without causing 

systemic toxicity [154, 326]. Furthermore, studies have indicated that the presence of 

immunologically quiescent T-cells in the FGT may be correlated with resistance against HIV 

infection [141, 327, 328]. As a result, developing an IVR that can provide sustained controlled 

HCQ release may potentially protect against HIV infection by reducing the amount of activated 

T-cells (targets for HIV infection) or directly interacting with components important to viral 

infection/replication. Studies have demonstrated that the inhibition of T-cell activation by HCQ 

is through the inhibition of TCR-induced up-regulation of the T-cell activation marker CD69 

[318]. Early T-cell activation was suppressed by HCQ at concentrations as low as 4.34 µg/mL 

(10 µM) with effects being dose-dependent [318]. Expression of CD69 was reduced by 80% in 

cells treated with 43.4 µg/mL (100 µM) of HCQ without any toxic effect on cell viability or any 

effects on the level of T-cell surface expression of TCR/CD3, CD4, and CD45 (an essential 
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regulator of T and B cell antigen receptor-mediated activation). Furthermore, HCQ has been 

shown to elicit direct anti-HIV effects via the inhibition of HIV replication in primary T cells and 

monocytes [311, 312]. It was reported by Tsai et al that approximately 6.48 µg/mL (15 µM) of 

HCQ was required to produce 50% viral inhibition [329]. By measuring the reverse transcriptase 

activity, Sperber et al reported 75% of HIV replication could be inhibited in HIV-1III-B 

challenged primary T cells or monocytes when the cells were pre-treated with 433.96 µg/mL 

(1mM) HCQ for 1 h [312]. A prolonged in vitro inhibition of HIV replication was maintained 

within 14 days after this pre-treatment, which is due to the fact that HIV-1 produced from HCQ-

treated T cells and monocytic cells poorly infected other cells [312]. Taking into consideration 

that vaginal fluid secretion varies between 2-8 mL per day in the normal FGT [159] and 

generally PU-based IVR systems demonstrate lower release rates in vivo than the rates observed 

in vitro [197, 330], effective HCQ concentrations for maintaining T-cell quiescence within the 

FGT and for inhibiting HIV replication could be achieved over longer periods of time (>30 days) 

using our surface-modified matrix IVR devices. Although Sperber et al reported that cell 

viability was not affected when T cell or monocytic cell lines were treated with 0.04 µg/mL (0.1 

µM) to 433.96 µg/mL (1 mM) of HCQ in vitro [311, 312], there may still be potential 

cytotoxicity concerns due to the initial high burst release rates of HCQ from the matrix IVR 

systems. As a result, we developed a res-IVR with a reduced HCQ loading, which eliminated the 

burst release on the first day and can provide lower, near zero-order HCQ release (R2=0.981) 

with an average daily release rate of 32.23 µg/mL/day for 24 days (Figure 2.2, F and G). As 

mentioned earlier, release rates in vivo may be lower than that observed in vitro due to vaginal 

“wash-out” of drug and the variance in vaginal fluid volume production. With this taken into 

consideration, our res-IVR design allows us to easily increase the rate of HCQ release by 
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increasing the HCQ loading in each res-IVR segment or by including multiple res-IVR segments 

(up to 3 segments) into a single IVR (Figure 2.1, B and D). Hence, sufficient amount of HCQ 

could be released to achieve the target concentration to induce local T cell immune quiescence 

and inhibition of HIV replication within the FGT. Also, intravaginal delivery of HCQ for the 

prevention of HIV infection may potentially reduce the development of multidrug resistance due 

to its combination effects on both host cells and virus. For example, HCQ has modulatory effects 

on host immunity [319] and can directly affect HIV replication via the impairment of post-

translational activities such as glycosylation of gp120 [311]. Furthermore, since our IVRs are 

designed to act locally within the FGT, this will minimize any potential systemic side effects that 

may be observed if HCQ was administered orally. Indeed, in vivo studies utilizing the current 

HCQ-loaded IVR design will be evaluated in the future to determine its effects on immune 

quiescence induction and HIV replication inhibition in the FGT. 

In a typical matrix-based IVR, the drug is uniformly dispersed within the elastomeric 

polymer matrix. Drug is eluted from the matrix in the radial direction via passive diffusion 

mechanism [172]. It is likely that the drug release pattern of a matrix IVR is mainly affected by 

the following parameters: 1) the amount of drug loaded into the polymeric matrix, which is 

determined by the “solubility” of drug in the chosen elastomeric polymer, and in turn, affects the 

total amount of drug that can be released from the matrix; 2) the chemical nature of the drug such 

as its water solubility and hydrophobicity [322]; 3) the physico-chemical properties of the 

polymer matrix such as hydrophobicity and swelling ability [68]; 4) the exposed surface area of 

the IVR device [331]. In the current study, a hydrophilic PU-93A was chosen for fabricating the 

matrix IVR because of the higher cumulative drug release that could be achieved using PU-93A 

in comparison to other polymeric matrices such as silicone or ethylene vinyl acetate [195]. More 
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than 80% of total HCQ loaded was observed to be released from both 2% and 4% (w/w) 

formulations while segments coated with PVP or PVA demonstrated reduced total release of 

HCQ (Figure 2.2, B). During the drug elution process from a matrix IVR device, the drug will 

undergo simple diffusion out of the device into the vaginal fluid. As the drug depletion zone 

increases, the surface area of the drug core exposed to the fluid decreases, resulting in a declining 

drug release profile [190]. This may explain the decreasing daily release rate of the current 

matrix IVR. The burst release effect is commonly observed in matrix-based IVRs [324, 330, 

331]. The extent of burst release appears to be related to the water solubility of the drug. It was 

observed that, during the first 24 h, HCQ release from the same hydrophilic PU-93A matrix with 

the same drug loading (2%, w/w) was nearly two-fold and four-fold in comparison to the release 

of two other relatively low water-soluble drugs, saquinavir and atazanavir, respectively 

(unpublished data). Furthermore, the hydrophilic nature and high swelling properties of the PU-

93A could be another reason contributing to the burst effect. Since it takes less time to hydrate 

the polymeric matrix compared to hydrophobic PUs, the polymeric matrix can swell allowing a 

sudden increase in drug diffusion. PUs with higher water swellability demonstrated higher drug 

release rates [68]. In the current study, the decreased swelling may be correlated with a 

decreased burst release as observed in the coated segments on the first day. We believe that less 

water was able to penetrate the PU-93A, allowing for a slower hydration of the drug core 

resulting in reduced drug release. In the present study, PVP and PVA coated segments 

demonstrated a 6.45% and 15.72% drop in the burst release rate, respectively (Figure 2.2, B). 

Although PVP and PVA have been applied in many controlled drug release formulations [332-

335], its impact on PU-93A swelling is unknown. Although further investigation is necessary to 

understand the mechanism of this action, the observed delayed swelling of PU-93A in the coated 
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IVR segments could be attributed to the decelerated water penetration into the PU-93A matrix 

due to the presence of hydrophilic PVP and PVA coating.  

Another strategy for overcoming the burst release would be to alter the design of IVR 

from matrix to reservoir-based. Reservoir type IVRs have been investigated for the controlled 

release of various compounds in pre-clinical microbicide development [185, 197]. In the current 

study, a hot-melt injection molded res-IVR design was introduced to achieve a near zero-order 

HCQ release profile (Figure 2.2, F and G). Studies were performed using res-IVR segments 

rather than a full-size res-IVR to save on cost of drug and polymer. Theoretically, the use of IVR 

segments should not demonstrate any significant difference in release rates, polymeric swelling, 

or drug diffusion mechanism [322]. The reason is because the IVR segments used in this study 

have been “end-capped” to mimic a complete full-size IVR that does not have any exposed ends. 

Since the IVR segments have the same cross-sectional diameter and are fabricated from the same 

polymers as a full-size IVR, the release profile for HCQ from a full-size IVR can be easily 

extrapolated., 

 PUs with varying water swellability was investigated for its effects on HCQ release. 

Reservoir-based IVRs have been shown to demonstrate a first-day burst effect followed by a 

constant release profile [172]. From the results, it was observed that the higher the degree of PU 

swelling, the greater uncontrollable efflux of HCQ (Figure 2.2, D and E). Fabricating res-IVR 

segments from PU-60D reduced the burst release compared to res-IVR segments made from PU-

93A. Furthermore, it was the first time shown that by pre-formulating HCQ into semi-solid 

mixed with the rate-controlling agent, a high viscosity HPMC, burst release could be eliminated 

(Figure 2.2, F and G).  
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In addition to providing sustained drug release, an ideal IVR formulation should 

demonstrate high degree of stability during storage and excellent biocompatibility. In regions 

that are impacted greatly by HIV (e.g. Sub-Saharan Africa, India, and Thailand), the ambient 

temperature is relatively high (30-40°C) and people living in these developing countries 

sometimes do not have access to refrigerators. In the current study, exposing our HCQ-loaded 

IVRs to accelerated stressed conditions (40°C/75% RH), there was no significant loss of HCQ in 

any of the evaluated matrix IVR formulations when compared to controls (Figure 2.3). These 

results are consistent with the forced degradation studies performed by Saini and Bansal, 

whereby it was demonstrated that HCQ was only unstable under photolytic alkaline conditions 

[336]. Furthermore, it was reported by Ferriter et al that PUs were more stable in acidic pH 

environments than alkaline [337]. The daily pH measurement of the collected release medium 

remained unchanged at a pH of 4 during the entire HCQ release study period. This indicates that 

HCQ released from the IVRs had no significant impact on the pH of the release buffer. 

Furthermore, the PU utilized for IVR development should also exhibit good stability without any 

compromise to the mechanical properties of the IVR while being exposed to an acidic humidified 

environment. Previous studies have shown that IVRs fabricated from PU-60D did not 

demonstrate any changes in mechanical property (elastic modulus) or drug release profile in vitro 

or in vivo after being exposed to acidic conditions over a 90-day study period [185]. These 

findings indicate that the degradation of PU-60D in aqueous or highly humidified acidic 

environments are negligible with little effects on both the stability of the IVR device and drug 

release profile. 

Previously failed microbicide trials using cellulose sulfate and nonoxynol-9 were due to 

the disruption of tight junctions and induction of inflammation in the FGT, characterized by 
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elevated IL-1 and IL-8 expression [338, 339]. Thus, the development of any intravaginal 

microbicide needs to be evaluated for its impact on epithelial cell viability and its potential to 

induce pro-inflammatory cytokine production. In the current study, there was no significant 

induction of pro-inflammatory cytokines or reduction in cell viability, further supporting the fact 

that our IVR delivery system is non-cytotoxic (Figure 2.5, A and B). Using the vaginal and 

ectocervical epithelial cells, drug-free IVR segments had no significant impact on the viability of 

epithelial cells even up to 30 days of incubation. By employing the colony formation assay, often 

utilized as a sensitive approach for cytotoxic examination of individually treated cells [340, 341], 

it was demonstrated that no significant inhibition in colony formation was observed, suggesting 

that the hydrophilic polyurethane as well as PVP/PVA-coating has no influence on cell division 

after prolonged exposure (Figure 2.5, C). The healthy human vagina is dominated by lactobacilli, 

playing an important role in protecting the host from urogenital infections. Lactobacilli are gram-

positive, protective organisms found in the normal FGT that plays an important role in 

maintaining a healthy acidic environment by producing lactic acid to inhibit the growth of 

pathogenic organisms. To date, there are no studies performed investigating the direct 

administration of HCQ within the FGT and its impact specifically on the Lactobacillus strains 

predominantly present in a healthy FGT. In fertile women, the most frequently identified strains 

of Lactobacillus within the FGT are Lactobacillus crispatus and Lactobacillus acidophilus [342]. 

Although Angelakis et al recently reported that long term HCQ treatment could affect the 

prevalence of total Lactobacillus species residing within the gastrointestinal tract [343], no direct 

evidence has been shown that HCQ may affect the prevalence of either L. crispatus or L. 

acidophilus strains since they were found to be sporadically present in the gastrointestinal 

microbiota [344]. The ability of our IVR systems to control HCQ release via design (matrix and 
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reservoir segmented IVRs) or drug loading, we believe we can achieve an HCQ dose that will 

have minimal effect on the microbiota within the FGT while maintaining therapeutic efficacy 

against HIV. Nevertheless, future studies are in need to determine the impact of intravaginal 

delivery of HCQ on the microbial flora in the FGT and its role in HIV infection. 

2.6 Conclusions 

This is the first study to fabricate a matrix-type IVR and a res-IVR that can provide sustained in 

vitro release of HCQ for >14 days. This is also the first study to demonstrate that IVRs coated 

with PVA or PVP can significantly reduce the burst release of HCQ within the first 24 hrs. 

Fabrication of res-IVRs from low water swellable PUs demonstrated a near zero-order release 

profile when HCQ was pre-formulated into a semi-solid dosage form. HCQ in the IVR was 

stable under accelerated stressed conditions and the IVR was non-cytotoxic when incubated in 

the presence of human vaginal and ectocervical epithelial cell lines. Overall, the current study 

indicates that the developed IVR devices can potentially be used for the intravaginal delivery of 

HCQ. Further in vivo studies are required to determine the impact of our HCQ IVR on the 

induction of immune quiescence within the FGT for preventing HIV infection. 
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Chapter 3 Vaginal Delivery of Hydroxychloroquine via a Trackable 

Polyurethane Implant Protects against Nonoxynol-9 Induced Inflammation 
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3.1 Abstract 

Evidence suggests that women who are naturally resistant to HIV infection exhibit a phenotype 

of low baseline immune activation at the female genital mucosa. This immune quiescent state is 

associated with lower expression of T-cell activation markers, reduced levels of gene 

transcription and pro-inflammatory cytokine or chemokine production involved in HIV 

replication, while maintaining an intact immune response against pathogen. Intravaginal drug-

eluting devices have recently gained much attention as preferred women-oriented HIV 

prophylactic strategies for increasing patient adherence and providing controllable drug delivery 

within the female genital tract. Here, we have developed a novel trackable, implantable dosage 

form for vaginal delivery of the immunomodulatory drug candidate hydroxychloroquine as a 

strategy to maintain a low level of immune activation when challenged topically with 

nonoxynol-9 (detergent known to induce inflammation and irritation of the female genital tract). 

The IVR system was evaluated non-invasively in a rabbit model and radiographic and tissue 

histological evaluation showed that our medical device can remain within the female genital tract 

for >40-day with no evidence of vaginal mucosal injury, respectively. The IVR also offered 

controllable delivery of HCQ above therapeutic concentrations and was able to protect rabbits 

challenged vaginally with nonoxynol-9. Our IVR system was able to reduce the amount of 

submucosal immune cell recruitment with improved mucosal epithelium integrity, decrease 

protein and gene expression of T-cell activation markers, and attenuate the induction of key pro-

inflammatory molecules produced in cervicovaginal lavage and vaginal tissue. Microbicides 

designed to maintain a low baseline of immune activation and decreased frequency of activated 

T cells at the female genital tract may have the potential to offer a promising new strategy for 

reducing HIV infection.  
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3.2 Introduction 

UNAIDS estimated that more than 36.7 million people lived with human immunodeficiency 

virus (HIV) in the world with approximately 1.8 million new HIV infections occurred globally in 

2016 [345]. 96% of people that acquired HIV-1 infection live in developing countries and more 

than 70% of this population is located in sub-Saharan Africa [346]. In Sub-Saharan Africa 

women are twice likely to acquired HIV compared to men [4]. Despite the fact that condoms are 

excellent for the prevention of HIV infection, usage by some women is restricted due to socio-

cultural factors [347, 348]. Thus, efforts have been made to seek effective and affordable 

strategies to protect women against HIV-1 infection especially for those that live in developing 

countries.  

The vaginal tract has been evaluated as a preferred administration route for a wide range 

of therapeutic agents such as those for contraception and the treatment of local vaginal infections. 

This is due to the presence of elastic rugae on the vaginal surface which greatly increases the 

surface area of the vaginal wall [154]. The abundant blood and lymphatic vessels in the wall of 

the vagina offer a path for therapeutic agents to be delivered to the local immune cells. The 

avoidance of first-pass effect also enhances the bioavailability of therapeutic agents [169]. 

Medical devices that can provide controlled sustained drug delivery within the female genital 

tract such as intravaginal rings (IVR) have been shown to demonstrate various advantages over 

other conventional dosage forms (i.e. creams, gels, tablets, pessaries, foams, ointments, and 

douches) such as: (i) its capability of providing long-term controlled delivery of 

chemotherapeutics [202, 349, 350] and macromolecules [200, 351, 352] at FGT; (ii) the ability to 

construct IVRs from various biocompatible elastomeric materials (polyurethane, pEVA, silicone, 



 

 100 

etc.) to offer tunable elution kinetics of therapeutic agents [353]; (iii) the ease of self-insertion 

and removal of IVRs resulting in high user adherence [137, 177]. 

Most HIV transmissions occur at the genital mucosa. It was reported that the elevation of 

inflammatory mediators responsible for the recruitment of T cells and other HIV-target immune 

cells in the vaginal milieu can facilitate HIV infection at the vaginal mucosa [354, 355]. The 

infiltrated immune cells being recruited to the exposure sites, especially those that are activated 

(i.e. activated T lymphocytes, etc.) and bear CD4 and CCR5 receptors, serve as potential targets 

for HIV virus. Activated CD4+ or CD8+ T cells expressing CD69, HLA-DR, CD38, Ki67 were 

observed to be more susceptible to HIV infection and are the main cell types involved in HIV 

viral replication in comparison to their resting quiescent counterparts [99, 115, 116, 139, 356]. 

Previous clinical trials showed that microbicides containing nonoxynol-9 (N9) increased HIV 

transmission due to the N9-induced vaginal inflammatory events within the FGT mainly through 

disruption of epithelial integrity and the induction of NF-kB activation dependent elevated pro-

inflammatory molecules production at the FGT [339, 357, 358]. Therefore, therapeutic agents 

able to maintain low frequencies of activated T cells and reduced level of inflammation in the 

female genital mucosa during HIV infection are of great interest as potential drug candidates 

against HIV prevention. Hydroxychloroquine (HCQ), a hydroxyl analogue of chloroquine, is one 

of such promising candidates initially utilized for the treatment of malaria and rheumatoid 

arthritis [359]. HCQ has demonstrated direct anti-HIV activity by inhibiting gp120 glycosylation 

process resulting in non-infectious HIV virions [360]. Since HCQ was also shown to possess 

immunomodulatory effects by decreasing the production of pro-inflammatory mediators [319, 

361, 362] and by inhibiting the expression of T-cell activation markers [318, 363, 364], 

developing a strategy that can induce T-cell immune quiescence using HCQ has the potential to 
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effectively prevent or reduce HIV infection within the FGT, providing a novel women-oriented 

HIV prophylaxis [99]. Therefore, in the present study, we hypothesize that an IVR-derived rabbit 

trackable implant, non-invasively remaining within the FGT in a rabbit model, will provide 

sustained HCQ release, protect acute N9-induced local vaginal tissue inflammation, and reduce 

local T-cell activation. The biocompatible HCQ delivery system to protect vagina from local 

immune activation can be utilized as a novel strategy for the prevention of HIV infection.  

3.3 Materials and Methods 

3.3.1 Materials 

Hydrophilic aliphatic polyether urethane (PU) Tecophilic HP-60D-35 was purchased from 

Lubrizol Advanced Materials (Wickliffe, OH) with water swelling at 35% (wt%) of their dry 

mass and with shore harnesses of 42D. Hydroxychloroquine sulfate (98% purity) was purchased 

from Thermal Fisher Scientific. Pharmaceutical grade hydroxypropyl methylcelluloses (HPMC), 

METHOCEL K100M premium HPMC (assayed apparent viscosity: 97,579 mPa.s), was kindly 

supplied by the Dow Chemical Company (New Milford, CT, USA). CellTiter 96® AQueous 

One Solution Cell Proliferation Assay (MTS) was purchased from Promega (ON, Canada). 

E.Z.N.A.® RNA isolation kit was purchased from Omega Bio-Tek (ON, Canada). Rabbit TNF-α, 

IFN-γ, IL-1-β, IL-6, IL-8, sandwich ELISA kits and requirement buffers were purchased from 

R&D Systems (MN, USA). Rabbit MIP-3a (macrophage inflammatory protein-3a) ELISA kit 

was purchased from Mybiosource (San Diego, CA, USA). anti-CD3 were purchased from BD 

Biosciences (ON, Canada). RPMI-1640 cell culture medium, fetal bovine serum (FBS), 

penicillin-streptomycin (PenStrep), phosphate-buffered saline (PBS), HEPES, EDTA were 

purchased from Thermal Fisher Scientific. Collagenase (C2139) was obtained from Sigma-
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Aldrich (Mississauga, ON, Canada). Percoll and Ficoll-Paque™ PLUS solutions were purchased 

from GE Healthcare (Chicago, IL, USA). All other solvents and reagents were obtained as HPLC 

grade unless noted. 

3.3.2 Rabbit HCQ implant design and fabrication 

 Each rabbit implant was comprised of a flexible PU drug-permeable portion, end-capped 

with non-water permeable solid PU and embedded with two flexible arms. The drug-permeable 

portion and flexible arms of the implant was manufactured via hot-injection molding and hot-

melt extrusion, respectively. Briefly, the hydrophilic polyether urethanes HP-60D-35 (Lubrizol) 

were dried overnight in an oven setting at 80ºC. The drug-permeable portion of the implant was 

then fabricated by hot-melt injection molding process at temperatures of 160°C using a benchtop 

hot injection molder (Medium Machinery, LLC) and a custom designed mold as previous 

described [193]. The curved drug-permeable portion had a cross-sectional diameter (XD) of 5 

mm and a wall thickness of 0.75 mm. The XD and wall thickness of each fabricated segments 

were measured with a digital caliper. The same HP-60D-35 was hot-melt extruded at the same 

temperature in Thermo Scientific™ HAAKE™ MiniLab II Micro Compounder coupled with a 

rod die (1.5 mm in outer diameter). The prototype solid portion of the implant was designed 

using Geomagic Design (3D Systems) and 3D printed in ABS using a commercial fused 

deposition modeling printer (Robox, CEL, UK). A silicon mold of the print was made using 

Mold Max® 25 (Smooth-on, Inc.) and final product was solvent-casted using Smooth-Cast® 300, 

a urethane-based water-impermeable material. Each end of the flexible portion of the implant 

was sealed with Smooth-Cast® 300 and the same materiel was applied to the tips of the arms 

creating a smooth surface. During the study, the lumens of the implants were either filled with 

aqueous-buffered HCQ in PBS (pH 7.4) or HCQ/K100M semi-solid (at different w/w ratio). The 
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HCQ/K100M semi-solid was prepared using a two-syringe mixing method described previously 

[194]. To monitor the implant presence within the rabbit vaginal cavity post-insertion, each 

implant lumen was embedded with a ID-100A radio-frequency identification (RFID) Nano 

Transponder (1.25 mm in diameter, 7 mm in length, Trovan®), enabling the unambiguous real-

time identification throughout the study with minimal impact on drug loading capacity. 

3.3.3 In vivo evaluation 

The animal protocol for in vivo experiments was approved by the Animal Care Committee at 

University of Manitoba. Sexually matured female New Zealand White (NZW) rabbits (3.5-4.5 

kg in weight, 5-8 month old) were purchased from Charles River Laboratories (Saint-Constant, 

QC, Canada). Upon their arrival, rabbits were single-housed in standard stainless-steel cages one 

week before the study. Five groups were planned to be evaluated in the 6-day study, including 

naïve (without implant), placebo (with implant containing no HCQ), HCQ only (with implant 

containing aqueous-buffered HCQ), N9 only (challenged with N9 for 24 hr without implant), and 

N9+HCQ (challenged with N9 for 24 hr with implant containing HCQ). N9 challenge was 

performed by introducing 1 mL of Conceptrol® gel (containing 4% N9) into the rabbit vaginal 

cavity on day 5. A slightly lubricated 1-mL syringe containing 1 mL of Conceptrol® gel was 

insert approximately 10 cm from the introitus before gently dispensing of the gel while slowly 

pulling the syringe backwards to evenly cover the vaginal canal. All groups were terminated on 

day 6 for blood and tissue collection as well as implant retrieval. 20-mL of blood was collected 

through hear puncture by inserting the needle immediately caudal to the zyphoid process and 

penetrating the heart. Blood was then withdrawn and place into appropriate tubes. Euthanasia is 

then done by injected Pentobarbital Sodium (Euthanyl) at a dose of 2 mL/4.5kg of body weight 

intracardiac by using the same method as the blood collection via heart puncture. We split each 
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collected rabbit vaginal tract into three sections including the 8~10 cm lower urovagina (UV), 

the 5~6 cm middle distal cervicovagina (DC) where directly contacted the implant, and the 4~5 

cm upper proximal cervicovagina (PC). All samples were stored in -80°C freezer till further 

analysis if not described otherwise. 

  A medical-grade NSF-61 ester-based PU tubing (7.95 mm in cross-sectional diameter, 

0.78 mm in wall thickness, 85A shore hardness, Component Supply Company, Sparta, TN, USA) 

was utilized for implantation procedure. For each animal needs to be implanted, induction of 

anesthesia was initiated with 5% isoflurane in the presence of oxygen. Lightly lubricated HCQ 

implant with water-soluble Lubricating Jelly (HealthCare Plus) was first gently inserted into one 

end of the NSF-61 PU tubing. After applying a thin layer of lubricant, the PU tubing containing 

the implant was slowly inserted 8~10 cm into the anterior vagina. Deployment of the implant 

was facilitated by inserting a sterile metal rod at the other end of the PU tubing and gently 

release the implant at upper portion of the rabbit vagina by-passing the urethovaginal sphincter. 

Thereafter, the PU tubing and metal rod were slowly removed. Rabbits with the implants were 

returned to the original cage. The entire procedure was performed within 10 minutes. Following 

the implantation, the animals were closely monitored during anesthetic recovery for 

physiological disturbances including cardiovascular/respiratory depression, hypothermia, and 

any bleeding or discharge secretion from the vaginal tract. Animals were monitored daily for the 

presence of implant by gently insert a RFID reader beneath the pelvic area of each implanted 

animal. Measured body weight and any negative clinical observations were recorded daily. 

 To collect CVL samples from rabbits on each time intervals (day 0, 1, 2, 3, 5, and 6), the 

rabbits were anesthetized using Isoflurane/Oxygen vaporizer and placed in dorsal recumbency, 

keeping their back as straight as possible. 1 mL of sterile PBS (pH 7.4) was introduced carefully 
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to flush the rabbit vaginal tract during the anesthesia. 4~5 pieces of HydraFlock® Flocked Swabs 

(Puritan Medical Products, USA) were gently inserted into the vaginal tract at about 8 cm to 

absorb the lavage. After centrifuge at 12,000 x g for 3 min to remove cell debris, approximately 

500~600 µL of CVL was collected. 1~1.5 mL blood samples were collected via ear vein into BD 

Vacutainder® Blood Collection Tubes. Both CVL and blood samples were stored in -80°C till 

further bioanalysis.  

3.3.4 X-ray imaging of HCQ implant in rabbit vagina 

The rabbits for X-ray imaging were anesthetized via intramuscular injection of ketamine and 

xylazine at a dose of 35 mg/kg and 5 mg/kg, respectively. Images were acquired with a 

laboratory X-ray system comprised of a flat-panel detector (Varian Medical Systems, Salt Lake 

City, UT, USA), X-ray tube (Varian Medical Systems) and generator (Sedecal, Buffalo Grove, 

IL, USA). Images were acquired with tube potentials of 40kV to 50 kV and mAs settings ranging 

from 1 to 8. 

3.3.5 Reversed-phase high-performance liquid chromatography (RP-HPLC) quantitation 

of HCQ in rabbit CVL, tissue, and residues in implants 

Analysis of HCQ in CVL was performed using a reversed-phase HPLC (RP-HPLC) method that 

was described previously with slight modifications [365]. HCQ was first extracted from 100 µL 

of rabbit CVL samples by adding 300 µL of acetonitrile and 1 µL of 5 mg/mL chloroquine (CQ, 

internal standard) and vortexing for 1 min. Protein content was separated by centrifugation at 

20,000 x g at 4°C for 20 min. After transferring the supernatant into a new tube, the content in 

the tube was evaporate in SpeedVac (ThermoFisher) at 45°C and pressure setting at 5.1 for 1.5 hr. 

100 µL of HCQ mobile phase was used to reconstitute the content in the vial and 80 µL was 

injected for HPLC analysis. HCQ levels in rabbit vaginal tissues or blood were assessed in RP-
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HPLC with a modified extraction technique as previously reported [366]. 500 ± 50 mg of rabbit 

vaginal tract including (UV, DC, and PC portions) were weighed in a 1.5 mL Eppendorf tube. 

400 µL of 3 mg/mL collagenase in water was added. 100 µL of internal standard CQ at 50 

µg/mL in water was spiked into each sample. Samples were shaken at 37°C overnight at 160 rpm 

on a benchtop orbital shaker to digest the tissue and release drug content. On the next day, the 

samples were homogenized and transferred into a 50-mL tube. Following the addition of 1 mL of 

PBS (pH 2.5), 2 mL of 0.4 N NaOH, and 8 mL of chloroform, each sample was vortexed and 

centrifuged with aqueous phase discarded. 1 mL of PBS (pH 5) was added into the organic phase 

and the mixture was vortexed for 2 min. After centrifugation, the organic phase containing HCQ 

was transferred to a clean glass tube for evaporation. 500 µL mobile phase was added to 

reconstitute the content in the tube and 200 µL of filtered sample was injected into HPLC 

column. HCQ in blood was extracted follow the similar procedure but without the collagenase 

treatment. To quantify the HCQ residual in each implant, the solution within the lumen of each 

retrieved implant containing leftover HCQ was first sucked out by a 1-mL syringe and followed 

by three flushes of the lumen with 100 µL of distilled water. The combined solution was 

lyophilized using a bench-top freeze dry system (LABCONCO® FreeZone). The resultant was 

reconstituted in 100 µL of mobile phase and filtered 40 µL sample was injected into the HPLC 

system. The determined amount of leftover HCQ was compared to the initial drug loading of 

each implant. 

HPLC analysis was carried out using a Waters Nova-Pak® C18 column (4 µm, 3.9 x 150 

mm) under an isocratic condition equipped on a Shimadzu LC-2010A HPLC system. The mobile 

phase consisted of methanol, acetonitrile, and 58 mM sodium phosphate dibasic buffer (4:22:74, 

v/v) containing 15 mM heptanesulphonic acid and adjusted to pH 3.1 with concentrated 
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phosphoric acid. The mobile phase was delivered at the flow rate of 1.0 mL/min. Column 

temperature was maintained at 25°C. The retention time of HCQ and CQ in CVL samples were 

approximately 13.3 min and 17.3 min while 10.8 min and 13.9 min in tissue samples, 

respectively. A linear calibration curve of HCQ was obtained in the range of 49-1250 ng/mL 

(R2>0.999) for CVL samples and 150-2000 ng/mL (R2>0.999) for tissue samples. The limit of 

quantification for HCQ in CVL was 24 ng/mL and 78 ng/mL for HCQ in tissue samples, 

respectively.  

3.3.6 Isolation of rabbit vaginal mononuclear cells 

After euthanasia, lymphocytes from rabbit vaginal mucosa were isolated similarly as described 

in Jiang et al [367]. Briefly, for each rabbit the UV, DC, and PC portions of vaginal tract were 

pooled, cut into fine pieces and digested in RPMI-1640 medium supplemented with 450 U/mL of 

collagenase, 1% penicillin/streptomycin, 1M HEPES and 10% heat-inactivated fetal bovine 

serum (HI-FBS) at 37°C for 1 hr on an orbital incubator. Collect the cell suspension through 100 

µm cell strainer and the vaginal mucosal immune cells were isolated by Percoll™ (GE 

Healthcare) density gradient at 900 x g for 20 min. The interface layer containing the 

lymphocytes were carefully collected and washed with RPMI-1640 with 10% HI-FBS for T-cell 

isolation described below or flow cytometry analysis. 

Vaginal mucosal T cells were isolated using Dynabeads® FlowComp™ Flexi Kit 

(ThermoFisher Scientific) following the manufacturer’s instruction. First, a mouse anti-rabbit T 

lymphocytes antibody (clone KEN-5, Bio-Rad, Hercules, USA) was biotinylated using DSB-X 

Biotin Protein Labeling Kit per according the supplier’s protocol. Briefly, around 8 x 106 of 

isolated vaginal mucosal immune cells from previous step was labeled with DSB-X biotinylated 

antibody (~300 µg/mL) for 30 min on ice. Antibody-coated cells were incubated with washed 
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Dynabeads® to positive-select T cells from other cell types at 4°C for 15 min with rolling. After 

attaching to magnet rack, selected T cells were washed with other cells removed, and eventually 

released from Dynabeads®. After centrifugation, the isolated T cells were used for total RNA 

extraction.  

3.3.7 Flow cytometry 

Isolated vaginal mucosa immune cells (approx. 6 x 106) were washed with 2% HI-FBS in PBS. 

After permeabilization with 1% saponin and fixing with 2% paraformaldehyde, cells with stained 

at 4°C for 30 min in the dark with APC-CD3e, DyLight 405-CD4, DyLight 488-CD8a (Novus 

Biologicals, Oakville, ON, Canada), PE-RLA-DR (Cedarlane Labs, Burlington, ON, Canada). 

Data were acquired on a FACS Canto II flow cytometer (BD System, USA) and analyzed using 

FlowJo v10.0.7r2 (TreeStar, USA).  

3.3.8 Quantitative real-time PCR 

Total RNA from vaginal mucosal T cells isolated through Dynabeads® was extracted using 

PureLink® RNA Mini Kit (Life Technologies) following the manufacturer’s instruction. The 

concentration of extracted RNA was determined by NanoDrop™ 2000 Spectrophotometers. 

cDNA was generated by SuperScript™ VILO™ cDNA Synthesis Kit (Invitrogen, USA). To 

synthesize cDNA (20 µL reaction), 4 µL of 5X VILO Reaction Mix, 2 µL of 10X SuperScript 

Enzyme Mix, 2 µg of extracted total RNA and corresponding DEPC-treated water were mixed 

gently in PCR tube, centrifuged and incubated at room temperature for 10 min. cDNA synthesis 

was conducted using the SimpliAmp™ Thermal Cycler (Thermo Fisher, ON, Canada) with 

incubation at 42°C for 60 min and SuperScript Enzyme heat inactivation at 85°C for 10 minutes. 

All cDNA samples were stored at −80°C until use. 
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Quantitative real-time PCR was performed using PerfeCTa® SYBR® Green SuperMix 

(Quanta Biosciences, MA, USA) with the Applied Biosystems® QuantStudio™ 6 Flex Real-

Time PCR System using 2 µL of a 1:4 cDNA dilution (50 ng of total cDNA) in DNase-free 

RNase-free water in a final volume of 20 µL with 250 nM final primer concentrations. Rabbit 

GAPDH was used as endogenous control. GAPDH RT2 qPCR Primer Assay was purchased from 

QIAGEN (Toronto, ON, Canada). The primers for rabbit CCR5 (NCBI reference: DQ444458.1) 

and CD69 (NCBI reference: XM_017343428.1) were designed using Primer Expressã 3.0.1 

(Applied Biosystems) and purchased from Dharmacon (ON, Canada): CCR5 forward: 5’- 

GTCAGAGCCCTGCCAAAAAAT -3’, CCR5 reverse: 5’-CACGAAGCCGAAAATGAACAC-

3’; CD69 forward: 5’-TGGTCCAGCGTAAAGCAGTAAG-3’, CD69 reverse: 5’-

CGAAACAGCGTCTGACTCCTT-3’. The qPCR results are presented as normalized mean 

ratios ± SEM of the target:reference gene. 

3.3.9 Pro-inflammatory cytokine and chemokine assays 

At each time intervals, the production of IL-1b, IL-6, IL-8, TNF-a, MIP-3a in rabbit CVL 

samples were determined by sandwich ELISA kit purchased from R&D Systems (Minneapolis, 

MN, USA, for IL-6, IL-8, and TNF-a), Biomatik (Cambridge, ON, Canada, for IL-1b) and 

Mybiosource (San Diego, CA, USA, for MIP-3a) using 100 µL of un-diluted CVL samples. To 

quantitate the tissue-associated cytokine and chemokine levels, 20 ± 5 mg of UV, DC, and PC 

portions of vaginal tissue collected from different groups were homogenized on ice in PBS 

containing protease inhibitor cocktail (Sigma-Aldrich, ON, Canada) and centrifuged at 20,000 x 

g at 4°C for 20 min. The total protein concentration in the supernatant was assayed using BCA 

assay (ThermoFisher Scientific). Diluted samples containing 100 µg of total protein were used in 

sandwich ELISA for the quantitation.  
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3.3.10 Histological morphology analysis 

After rabbits were euthanized on day 6 after implantation, different portions of vaginal tract 

including UV, DC, and PC sections were harvested for histological morphology investigation. 

Fresh tissues were fixed in 10% buffered formalin overnight at 4°C in a conical tube and 

processed on a Shandon Citadel™ 1000 Tissue Processor (ThermoFisher Scientific) with 

subsequent ethanol/xylene incubations. Thereafter, processed tissues were embedded in paraffin 

using a Microm EC350 Paraffin Embedding Center (ThermoFisher Scientific). Embedded tissues 

were sectioned into 5-µm-thick slices using a HM 355S Automatic Microtome (ThermoFisher 

Scientific) and prepared on glass slides. The slides were then stained with hematoxylin and eosin 

(H&E). The stained slides were assessed and images were acquired on an Eclipse Ti-S inverted 

microscope equipped with a DS-U3 DS Camera Control Unit powered by a TI-PS30W power 

supply (Nikon Instruments Inc., NY, USA). No blinding was done. For all three sections of 

vaginal tract in each group, at least three images were obtained for each rabbit. 

3.3.11 Statistical analysis 

All data sets were analyzed using GraphPad Prism 6.0 (GraphPad software, San Diego, CA, 

USA) and Microsoft Excel (Microsoft, Redmond, WA, USA). For group comparison, a one-way 

analysis of variance (one-way ANOVA) with Bonferroni as post-test was performed using 

adjusted p-values. Statistical significance was defined as a p < 0.05. In figures (if not defined 

additionally), the significant values are depicted as follows: * p < 0.05; ** p < 0.01; *** 

p < 0.001. 
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3.4 Results  

3.4.1 Design and manufacture of a PU HCQ implant for rabbit 

Previously, in vivo evaluations of implantable vaginal dosage forms were invasive and required 

suturing of the test dosage forms within the vaginal cavities of animals [197] and monitoring of 

the implant relied on invasive procedures (i.e. endoscopy) [352]. However, these procedures 

need to be avoided in the current study, as they are likely to induce an inflammatory response 

within the rabbit genital tract, which could cause inflammation. As a result, we developed a 

vaginal implant that can non-invasively remain within the FGT for prolonged periods of time 

while providing controlled sustained release of HCQ.  

We prepared a T-shaped implantable dosage form comprised of four elements: (i) a 

curved hydrophilic HCQ-permeable portion (5 mm in cross-sectional diameter with a wall 

thickness of 0.75 mm) fabricated through hot-injection molding with medical-grade PU, HP-

60D-35 (Figure 3.1A); (ii) two flexible 1.5 mm-long arms (diameter of 1.5 mm) that were 

manufactured via hot-melt extrusion of the same PU (Figure 3.1A); (iii) the solid non-HCQ-

permeable portions made of solvent-casted PU (Smooth-Cast® 300, Smooth-On, Inc.) to seal the 

implant and immobilize the arms (Figure 3.1B); (iv) a ID-100A radio frequency identification 

(RFID) Nano Transponder (1.25 mm in diameter, 7 mm in length, Trovan®) for tracking the 

implant (Figure 3.1C). Previously, we have shown that the 35% water-swellable hydrophilic HP-

60D-35 was capable of providing sustained release of HCQ in vitro within therapeutic 

concentrations required for inhibiting T-cell activation from a reservoir-type IVR [193]. 

Furthermore, neither the selected material nor the HCQ released from this device affected the 

cellular viability of Lactobacillus crispatus and jensenii (microflora commonly found in healthy 

human FGT), human SupT1 T cells and human vaginal or ectocervical epithelial cells [194]. 
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Results also showed that the material we selected for fabricating the solid sections of our implant 

was non-cytotoxic and did not induce the protein expression of key pro-inflammatory mediators 

IL-1b, IL-6, or IL-8 in rabbit CVL (Figure 3.2). Previous studies have shown that implants with 

a cross-sectional diameter of approximately 8-10 mm can be well tolerated by female NZW 

rabbits when inserted into the FGT [368, 369]. We carefully trimmed the HCQ implant under a 

sterile environment to approximately 8 mm in diameter (measured after folding both T-shaped 

arms towards the implant body) to ensure the implant can smoothly traverse through a flexible 

medical-grade PU tubing (Figure 3.3) and be deployed within the rabbit vaginal lumen. RFID 

tags have been an inexpensive solution readily available for automated long-term tracking of 

animals [370, 371]. Since NZW rabbits are sensitive to environmental stress and their movement 

may result in unanticipated implant expulsion, we incorporated RFID micro transponders in each 

implant (Figure 3.1, B and C) for rapid non-invasive monitoring within the rabbit FGT (Figure 

3.1D).  
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Figure 3.1 Design and fabrication of rabbit PU HCQ implant 

(A) The custom designed mold for hot injection molding and the resulting PU segment for 

fabricating the hydrophilic drug-permeable portion of the rabbit implant. (B) Representative 

fabricated T-shaped (left) placebo implant, (middle) implant containing aqueous-buffered HCQ, 

and (right) implant loaded with HPMC semi-solid containing HCQ with two flexible arms. Both 

lumens of the transparent drug-permeable portion were embedded RFID micro-transponders for 

real-time tracking. White solid non-drug-permeable polyurethane was employed to cap the both 

ends of the implants and applied to the tips of the arms to provide a smooth surface. (C) The 

dimension of a Travon® ID-100A RFID Nano Transponder. (D) Tracking the RFID-embedded 

implant within the rabbit using a RFID reader by placing the reader over the pelvic area of the 

implanted animal. HPMC, hydroxypropyl methylcelluloses. Unit in mm. 
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Figure 3.2 In vitro biocompatibility of PU material for producing solid sections of the 

implant 

After solvent casting, two pieces of fabricated solid water-impermeable sections of the implant 

were sterilized with 70% alcohol and incubated with 5 mL keratinocyte-serum free medium 

using aseptic technique in a biosafety cabinet. The samples were incubated at 37°C and 160 rpm 

for 30 days in an orbital shaker. The eluted medium was incubated with vaginal epithelial cell 

line VK2/E6E7 for 24 h. After incubation with eluted medium, cytotoxicity in VK2/E6E7 cells 

was evaluated using (A) MTS assay, and pro-inflammatory cytokine production such as (B) IL-

1β, (C) IL-6, and (D) IL-8 were quantified using sandwich ELISA (R&D Systems). 1 M 

acrylamide and 100 µg/mL of LPS prepared in culture medium was used to induce cell death as a 

positive control in MTS assay and cytokine ELISAs, respectively. Cells cultured in blank 

medium was used as negative control. Data represents N = 6, mean ± SD. 
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Figure 3.3 Tubing and rod for implantation  

The medical-grade PU tubing (8 mm in cross-sectional diameter, 0.78 mm in wall thickness, 85A 

shore hardness) and copper rod used for implantation procedure. Unit in mm. 
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3.4.2 Non-invasive implantation and vaginal residence evaluation 

It should be noted that in female NZW rabbits the urethral orifice opens into the vagina about 8-

10 cm proximal from the introitus, resulting in an anatomical structure called urethrovaginal 

sphincter to be present mid-way within the FGT [372]. Therefore, the implant must be placed 

past the urethrovaginal sphincter to prevent wash-out of drug content by urine (Figure 3.4A). We 

characterized our HCQ implant in vivo for its ability to (i) be deployed past the urethrovaginal 

sphincter, (ii) be implanted rapidly and non-invasively, (iii) remain safely within the FGT for 

prolonged periods of time without causing obstruction or mucosal injury. 

 The ability to be implanted easily without expulsion of the implant out of the FGT is 

related to the selected material, geometric, and mechanical factors. The thermoplastic PU utilized 

in the current study possessed appropriate elastomeric properties with a shore hardness of 42D, 

offering adequate flexibility to balance the requirements between the tolerance for slight 

compression of the implant body during implantation and the hardness needed for safely 

remaining within the FGT. The implantation (Figure 3.4B) was non-invasively conducted using a 

lightly lubricated flexible medical-grade PU tubing, followed by deployment of the implant via a 

sterilized metal rod. The implant was precisely placed upstream of the urethrovaginal sphincter 

as evidently revealed after dissection (Figure 3.5). Of more than 32 implants administrated to 

different rabbits, all implants deployed properly within the first 5 min. The flexible arms of the 

implant were able to undergo a high degree of compression to smoothly fit into the PU tubing 

without damage. Upon deployment, the arms re-opened to supply sufficient force to retain the 

implant within the FGT. There was no observed obstruction of vaginal fluid flow or signs of 

vaginal irritation. Vaginal residence of the implants was evaluated by X-ray imaging of the 

embedded micro transponder taken at various time points post-implantation (Figure 3.4C), 
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revealing that the implant can remain within the FGT for >40 days. There was also no significant 

weight loss or abnormal vaginal discharge observed in the implanted rabbits during the study 

(Figure 3.5). Compared to the naive group, rabbits treated with HCQ-containing implants for 30 

days did not elicit any obvious signs of lymphocyte infiltration or disruption of epithelium 

integrity at the site of direct implant contact (Figure 3.6). We assessed the production of the pro-

inflammatory indicators in CVL, IL-1b and IL-8 [339], in animals that received the implants 

(Figure 3.7). No statistical differences in the levels of these markers were observed among naïve, 

placebo, and the group that were treated with HCQ-containing implants within 30 days. In 

summary, we demonstrated the potential of this innovative trackable implant device to offer 

prolonged residence within the FGT of rabbits without eliciting unwanted local inflammation. 
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Figure 3.4 Non-invasive implantation of the HCQ implant and x-ray evaluation of its long-

term vaginal residence in rabbits 

(A) The schematic illustration of the rabbit vaginal tract with the indication of the correct 

implantation site. We defined the cervicovagina contacting our implant as distal portion of the 

cervicovagina (DC) and upper cervicovagina as proximal portion of the cervicovagina (PC). The 

implant needs to by-pass the urethrovaginal sphincter. (B) The illustrated implantation procedure. 

(Left) During the implantation, the sterile medical grade PU tubing (XD=8 mm, lubricated with 

the implant pre-inserted) was gently inserted 8-10 cm into the rabbit vagina. (Right) The implant 

was then released by gently pushing a lubricated sterile copper rod (XD=3.2 mm) forward, 

B A 
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leaving the implant at the depth of 10-12 cm from the vaginal vulve. (C) X-ray images confirmed 

the implants (circled) were well-retained in the rabbit vagina for over 40 days.  

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 3.5 Confirmation of implant deployment in rabbit FGT 

 (A) Representative conformation of the implant residence after dissection within the 

cervicovagina of a rabbit 40 days post-implantation. (B) Freshly retrieved HCQ implant from the 

animal after dissection demonstrated no obvious tissue growth or vaginal discharge associations 

on the implant surface. 

 

 

 

 

Implant 

Bladder 

Urethrovaginal 
sphincter 

A B 



 

 120 

 

 

 

 

 

 

 

 

Figure 3.6 Histological morphology examination of vaginal tissue directly contacting the 

implant 

Representative histological hematoxylin & eosin staining of the DC vaginal tissue (implant 

directly contacted) from (A) naive rabbit and (B) the rabbit with implant containing 40 mg of 

HCQ after 30 days.  
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Figure 3.7 Levels of IL-1b and IL-8 in CVL for 30 days 

No statistically significant differences in the levels of (A) IL-1b and (B) IL-8 were observed in 

the collected rabbit CVL during 30-day implantation. Data represents N = 3, mean ± SD. 
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3.4.3 In vivo HCQ delivery within rabbit genital tract 

Implants containing different concentrations of HCQ were inserted into the rabbit FGT for 6 

days and 1 mL of N9 gel was introduced into the vaginal lumen on day 5 (Figure 3.8A). Rabbit 

CVL samples were collected on days 1, 3, 5, 6 and analyzed for HCQ content using reversed-

phase high-performance liquid chromatography for quantitating HCQ levels. Given the fact that 

slower in vivo drug elution rates from IVR-based microbicides have been reported in other 

studies [192, 369] and the fact that HCQ has high water solubility of HCQ (> 2 g/mL), we 

initially assessed different formulations containing 10 times higher HCQ loading (40 mg) with 

higher ratios of HCQ to the rate-controlling excipient HPMC (w/w, 50:1 and 5:1) than 

previously tested in vitro [193] and compared them with implants loaded with aqueous-buffered 

HCQ in PBS (Figure 3.8B). Results showed that HCQ was released more slowly into CVL as the 

ratios of HPMC was increased (Figure 3.8, B and D). The implant containing aqueous-buffered 

HCQ (40 mg loading) reached a rate of 6.49 ± 3.55 µg/mL per day close to the reported 

therapeutic concentration for T-cell activation suppression at 4.34 µg/mL [318] and viral 

inhibition at 6.48 µg/mL [329]. HCQ CVL levels in rabbits that received the implants containing 

80 mg of aqueous-buffered HCQ maintained a therapeutic effective duration for 6 days with 

sustained HCQ elution at a daily delivery rate of 16.19 ± 3.34 µg/mL but a gradually decreasing 

trend from 28.43 ± 3.55 µg/mL on day 1 to 7.34 ± 1.58 µg/mL on day 6 (Figure 3.8, B and D). 

Therefore, the PBS-buffered HCQ containing a higher drug loading (80 mg HCQ) in the absence 

of HPMC was chosen for the N9 challenge study. The observed drug release rate decline in CVL 

correlated with the residual HCQ content left in the implants. Quantitation of residual HCQ after 

solvent extraction from within the retrieved implant after 6 days of implantation revealed that, 

HCQ depletion from the implant resulting in 30.64 ± 4.22% of initial loading left within implant 
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on day 3 followed by approximately 3.09 ± 0.88% on day 6 (Figure 3.9). The HCQ vaginal 

tissue distributions (Figure 3.8C) were found preferably accumulated in the urovagina (UV, 

93.44 ± 157.71 ng/mg) portion of the rabbit vagina followed by distal cervicovagina (DC, 23.06 

± 38.28 ng/mg) and proximal cervicovagina (PC, 1.53 ± 1.05 ng/mg) without N9 gel challenge. 

After introducing 4% N9 gel exposure, a more evenly HCQ distribution was observed 

throughout the rabbit vaginal tract: 43.14 ± 80.23 ng/mg in lower UV section while 57.12 ± 

116.36 ng/mg and 31.86 ± 64.72 ng/mg in upper DC and PC sections, respectively. Additionally, 

the blood concentration of HCQ was below the lower limit of quantitation of HCQ (LLOQ) via 

the RP-HPLC method utilized. 
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Figure 3.8 In vivo rabbit study assessing HCQ levels in CVL and vaginal tissues 

(A) The rabbit study plan. Rabbits received HCQ implant on day 0 followed by N9 challenge on

day 5 for 24 hours. Rabbits were sacrificed on day 6 for bioanalysis. Orange arrows indicate the 

collection of rabbit CVL and blood samplings. (B) Comparison of HCQ levels in rabbit CVL 

during the 6-day study in HCQ only groups with either 40 mg or 80 mg HCQ loaded in the 

presence or absence of rate-controlling excipient HPMC at different ratios. Dotted line indicating 

the therapeutic concentration (4.34 µg/mL or 10 µM of hydroxychloroquine sulfate) for 

inhibiting T-cell activation. (C) The HCQ concentrations in different portions of rabbit vaginal 

C 

D 
Formulation

Total drug 
incorporated 

(mg)

HCQ delivery 
rate 

(µg/mL/day)

Duration of 
therapeutic effect 

(>4.34 µg/mL)

Aqueous-buffered 80 16.19 ± 3.34 6 days
Aqueous-buffered 40 6.49 ± 1.30 3 days
HCQ/HPMC 50:1 40 1.76 ± 0.55 n/a
HCQ/HPMC 5:1 40 0.96 ± 0.32 n/a
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tissue with or without N9 gel challenge. (D) Comparison of the therapeutic effect duration of 

each tested formulation. Data is expressed as mean ± SD, N = 3. CVL, cervicovaginal lavage. 

UV, urovagina; DC, distal cervicovagina; PC, proximal cervicovagina. Data is expressed as 

mean ± SD, n=3.  

 

 

 

 

 
 
 

 

 

 

 

 

 

 

Figure 3.9 Residual HCQ in retrieved rabbits 

Assayed residual HCQ content in the retrieved rabbit implant initially loaded 40 mg of HCQ. 

Data is expressed as mean ± SD, n=3.  
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3.4.4 Suppressed nonoxynol-9 induced vaginal irritation by HCQ implant 

To assess the protective efficacy of our HCQ implant against acute N9-induced tissue 

inflammation, we investigated the morphology of the vaginal epithelium integrity and 

lymphocyte recruitment in the stroma (Figure 3.10), and examined the key inflammation 

biomarkers produced in either CVL or vaginal tissues (Figure 3.11) as these are early mucosal 

irritation indicators for investigating inflammation status and lymphocyte infiltration in other 

microbicides toxicity studies [354, 355, 357, 373, 374].  

Disruption to vaginal epithelium integrity and increased lymphocyte infiltration in the 

submucosa was observed in N9 only group throughout the entire vaginal tract (Figure 3.10, N9 

Only panel). In contrast, no significant differences in the morphology of the vaginal epithelium 

was observed in of rabbits treated with implants containing HCQ. A reduction in lymphocyte 

recruitment at the UV, DC, and PC portions was also observed (Figure 3.10, N9+HCQ panel), 

demonstrating the protective effects of HCQ against N9-induced mucosal irritation.  

In this study, we evaluated various biomarkers which represent key cytokines and 

chemokines involved in inflammation (IL-1b, IL-6, IL-8) [339, 373] or lymphocyte infiltration 

and T-cell activation (IL-8, MIP-3α, TNF-α) [357]. The production of these markers in both 

CVL and different sections of the rabbit vaginal tract were compared (Figure 3.11). Production 

of IL-1b, IL-8, and MIP-3α in vaginal lavage were significantly reduced in rabbits treated with 

the HCQ-implant and challenged with N9 compared to rabbits there were challenged with N9 

alone (p < 0.0001, Figure 3.11, A, C and D). After N9 exposure, HCQ was able to maintain or 

reduce IL-8 and MIP-3α expression to levels similar to basal line. In agreement with other 

studies, single N9 treatment did not significantly induce IL-6 production during the acute 

inflammatory response stage [339] (Figure 3.11B). The placebo group and the HCQ implant only 
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control group did not exhibit any significant changes in the expression of the biomarkers in 

comparison to the naïve group, confirming the in vivo biocompatibility of this dosage form. 

Furthermore, quantitation of the early T-cell and macrophage recruitment markers IL-1β, IL-8, 

TNF-α, and MIP-3α [355, 357, 373] within different sections of the rabbit vaginal tract revealed 

that their expression were significantly attenuated by HCQ implantation in comparison to the 

naïve group (Figure 3.11, E-G). IL-8, TNF-α, and MIP-3α were significantly attenuated by HCQ 

implants in all three sections of rabbit vagina and maintained at their baseline levels (no 

significant difference comparing to the naïve group), of which MIP-3α expression was most 

significantly reduced (p < 0.0001 in UV, p = 0.0004 in DC, and p = 0.0006 in PC). Rabbits 

received HCQ implant showed significantly attenuated N9-induced IL-1b elevation within the 

entire vaginal tract (p = 0.004 in UV, p < 0.0001 in DC, and p = 0.0009 in PC). Specifically, the 

DC portion which was in direct contact with the HCQ implant exhibited the greatest reduction in 

the expression of IL-1b (60.70%), IL-8 (55.32%) and MIP-3α (42.48%) in comparing to rabbits 

exposed to N9 only, respectively. Rabbits treated with the HCQ implant also demonstrated the 

most significant reduction in TNF-α expression in the UV section of the vaginal tract with a 

42.63% reduction in comparison to N9 only group (p = 0.006, Figure 3.11E).  
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Figure 3.10 Rabbit vaginal epithelium morphology after N9 challenge 

Representative H&E staining of the UV, DC and PC portions of rabbit vagina. Green arrow 

indicates the epithelium, red arrow indicates infiltration of lymphocytes in the submucosa, blue 

arrow indicates the formation of vascular vessels in the stroma. Photos were taken under 400X 

magnification. E, epithelium; SM, submucosa; BV, blood vessel. 



 

 129 

 

  

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

C 

A 
B 

D 

F 

G 

E 



130 

Figure 3.11 Representative pro-inflammatory cytokines and chemokines production in 

rabbit CVL and vaginal tissue 

(A) IL-1β, (B) IL-6, (C) IL-8, and (D) macrophage inflammatory protein-3 alpha (MIP-3α)

production in rabbit CVL samples before and after N9 challenge. Levels in the rabbit CVL were 

determined by quantitative sandwich ELISAs. IL-1β, IL-8, TNF-α, and MIP-3α expressions in 

rabbit (E) urovagina, (F) distal cervicovagina, and (G) proximal cervicovagina. Marker 

expression levels shown as pg of each inflammatory markers per 100 µg total protein of 

respective vaginal tissue. All data expressed as mean ± SD, N = 3; *: p< 0.05; **: p< 0.01; ***: 

p < 0.001. Ψ: p < 0.05; d: p < 0.001, and f: no significant difference in comparison to naïve 

group. n.s.: no statistical significance. 
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3.4.5 HCQ implant attenuates expression of activation markers on mucosal T lymphocytes 

during N9 challenge 

In the present study, N9-induced inflammation within the rabbit FGT evidently led to increased 

immune cell recruitment at the vaginal mucosal surface (Figure 3.10) and elevated production of 

T-cell activation mediators (Figure 3.11) including IL-8, MIP-3α, TNF-α [357, 375]. Studies 

have shown that HLA-DR expression is significantly increased in activated CD4+ and CD8+ 

cervical T cells in HIV-infected women [114]. As a result, we isolated the immune cells from the 

rabbit vaginal tissue (combined from UV, DC, and PC portions), and utilized flow cytometry to 

quantitate the expression of RLA-DR (rabbit equivalent of human HLA-DR). We used 

CD3/CD4/CD8 to define T-cell subsets. As seen in Figure 3.12A, neither HCQ implant (p = 

0.526) nor placebo implant (p > 0.999) significantly affected RLA-DR expression on isolated T 

cells in comparison to naïve group. Rabbits treated with the HCQ implant completely attenuated 

the induction in RLA-DR expression on both CD4+ and CD8+ T cell subsets after N9 challenge, 

maintaining RLA-DR expression on vaginal T cells at baseline levels. Studies demonstrated 

elevated number of T-cell expressing early T-cell activation marker CD69 and increased level of 

T-cell chemokine co-receptor CCR5 expression to be associated with immune activation at FGT 

[376, 377]. Due to the lack of commercially available anti-rabbit CCR5 and CD69 antibodies for 

flow cytometry, we performed qRT-PCR to determine the mRNA levels of these activation 

markers in vaginal T cells using dynabeads conjugated with antibody recognizing rabbit T cells 

(Figure 3.12, B and C). HCQ implants significantly attenuated the increase in mRNA expression 

of CCR5 (p = 0.0003) and CD69 (p = 0.0014) in comparison to rabbits challenged with N9 only, 

respectively.  
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Figure 3.12 RLA-DR, CCR5, CD69 expressions on isolated vaginal mucosal T cells 

(A) Vaginal mucosal T lymphocytes were isolated from the rabbit vaginal tissue and analyzed

via flow cytometry. T cells were gated based on CD3. Data expressed in assayed mean 

fluorescent intensity (MFI) of RLA-DR signal as mean ± SD, N = 3. The normalized mRNA 

levels of (B) CCR5 and (C) CD69 were assessed using quantitative RT-PCR using 50 ng of total 

mRNA extracted from the positive-isolated vaginal T lymphocytes. Isolated rabbit PBMC cells 

were used as they were or treated with 5 µg/mL of PHA in RPMI-1640 medium for 6 hr as 

positive controls for CCR5 and CD69, respectively. Data normalized by naïve group and 

expressed as relative gene expression in mean ± SD, N = 3. GAPDH was used as endogenous 

control. **: p< 0.01; ***: p < 0.001; n.s.: no statistical significance. 
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3.5 Discussion 

HIV-exposed seronegative (HESN) individuals have revealed a unique phenotype of low 

baseline immune activation such as reduced expression of CCR5 [116] and T-cell activation 

markers HLA-DR [116], CD38 [115], CD69 [117, 139, 141], as well as lowered levels of pro-

inflammatory cytokine and chemokine production [141, 142, 378]. Therefore, if this unique 

“immune quiescent” state can be pharmacologically induced at the FGT, it will provide an 

excellent alternative strategy to protect women from HIV infection. In this study, we are the first 

to demonstrate that HCQ delivered to the FGT via an implant system can maintain a low baseline 

level of immune activation even after challenge with N9.  

Female New Zealand White (NZW) rabbits were selected as our model since its genital 

tract is physiologically similar to human’s, they are relatively inexpensive in comparison to 

nonhuman primates, and they have been widely used to evaluate vaginal agents for contraceptive 

purposes [379] or microbicides for sexually transmitted infections [197]. The 14 to 19 cm long 

rabbit vagina is anatomically similar to the human vagina and is comprised of the lower 

urovagina (UV, distal section of the vagina) and the proximal cervicovagina (proximal section of 

the vagina) [380]. The urovagina exhibits stratified squamous epithelium similar to the human 

vagina and the cervicovagina portion consists of monostratified columnar epithelium which is 

also similar to the human endocervix [372]. It has been previously shown that vaginal 

application of N9 in rabbits can severely disrupt epithelial integrity, triggering pro-inflammatory 

cytokine and chemokine production as well as lymphocyte activation and infiltration [381-383]. 

Most importantly, the constitutive presence of T lymphocytes in rabbit vaginal tract with a 

reported density of 104-185 cells per mm2 [384] will allow us to evaluate local T-cell activation 

under the N9 exposure. Moreover, the large rabbit vaginal lumen in comparison to rodents is 
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able to accommodate our relatively large polyurethane implant system, making it an inexpensive 

model to collect important information before translating to nonhuman primate studies or human 

clinical trials. 

Since the focus of this study is to examine vaginal immune activation in the presence of 

N9, it is important that all procedures and materials used in the study will not elicit an adverse 

inflammatory response. As a result, previous invasive methods for studying implants within the 

FGT such as suturing [197, 353] should be avoided. In this study, we developed a biocompatible 

implant and a non-invasive implantation procedure that will allow us to place the implant in the 

appropriate location within the rabbit vaginal cavity for prolonged periods of time (Figure 3.4). 

The chosen dimension of our implant was influenced by the previous studies showing that a 

cross-sectional diameter of approximately 8-10 mm tubing was well tolerated by female NZW 

rabbits for vaginal evaluation of therapeutic agents [368, 369, 385]. The hydrophilic PU (with a 

shore hardness of 42D) utilized in the current study possessed appropriate elastomeric properties, 

offering adequate flexibility to balance the requirements between the tolerance for slight 

compression of the implant body during implantation and the proper mechanical stiffness needed 

for safely retaining the implant within the rabbit vaginal cavity for prolonged periods (Figure 

3.4C). To non-invasively monitor vaginal residence of the implant, we introduced RFID tags for 

real-time identification. The medical-grade aliphatic PU used in the study has been shown to 

demonstrate long-term in vivo biocompatibility in pre-clinical animal studies [192, 350, 386] and 

recently in a phase-I clinical trial [137]. Our group has also shown that the same PU was 

biocompatible with vaginal/ectocervical epithelial cells or SupT1 T cells in vitro [194], Overall, 

the intravaginal implant described in this work may be adapted to develop other drug-eluting 
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microbicides with rabbits as a suitable model for long-term intravaginal evaluation of 

therapeutics without causing inflammation locally. 

HCQ is an inexpensive drug with immunomodulatory and antiviral activity (>10 µM) 

[146, 319, 360, 387]. In addition, at a concentration of 50 µM [388], chloroquine was shown to 

possess inhibition activity upon mitogen-stimulated lymphocyte transformation. As a result, our 

implant system was designed to release HCQ within this therapeutic concentration range, 

providing the CVL HCQ release rate above 10 µM with longest possible duration but below 50 

µM for avoiding the possible interference of normal immune response (Figure 3.8, A and D). 

During the study period, the rabbit implant was deployed at the DC portion (Figure 3.4C and 

Figure 3.5) of the cervicovagina to avoid potential wash-out of the drug content by urine. It was 

observed that HCQ was rapidly depleted from the implant system with high concentrations found 

in vaginal tissue (Figure 3.8, B and C; Figure 3.9). This could be mainly attributed to: (i) the 

dissolution-controlled drug release mechanism observed in vivo evaluation of IVR-based 

microbicide predominately over the diffusion-controlled release seen in vitro [192], and (ii) the 

tendency of HCQ to be readily accumulated in adjacent vaginal tissue around the implant due to 

the high water-octanol partition coefficient of HCQ [389] and the high protein-binding affinity 

HCQ exhibits [390]. Another possible contributor for this and likely associated with the observed 

high UV accumulation versus low PC accumulation of HCQ in rabbits without N9 gel challenge 

(Figure 3.8C) may be related to the possibly increased secretion of mucus-containing secretory 

droplets from the microvillous cells consisting of the cervicovaginal epithelium [368] in the 

presence of HCQ implant, facilitating the rapid hydration of the HCQ implant and acting as a 

sink creating concentration gradient for HCQ being eluted from the implant. Nevertheless, the 

levels of HCQ released from the implants and its tissue distribution in the UV and DC portions 
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of the rabbits were comparable to the levels of tenofovir and tenofovir disoproxil fumarate (TDF) 

distributed in the similar portions of the vagina as observed in animals that received IVRs 

containing tenofovir [386] or TDF [391]. In contrast, an altered distribution of HCQ within the 

rabbit FGT was found in rabbits challenged with 1-mL of N9 gel for 24 hr (Figure 3.8C). 

Conceptrol® gel, whose spreadibility can be increased in the presence of vaginal fluid [392, 393], 

was shown to be able to cover 48% of the human vaginal epithelium in 10 min after a single 

vaginal application while females were positioned in a similar supine posture [394]. Modeling 

study demonstrated a complete coating of the 7 cm-long and 3 cm-wide macaque vaginal 

epithelium may be achieved within 1 hr by 1.93 mL of 1% tenofovir gel [395]. Since we applied 

the gel ~10 cm from the introitus and the upper cervicovaginal portion of rabbit vagina is 

approximately 7~8 cm in length and < 2 cm in width, the introduced N9 gel in current study may 

contribute to the increased HCQ accumulation in DC and PC portions of rabbit vagina through 

absorbing the released drug content within the vaginal canal and establishing a more evenly 

distribution of HCQ via a possible rapid gel spreading and coating of the cervicovaginal lumen. 

The use of a topical delivery system in the current study and the reported short half-life of HCQ 

in rabbit blood (10.6 hr) [366] may be some of the reasons for the undetectable blood levels of 

HCQ observed in the current study.  

The intact stratified squamous vaginal epithelium and columnar endocervical epithelium 

at human FGT is critical for maintaining the mucosal barrier against HIV infections at vaginal 

mucosal interface [396]. To our knowledge, it is the first study to demonstrate HCQ able to 

prevent the N9-caused thinning and disruption of both multi-layered stratified and single-layered 

columnar vaginal epithelium in vivo with significantly reduced immune cell infiltration at 

submucosa (Figure 3.10). Previous studies reported increased cyclooxygenase-2 (COX-2) from 
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vaginal epithelial cells can be induced shortly after low-dose N9 exposure due to the activation 

of NF-κB and MAPK pathways, triggering the PGE2 secretion [397]. This COX-2 product 

further induced vasodilation thereby increased vascular permeability, initiating migration of 

immune cells to the inflamed vaginal surfaces. The observed less cell infiltration at submucosa 

of rabbits with HCQ implant (Figure 3.10) could be benefited from the inhibitory effect of HCQ 

on COX-2 activity as the CVL HCQ level in current study was higher than that was required (10 

µg/mL) for this effect [398]. Studies demonstrated N9-irritated vaginal epithelium was the 

source for the production of key pro-inflammatory mediators [339, 358, 399], involving IL-1β, 

IL-6, IL-8, TNF-α, MIP-3α, triggering the activation of pro-inflammatory signal transduction 

pathways including NF-κB and MAPK pathways [397, 400]. Viral exposure immediately 

increases MIP3-α expression in the endocervical epithelium. This chemokine attracts 

plasmacytoid dendritic cells, which in turn recruit T cells and macrophages [91]. In the present 

study, the protection of vaginal mucosa by HCQ was revealed through the dramatically 

attenuated secretions of IL-1β, IL-8, and MIP-3α in CVL (Figure 3.11), indicating less secretion 

of these mediators from the vaginal epithelium of the rabbits correlated with preservation of the 

intactness of vaginal epithelium. Though IL-6 production can be initiated by IL-1β induced 

transactivation of NF-κB, a single 24 hr N9 exposure may not be sufficient to significantly 

increase CVL secretion of IL-6, as previous report by Fichorova and co-workers [339], was in 

agreement with the similar result seen in current study. Since the presence of IL-1β, IL-8, TNF-α 

and MIP-3α leads to remarkable influx and activation of HIV-susceptible cells at vaginal mucosa 

including T-cells [401], macrophages, and Langerhans cells (LC) [402], we further assessed the 

levels of these markers in different portions of rabbit vaginal tissues. Similarly, the N9-enhanced 

protein expression of these mediators in the vaginal tissue extracts were mitigated in the presence 



 

 138 

of HCQ implant (Figure 3.11, E-G). The reduced CVL and tissue levels of IL-1β, IL-8, TNF-α, 

and MIP-3α observed may be due to the activity of HCQ through inhibiting their mRNA 

production by decreasing the mRNA stability [403], blocking the mRNA transcription process 

[404], interfering with the post-translational process from other mononuclear cells and vaginal 

epithelial cells [307, 405-407] and normal iron metabolism [318, 408].  

The observed suppressive effect of HCQ on the expression of the T-cell activation 

marker RLA-DR may be attributed to (i) the relatively high levels of HCQ tissue distribution and 

HCQ CVL level delivered from our implant during the study period capable of maintaining the 

effective concentration (>4.34 µg/mL) needed for inhibiting PBMC proliferation upon activation 

[360] and the concentration (>8.67 µg/mL) required for possessing pro-apoptotic effect to 

selectively remove activated CD4+CD45RO+CD45RA- T cells with significantly less impact on 

naïve T cells [409]; (ii) the reduced TNF-α production by HCQ may also interfere with the TNF-

α-dependent HLA-DR elevation on T cells [375], as HLA-DR expression on both CD4+ and 

CD8+ T cells can be rapidly increased within 24 hr in the presence of TNF-α elevation [410] 

which was also observed in current study (N9-only group in Figure 3.11 and Figure 3.12). 

Therefore, based on our findings, intravaginal delivery of HCQ above the therapeutic threshold 

(minimal 10 µM or 4.34 µg/mL) and “pre-priming” the vaginal tract with adequate HCQ is 

necessary to render a robust suppressive effect against short-term N9-induced inflammation at 

the FGT and the expression of T-cell activation marker, HLA-DR. 

Since the lack of appropriate antibodies for detecting rabbit CCR5 and CD69 precluded 

the utilization of flow cytometry to determine their expressions on the isolated vaginal T cells, 

we conducted real-time PCR to examine their gene expressions by extracting the total RNA from 

the isolated T cells. Real-time PCR results revealed attenuated N9-induced upregulation of both 
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CCR5 and CD69 mRNA in the rabbits received HCQ implant (Figure 3.12, B and C). In addition, 

CCR5 mRNA levels were attenuated in the rabbits received HCQ implant only (Figure 3.12B). 

Previous finding suggested HCQ (>10.85 µg/mL) was able to inhibit CD69 expression on T cells 

in vitro through the disruption of TCR crosslinking-dependent calcium signaling [318]. Though 

there were no studies directly investigating the effect of HCQ treatment upon the gene 

expressions of T-cell activation marker CD69 or chemokine co-receptor CCR5, the reduced 

levels of both genes in current study may be attributed to the inhibitory effect of their mRNA 

stability and blocking of their transcription process in the presence of the high tissue levels of 

HCQ [403, 404]. In addition, the decreased mRNA levels may be related to the possible binding 

to DNA [411] along with alteration of its structure [412] by HCQ, interfering with accessibility 

of certain regions on chromatin thereby causing reduced transcription activity or certain 

transcripts. Further studies will be needed to investigate the possible molecular mechanism on 

inhibiting CD69 and CCR5 gene expression by HCQ. 

 

3.6 Conclusion 

Here, we report a biocompatible HCQ rabbit implant capable of prolong residence within rabbit 

vaginal tract for sustained elution of HCQ topically. To our knowledge, this study is the first 

study to reveal topical delivery of HCQ is capable of suppressing T-cell activation marker RLA-

DR (rabbit equivalent of human HLA-DR) protein expression and mRNA levels of CCR5 and 

CD69 on vaginal mucosal T lymphocytes under acute N9 exposure. Also, it demonstrated the 

potential of HCQ as a promising drug candidate to maintain the low baseline of local immune 

activation at FGT. 
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Chapter 4 Three-dimensional printed polyurethane IVRs for controlled 

delivery of multiple active ingredients against HIV, from small molecular 

drugs to nanoparticles 
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4.1 Abstract 

We designed and engineered novel intravaginal ring (IVR) designs via fused deposition 

modeling (FDM) three-dimensional (3D) printing for controlled delivery of hydroxycholoquine, 

IgG, gp120 fragment (encompassing the CD4 binding site), and coumarin 6 PLGA-PEG 

nanoparticles (C6NP). The hydrophilic polyurethanes were utilized to 3D-print reservoir-type 

IVR and IVR segments containing tunable thickness of release controlling membrane (RCM) for 

HCQ elution and alterable micro porous structure IVR segment (by altering the printing patterns 

and interior fill densities) for delivery of macromolecules and C6NP for 14 days. FDM 3D 

printing of both segments was optimized and implemented using a lab-developed Cartesian 3D 

printer. The structures of printed segments were investigated by scanning electron microscopy 

(SEM) imaging. In vitro release studies of 20 mg HCQ, 4 mg of both macomolecules and 160 µg 

C6NP were performed using 5 mL of daily replenished vaginal fluid simulant (pH 4.2). The two-

week in vitro HCQ release kinetics from segments was tunable with various RCM (outer 

diameter to inner diameter ratio ranging from 1.12 to 2.61) produced from FDM 3D printing 

through controlling the printing perimeter to provide daily zero-order release of HCQ ranging 

from 23.54 ± 3.54 µg/mL/day to 261.09 ± 32.49 µg/mL/day. IgG, gp120 fragment, and C6NP 

release rates showed pattern and in fill density dependent characteristics. The current study 

demonstrated the utility of FDM 3D printing to rapidly fabricate complex micro-structures for 

tunable and sustained delivery of HCQ, IgG, gp120 fragment and C6NP from IVRs in a 

controlled manner. 
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4.2 Introduction 

To prevent HIV viral entry and replication, the development of a safe and effective HIV-1 

vaccine would undoubtedly be the best solution for the ultimate control of the worldwide AIDS 

pandemic [413]. Due to the challenges of the extraordinary diversity of HIV-1 [414], the 

capacity of the virus to evade adaptive immune responses [415], the difficulty to induce broadly 

reactive antibody responses [416], and the early establishment of latent viral reservoirs [417], 

HIV-1 vaccine development efforts have not yet proven successful [418]. However, several other 

strategies attempting to prevent sexual transmission of HIV were proposed or examined, 

including: 1) pre-exposure prophylaxis (PrEP) via tenofovir disoproxyl fumarate-based regimen 

as recently recommended by WHO [129]; 2) induction of immune quiescence (IQ) to establish 

local mucosal resistance to HIV-1 infection by maintaining a low baseline of immune activation 

and minimizing the HIV-target cells or substrates for productive HIV infection [99]; 3) direct 

delivery of potent neutralizing antibodies (NAbs) topically or induce vaginal mucosal immunity 

by local mucosal immunization via HIV antigens. IQ model of protection from HIV infection 

was proposed based on the evidence observed in HIV-seronegative individuals with lowered 

level of inflammation related cytokines and chemokines production at female genital tract (FGT), 

reduced availability of activated CD4+ HIV target cells, and decreased infiltration of HIV target 

cells to fuel viral propagation and dissemination of HIV infection to the systemic level. This 

provided the rationale of delivering immunomodulatory compound locally, such as 

hydroxychloroquine (HCQ) [99], to maintain low baseline of immune activation at FGT as well 

as the inhibition of HIV invasion host factors expressions, including CCR5 and CD4, by 

nanoparticle [419] or aptamer-siRNA chimeras [420, 421] delivered topically. In addition, potent 

NAbs can prevent HIV infection by interfering with virus-host cell interactions, blocking viral 
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invasion into the host cell [422]. Or, they may mediate HIV virion clearance by other effector 

cells (i.e. macrophages, CD8+ T cells etc.) via coating the viral particles [423]. Several pre-

clinical studies have demonstrated that significantly high levels of antigen-specific antibodies 

could be elicited using intravaginal immunization [201, 424, 425]. Broadly reactive NAb activity 

has been identified in a small number of HIV-1 infected subjects. This reactivity seems to be 

largely directed against conserved regions of the viral envelope protein such as the CD4-binding 

site on gp120 [426]. Utilizing 50 µg of a synthetic peptide encompassing part of the CD4-

binding site (spanning the envelope residues 421-438) on the gp120 molecule to subcutaneously 

immunize mice, rabbit and goat, it was found that broadly reactive anti-HIV responses against 

multiple strains of HIV were elicited, resulting in high titers of anti-gp120 antibodies [427]. In 

current study, we focused on the employment of FDM 3D printing to fabricated different 

reservoir-type intravaginal ring (IVR) devices and IVR segments to evaluate the application of 

this technology in producing suitable drug delivery systems for achieving prolonged delivery of 

hydrophilic chemotherapeutics HCQ, macromolecules IgG and gp120 fragment (containing CD4 

binding site), and coumarin 6 PLGA nanoparticles. 

In 2015, US Food and Drug Administration (FDA) approved the first three-dimensional (3D) 

printed tablets, Spritam, indicating a new era of introducing 3D printing into pharmaceutical 

dosage form and medical device development [272, 273, 428]. As a layer-by-layer addictive 

process to produce 3D geometries with digitally pre-designed structures generated from 

computer-aided design (CAD) software, fused deposition modeling (FDM) 3D printing is a cost-

effective extrusion-based addictive manufacturing (AM) technology that mainly utilizes 

thermoplastics materials for creating solid objects [428]. It offers a versatile manufacturing 

option to rapidly develop pharmaceutical dosage forms at relatively low cost using the 
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combination of pharmaceutical-grade thermoplastic polymers and APIs via the HME process to 

achieve designed release kinetics of different APIs [282, 284]. Generally, these biocompatible 

polymers were mixed with APIs to form drug-containing filaments via regular HME and the 

resulting filaments were loaded into FDM 3D printers for producing the designed shapes with 

drugs dispersed within their matrices. Emerging attempts of developing pre-clinical 

pharmaceutical dosage forms via FDM 3D printing have been reported, involving the tablets for 

patient-tailored treatment [281, 289, 429], the drug delivery systems providing controlled 

immediate or sustained drug release profiles [280, 283, 430, 431], and the personalized topical 

drug delivery strategy coupled with 3D scanning [286]. Various thermoplastic polymers have 

been explored to be employed in FDM 3D printing to fabricate tablets, capsules or implants, 

including both biodegradable and non-biodegradable polymers such as polylactic acid (PLA) 

[284], polycaprolactone (PCL) [432], polyvinyl alcohol (PVA) [281, 289, 429, 433], 

hydroxypropyl cellulose (HPC) [283], ethylene vinyl acetate (EVA) [434], and poly methyl 

methacrylate (PMMA) [435]. During FDM 3D printing, several controllable variables affect the 

printing quality and contribute to the final geometry formation including thickness of each layer, 

gap width and angle between layers, infill density, infill pattern, extrusion speed and nozzle 

temperature [436]. In comparison to the traditional HME methods, FDM 3D printing possess 

several distinct advantages such as reduced cost in equipment configuration, operation and 

maintenance, the capability of rapid evaluation of various polymers with considerably low 

material and time consumption, the ease of switching multiple polymers during a single test, and 

most appealingly, the ability to fine-tune the drug release rates via the alterations of printing 

geometries at mesoscale level, which is impossible to achieve using traditional HME or hot 

injection molding processes limited by the designs of dies or molds. Control of FDM 3D printing 
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parameters can produce desired pore size, interconnectivity and morphology on the printed 

objects [437]. Moreover, the ability to form pre-designed hollow structures via FDM 3D printing 

enables the possibility of tuning the drug release profiles [283, 431, 438]. It was demonstrated 

that water soluble API release rates from hollow implants printed with drug-containing 

polymeric filament was predominately determined by the polymer utilized and proportional with 

drug loading in the filament [431]. In the current study, we hypothesize that, tunable and 

controlled release kinetics of small molecules, proteins and peptides, as well as nanomedicine 

against HIV can be achieved through the employment of FDM 3D printing by the alteration of 

printing parameters including printing perimeter, printing pattern, and infill density. We, as the 

first time to our knowledge, evaluated the potential of applying FDM 3D printing to generate 

drug-eluting reservoir-type IVR devices and conducted the in vitro drug release using the printed 

segments to controlled release different pharmaceutical agents including hydroxychloroquine, 

human IgG, gp120 peptide, and PLGA-PEG nanoparticle encapsulated with coumarin 6. 

 

4.3 Materials and Methods 

4.3.1 Materials 

Hydroxychlroquine sulfate (HCQ, purity >98%) was purchased from ThermoFisher. Medical-

grade nonbiodegradable hydrophilic thermoplastic polyurethanes HP-60D-35 (35% water 

adsorption) and ATPU-75A (~1.29% water adsorption) were obtained from Lubrizol 

Corporation and DSM, respectively. Polyvinyl alcohol (PVA) (31~50 KDa) and fluorescent 

model drug Coumarin 6 (C6, 3-(2-benzothiazolyl)-N,N-diethylumbelliferylamine, 3-(2-

benzothiazolyl)-7-(diethylamino)coumarin) was purchased from Sigma-Aldrich (ON, Canada). 

Carboxylic acid terminated PLGA (50/50)(10 KDa)-PEG(2 KDa), was synthesized by Advanced 
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Polymer Materials (QC, Canada). The synthetic fragment of gp120 molecule containing the 

conserved CD4-binding domain (residue 421-438, sequence: KQFINMWQEVGKAMYAPP, 

2,138.56 Da) was purchased from Biomatik. Reference human immunoglobulin G (IgG) 

antibody (4.4 mg/mL) was purchased from Cedarlane Laboratories Ltd. (Burlington, Ontario, 

Canada). Low visicosity hydroxypropylmethyl cellulose (HPMC), METHOCEL™ E4M 

(assayed apparent viscosity: 12-14 mPa�s), was kindly provided by The Dow Chemical 

Company (Calgary, Alberta, Canada). Human IgG ELISA kit was purchased from Bethyl 

Laboratories Inc. (Montgomery, TX, USA). HPLC-grade trifluoroacetic acid (TFA), acetonitrile, 

methylene chloride, methanol, and heptanesulphonic acid were purchased from VWR 

International LLC (Batavia, IL, USA). Dyna-purge® M polymer was obtained from Shuman 

Plastics (Buffalo, NY, USA). 

4.3.2 FDM 3D printing of IVR segments 

HP-60D-35 and ATPU-75A pellets were completely dried at 80 °C overnight to remove any 

moisture. The dried pellets were then extruded to form flexible filaments with an outer diameter 

of 1.6 ± 0.05 mm via a 2-mm rod die attached to a HAAKETM MiniLab II Micro Compounder 

(ThermoFisher) at manufacture recommended extrusion temperatures (160 °C and 150 °C, 

respectively). Continuous filament extrusion was performed by coupling the MiniLab II with a 

conveyer belt system (Fig. 4.1A). Filament diameter was regularly measured using a digital 

caliper during extrusion. Each fabricated filament was then placed in an oven (SVAC1E SHEL 

LAB Economy Vacuum Oven, Sheldon Manufacturing, Inc., Cornelius, OR, USA) pre-heated up 

to 40 °C during printing to protect it from absorbing atmosphere moisture. Reservoir IVR and 

reservoir IVR segments for release HCQ, macromolecules and C6 nanoparticles were printed in 

the current study. IVR (macaque size: 25 mm outer diameter and 5 mm cross-sectional diameter) 
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and IVR segments (1/4 of a full-size macaque IVR) were digitally designed in Geomagic Design 

2015 (3DS Systems) and exported as stl files for printing. A lab-developed Cartesian FDM 3D 

printer (Fig. 4.1B), containing a direct extruder for hot extrusion of the fabricated filament, was 

employed for the printing. Simplify3D v3.1 (Simplify3D, LLC) was utilized for both slicing the 

designed 3D models and controlling the printer. For reservoir IVR HCQ release studies, HP-

60D-35 filament was fed into the 3D printer to print with different RCM (release controlling 

membrane). Hot end was set at 225 °C (cooling fan on) with 210 µm nozzle extrusion width. 

Printing was conducted at a printing speed of 15 mm/s at 100 µm layer height. Other printing 

parameters were set as followings: X/Y axis movement at 300 mm/s; Z axis movement at 100 

mm/s; outline overlap at 1%; IF extrusion width at 100%; minimum IF length at 10 µm; 

extrusion multiplier set at 1. Different perimeter shells were chosen in slicing settings to produce 

IVR with different ro/ri ratios (outer radius to inner radius ratios). For IVR segments printed for 

C6 PLGA-PEG nanoparticle (C6NP), gp120 fragment and IgG release, ATPU-75A filaments 

were printed at the similar conditions with a printing temperature at 220 °C instead. The final 

two layers of the segment was programmed in Simplify3D to be sliced with desired IF and 

printing patterns to form different geometries. Retraction related parameters were disabled to 

avoid any retraction during printing due to the high flexibility of both HP-60D-35 and ATPU-

75A filaments. To investigate the effects of different interior fill (IF) and printing patterns upon 

C6NP and protein release, different IF ranging from 25% to 100% and IF patterns (including 

rectilinear, triangular, grid, wiggle, fast honeycomb, full honeycomb) were printed. 
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Figure 4.1 Hot-melt extruder and FDM 3D printer used in current study 

(A) HAAKE™ MiniLab II Micro Compounder utilized for fabricating medical-grade

polyurethane filament for FDM 3D printing. (B) Schematic illustration of the printing 

process involving some of the key components of lab-developed FDM 3D printer utilized 

in the present study. 
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4.3.3 Preparation of semi-solids containing HCQ, IgG, and gp120 fragment 

HPMC semi-solids containing HCQ, IgG and gp120 fragment were prepared as previously 

described [193]. Briefly, to prepare semi-solid with desired weight ratio of HPMC to HCQ (1:1 

wt ratio), the appropriate amount of HPMC powder was first weighed into a 10-mL beaker. HCQ 

solution (200 mg/mL) was added in a step-wise fashion and mixed thoroughly with HPMC 

powder simultaneously. After that, all the content was then transferred into a 3-mL syringe 

attached to another 3-mL syringe via a 1.5 cm length of polypropylene tubing. The HCQ/HPMC 

semi-solid was further mixed thoroughly but gently by passing the samples from one syringe to 

another for a minimum of 100 passages. HPMC semi-solids containing IgG and gp120 fragment 

were prepared similarly using concentrated IgG and gp120 fragment solutions at 4.4 mg/mL and 

4 mg/mL, respectively. Uniformity of HCQ, IgG and gp120 fragment of within the semi-solids 

prepared were examined by extracting them from the 10 ± 0.5 mg of corresponding semi-solids 

using 1 mL of water for overnight at 4 °C and subjecting to the quantitation methods described 

below for each of them. 

4.3.4 Preparation of C6-PLGA-PEG nanoparticles 

C6 was encapsulated into PLGA-PEG NP by a double-emulsion evaporation method using the 

biodegradable di-block copolymer, PLGA-PEG [439]. In brief, PLGA-PEG (10 mg/mL) was 

dissolved in methylene chloride. Equal volume of C6 solution (40 mg/mL) was then 

continuously emulsified with 600 µL of PLGA-PEG (10 mg/mL) dissolved in methylene 

chloride for 15 s. The primary emulsion was further emulsified with 4.3 mL of 2% PVA for 3 

min, forming a w/o/w emulsions. The resulting emulsion was stirred overnight at 4 ºC to 

evaporate the organic solvent to harden the NP. NP was then collected by centrifuge (20,000 g 

for 15 min at 4 ºC) and washed twice with water to eliminate excess PVA and unencapsulated C6. 
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The resulting C6NP was resuspended in water. The size, surface zeta-potential, and 

polydispersity index (PDI) of the prepared C6NP were examined in Brookhaven ZetaPALS 

Potential Analyzer (Brookhaven Instruments Corporation, NY, USA). 

4.3.5 Scanning electron microscopy 

SEM images of 3D printed IVR segments were taken using FEI quanta 650 scanning electron 

microscope (FEI Corporate, Oregon, USA) at Manitoba Institute for Materials. FEI Quanta 650 

is a variable pressure field emission scanning electron microscope for high resolution images. 

The SEM images were taken in low vacuum mode. 

4.3.6 In vitro release studies  

3D-printed HP-60D-35 segments with different RCM thicknesses were prepared for 14-day in 

vitro release study by loading with HPMC semi-solid containing 20 mg of HCQ. Both ends of 

each segment were tightly sealed with non-permeable polyurethane to ensure that HCQ only 

diffuses across the rate controlling membrane. Different RCMs were defined by different ratios 

of outer radius (ro) to inner radius (ri), ranging from 1.12 to 2.61, reflecting 1 to 7 perimeter 

shells 3D printed. The “capped” segments were then incubated in 5 mL of vaginal fluid simulant 

(VFS, pH 4.2) in 20-mL scintillation vials in an incubating orbital shaker set to 37 °C and 100 

rpm. After collecting the sample every 24 hours, 5 mL of fresh VFS was replenished. HCQ 

concentrations in collected samples were quantitated using the RP-HPLC method reported 

previously [194, 440]. Briefly, Waters Nova-Pak® C18 column (4 µm, 3.9 x 150 mm) was used 

under an isocratic condition in the Shimadu LC-2010A HPLC system. The mobile phase (pH 3.1) 

consisted of methanol, acetonitrile, and 58 mM sodium phosphate dibasic buffer (4:22:74, v/v) 

with 6 mM heptanesulphonic acid. Flow rate was 1.0 mL/min and the UV detection was set at 

343 nm. 40 µL of samples were injected into the Waters® Alliance® HPLC system equipped 
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with Waters® 2690 Separations module and Waters® 996 Photodiode Array detector for 

analysis. 

 Similarly, HPMC semi-solids containing 2 mg of IgG and gp120 fragment were loaded 

into the lumen of printed ATPU-75A segments that were end-capped in the same way. Semi-

solid containing segments were incubated in 5 mL of VFS (without BSA to interfere with 

quantitation methods for IgG and gp120 fragment) inside 20-mL scintillation vials in the shaker 

at 37 °C and 100 rpm. Samples were collected at the intervals of 24 hours for 14 days and stored 

at -20 °C till further analysis. 100 µL of sample was subjected to a human ELISA kit (Bethyl 

Laboratories Inc) for quantitating the released IgG in VFS with a lower limit of quantitation 

(LLOQ) at 0.69 ng/mL. For determining the levels of gp120 fragment in the samples, a 

previously developed gradient RP-HLPC method was utilized [440]. Briefly, analysis was 

performed using a XBridge™ BEH300 C18 column (300 Å, 5 µm 4.6 × 150 mm; Waters) with a 

Symmetry C18 guard column (300 Å, 5 µm, 3.9 × 20 mm; Waters), fitted to a Waters® 

Alliance® HPLC system equipped with Waters® 2690 Separations module and Waters® 996 

Photodiode Array detector. Mobile phase A consisted of 0.1 % TFA in 10 % acetonitrile in 

HPLC grade water. Mobile phase B consisted of 0.85 % TFA in 90 % acetonitrile in water. A 

gradient A/B was applied to elute and analyze the gp120 peptide: A/B from 85:15 to 20:80 in 6 

min, followed by maintaining at 20:80 for 2 min and re-equilibration of the column at 85:15. 

Total run was 10 min for each 200 µL injection. Flow rate was 2.0 mL/min, UV detection was 

set at 210 nm, and column temperature was maintained at 60 °C. The retention time for gp120 

was approximately 2.7 min. The linear calibration curves for gp120 was obtained in the range of 

0.625–80 µg/mL (R2 > 0.999) with the LLOQ of 0.31 µg/mL. 
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 For C6NP in vitro release studies, 160 µg of C6NP in water without any excipients were 

added into printed ATPU-75A IVR segments for a 14-day release under the same condition as 

described above. 5 mL of VFS was used as release medium and replaced after daily sample 

collection. To quantitate the C6NP levels, 200 µL of samples were analyzed using a fluorescent 

assay in the black 96-well plates by a standard curved generated by the serial-diluted stock C6NP 

solution (concentration pre-determined). The fluorescent signal of C6NP was determined in a 

BioTek Synergy™ HT Multi-Mode microplate reader (Winooski, VT, USA) with excitation 

wavelength at 485 nm and emission wavelength at 528 nm. The linear standard curve of C6NP 

was obtained in the range of 0.625–40 µg/mL (R2 > 0.999) with the LLOQ at 0.625 µg/mL. 

4.3.7 In vitro cytotoxicity studies 

4.3.7.1 Cell culture 

In vitro cytoxicity studies were performed using the human vaginal epithelial cell line 

VK2/E6E7, ectocervical epithelial cell line Ect1/E6E7 and human T cell line SupT1 (ATCC, 

Rockville, MD, USA). The vaginal and ectocervical epithelial cells were cultured in 

keratinocyte-serum free medium (K-SFM) with 0.1 ng/mL of recombinant human epidermal 

growth factor, 50 mg/mL of bovine pituitary extract (Life Technologies, Carlsbad, CA, USA), 

0.4 mM CaCl2 (VWR International), and 1% penicillin/streptomycin (Sigma-Aldrich). SupT1 

cells were maintained in RPMI-1640 medium supplemented with heat-inactivated fetal bovine 

serum. All cells were cultured at 37 °C and 5% CO2 prior to the experiments. 

4.3.7.2 Elution assay 

The effect of 3D printed IVR segments on cell viability was investigated using the elution assay 

described previously [193, 194]. Briefly, after FDM printing, the resulting hollow HP-60D-35 

and ATPU-75A segments were sterilized by immersion in 70% alcohol for 30 seconds inside a 
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sterile biosafety cabinet. After air dried, each segment was incubated in 10 mL of either 

complete K-SFM medium or RPMI-1640 medium in a sterile 15 mL tube using aseptic technique. 

The samples were incubated at 37 °C for 1, 7, 15, and 30 days in an orbital shaker at 100 rpm. At 

each interval, the resulting elution medium containing the leaching materials from the printed 

segments were stored at -80 °C till further analysis.  

 To determine the effect of collected elution medium upon the cell viability, CellTiter  96®  

AQueous  One  Solution  Cell  Proliferation Assay (MTS assay, Promega Corporation, WI, USA) 

was conducted by incubating collected medium with freshly seeded cells (at 2.5 x 104 per 100 µL 

per well in a 96-well plate) for 24 hours. 20 µL of MTS assay reagent was added to each well 

and absorbance of each well was measured at 490 nm. In addition, the resulting supernatants 

were collected for quantitation of the production of representative pro-inflammatory cytokines 

and chemokines (IL-1ß, IL-6, and IL-8) for vaginal microbicide safety evaluations in the culture 

medium after the exposure of the elution medium, using sandwich ELISA kits from R&D 

Systems (ON, Canada).  

4.3.8 Statistical Analysis 

Data are presented as mean ± standard deviation (SD). The N value refers to number of 

replicates performed for each experiment. Student’s t-test (unpaired, two-sample, unequal 

variance with two-tailed distribution) was performed. Multiple comparison was performed using 

One-Way ANOVA coupled with Bonferroni comparison as post-test using GraphPad Prism 6.0 

(GraphPad Software, Inc., La Jolla, CA, USA) with p < 0.05 considered as significant different. 
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4.4 Results 

4.4.1 3D-printed polyurethane IVRs 

Using the described printing condition, full-size macaque reservoir-type HP-60D-35 IVR and 

IVR segments (10 mm in length) with different RCM can be directly printed as shown in Figure 

4.2. RCM can be easily tuned by changing the perimeter settings to obtain different thickness. In 

the current study, a range of 0.30 mm to 1.69 mm of RCM can be achieved by increasing the 

perimeter to 7 shells at the incremental of 1 shell, resulting in ro/ri ratios from 1.12 to 2.61 as 

shown in Table 4.1. The increased RCM thickness is proportional to the printed perimeters 

selected. Since another focus of current study was to investigate the effect of IF density and 

printing patterns on the protein and C6NP release kinetics, one side of reservoir ATPU-75A IVR 

segments printed with different IF density and printing patterns were fabricated (Figure 4.4 to 

Figure 4.6). First, we compared ATPU-75A segments printed at different IF under the same 

Rectilinear pattern (Figure 4.4). Due to the manipulation of the final two slicing layers, the 

printed segments showed IF and printing pattern similar to the desired slicing outcomes, 

although a less desired printing result was seen at 25% IF possibly attributed to the rapid XY 

movement of the print head resulting in insufficient filament extrusion and adherent to the 

previous layer under such speed. As IF density increased, a clearly increased close-up of open 

space between the final two layers resulting in much less porous surface. Of all results, IF at 50% 

returned a surface with approximately 250 µm pores formed. Therefore, we further compared the 

printed segment with different printing patterns at either 50% IF (Figure 4.5) or 80% IF (Figure 

4.6). 50% IF printing returned a diverse porous structure formed on the segment and 

demonstrated high similarity to the slicing result generated by Simplify3D. Of all patterns 

forming porous structure with high similarity comparing to the slicing results, Triangular pattern 
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showed largest pore size formed (>500 µm), followed by Grid pattern (500 µm), Rectilinear 

pattern (250 µm). Wiggle pattern formed triangular porous structure while Fast Honeycomb and 

Full Honeycomb patterns formed irregular pores on the segment surface. At 80% IF, only 

segments printed in Triangular and Grid patterns showed similar printing outcomes as the slicing 

results, forming 150-200 µm pores. Segments printed in Grid pattern demonstrated a more 

uniformed porous surface in comparison to those printed in Triangular pattern. All other printing 

patterns showed no distinct differences at 80% in comparison to those printed with Rectilinear 

pattern, indicating the limit of XY resolution using the current printer was approximately 200-

250 µm. 

 

 

 

Table 4.1 SEM measurements of printed HP-60D-35 segments and their corresponding 

ro/ri ratios 
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Figure 4.2 SEM imaging of FDM 3D printed HP-60D-35 segments and macaque-size IVR 

Panels A – G demonstrated the printed segment with different perimeter shells incrementally 

from 1 to 7 shells (ro/ri ratios ranging from 1.12 to 2.61). Panel H showed the RCM thickness 

measurement of printed segment with 3 shells. A full-size macaque reservoir-IVR can be directly 

printed as shown in panel I with adequate flexibility demonstrated in panel J. 
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Figure 4.3 Correlation of RCM thickness and printed perimeter 
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Figure 4.4 Comparison of ATPU-75A segments printed at different IF using rectilinear 

pattern 

The stl file of the segment was sliced using Simplify3D. The complete sliced results were shown 

with a highlight of final two sliced layers. SEM images were obtained at 20X, 30X, and 100X. 
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Figure 4.5 Comparison of ATPU-75A segments printed at 50% IF using different patterns 
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Figure 4.6 Comparison of ATPU-75A segments printed at 80% IF using different patterns 

Fully	sliced	result Final 2	layers SEM - 20X SEM - 100X

Rectilinear
IF	80%

Triangular
IF	80%

Grid
IF	80%

Wiggle
IF	80%

Fast	
honeycomb
IF	80%

Full	
honeycomb
IF	80%



 

 162 

4.4.2 Modulation of HCQ release rates by printing perimeter 

Since drug diffusion from a cylinder reservoir-type delivery system fabricated with drug 

diffusible polymers is predominately determined by the thickness of RCM [197, 441]. We 

compared the HCQ release rates from HP-60D-35 segments printed with different perimeters 

(Figure 4.7). The two-week in vitro HCQ release kinetics from segments was correlated with 

different printing perimeters resulting in various RCM thickness. The HCQ elution from the 

printed segments with distinct RCM thickness demonstrated zero-order release profiles ranging 

from 23.54 ± 3.54 µg/mL/day to 261.09 ± 32.49 µg/mL/day (Figure 4.7, A and B), which were 

all above clinically effective blood concentration of HCQ required for inflammation and immune 

activation [317]. The cumulative release of HCQ (Figure 4.7, C and D) ranged from 18.27 ± 0.16 

mg to 0.58 ± 0.08 mg from the segments printed with 1 perimeter (0.30 mm in RCM thickness) 

to those printed with 7 perimeters (1.69 mm in RCM thickness). The segments with thinnest 

RCM showed the fastest HCQ elution while the drug elution rates became less distinct but still 

tunable once printing perimeters were above 3 (RCM thickness > 0.73 mm). This indicated a fine 

tunable HCQ release can be easily achieved by changing the printing perimeters, which was 

determined by the RCM thickness.  

 

 

 

 

 

 

 



 

 163 

 

 

 

 

 

 



 

 164 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 In vitro release of HCQ from printed HP-60D-35 segments  

(A) In vitro daily release and (C) cumulative release of HCQ from 3D printed segments with 

different printed perimeter shells during 14-day study period. (B) and (D) were plotted separately 

to show HCQ release from segments printed at 4 perimeter shells and above, containing thicker 

RCM and lower release rates. 1P – 7P, segments printed with 1 to 7 perimeter shells. Data 

expressed as mean ± SD, n = 4. 
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4.4.3 Sustained release of IgG and gp120 fragment altered by different pore sizes printed 

Due to the more uniform porosity formed on the segments printed with Grid pattern and almost 

twice size of the pores formed on 50% IF printing (Figure 4.5 and Figure 4.6), IVR segments 

printed in Grid pattern at 50% and 80% IF were chosen for IgG (Figure 4.8) and gp120 fragment 

(Figure 4.9) release studies. IgG release rates from the printed ATPU-75A segments 

demonstrated clearly correspondence with the pore sizes formed on the segments surface. IgG 

released nearly twice the rate from segments with 50% IF (17.13 ± 3.39 µg/mL/day) in 

comparison to those printed with 80% IF (8.42 ± 3.27 µg/mL/day). It appeared that IgG diffused 

from both segments took 3-4 days to achieve the equilibrant status of release rates and nearly 

zero-order diffusion of IgG from both printing IF were seen during the study period (R2=0.99838 

and R2=0.99399 for 50% and 80% IF, respectively). During the 14-day study, a total of 1199.09 

± 89.89 µg and 603.54 ± 65.25 µg of IgG were released from segments printed in 50% and 80% 

IF, respectively.  

Pore size printed under different IF regulated the gp120 fragment elution from the 

segment with a similar trend but to a lesser extent. Release of gp120 peptide showed average 

release rates at 26.89 ± 4.36 µg/mL/day and 15.71 ± 3.16 µg/mL/day from the printed segments 

with 50% and 80% IF, respectively. Higher release rate was also observed in the segments 

printed with less IF. A slightly burst release on the first day followed by a rapid equilibrated 

release rates were observed in both segments printed in different IF. Segments printed with both 

IF showed nearly zero-order release (R2=0.99502 and R2=0.9928 for 50% and 80% IF, 

respectively). Within the 14-day study period, dramatically more gp120 fragment was released in 

comparison to IgG (a total of 1882.21 ± 94.11 µg and 1174.36 ± 65.85 µg of gp120 fragment 

release from segments printed with 50% and 80% IF, respectively). 
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Figure 4.8 IgG release from printed ATPU-75A segments  

(A) Daily release and (B) cumulative release of IgG from FDM printed ATPU-75A segments in 

Grid pattern with 50% and 80% IF. Data expressed as mean ± SD, n = 4. 
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Figure 4.9 Gp120 fragment release from printed ATPU-75A segments  

(A) Daily release and (B) cumulative release of gp120 fragment from FDM printed ATPU-75A 

segments in Grid pattern with 50% and 80% IF. Data expressed as mean ± SD, n = 4. 
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4.4.4 Tunable C6NP release through printing pattern and interior fill density 

In current study, the prepared C6NP (particle size at 283 nm, PDI=0.27) was used for the in vitro 

release study performed in VFS. A total of 160 µg of C6NP was loaded into the lumen of the 

printed ATPU-75A segments. Segments printed in Grid and Triangular patterns were selected to 

investigate the effects of both printing pattern and IF upon PLGA-PEG nanoparticle release 

(Figure 4.10). Grid pattern showed slightly slower daily release rates (1.37 ± 0.25 µg/mL or 0.51 

± 0.08 µg/mL for 50% and 80% IF, respectively) comparing to Triangular printing pattern (1.58 

± 0.38 µg/mL or 0.62 ± 0.28 µg/mL for 50% and 80% IF, respectively). However, a more 

consistent daily release was maintained from the segments printed in Grid pattern. Moreover, 

both patterns showed increased release rates with 50% IF comparing to 80% IF. C6NP release 

rates increased more than 2 folds in 50% IF for both printing patterns, indicating IF was the more 

predominate factor affecting C6NP release rate. The overall cumulative released C6NP was 

significantly higher in 50% IF (59.28 ± 0.79% and 69.13 ± 1.19% for Grid and Triangular 

patterns, respectively) comparing to 80% IF (22.12 ± 2.57% and 23.69 ± 1.05% for Grid and 

Triangular patterns, respectively).  
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Figure 4.10 C6NP release from printed ATPU-75A segments  

The comparison of C6NP release rates from segments printed in Grid pattern at (A) 50% IF and 

(B) 80% IF or from segments printed in Triangular pattern at (C) 50% IF and (D) 80% IF. Blue 

lines indicated the average release rates over the 14-day study period. (E) showed the cumulative 

release rates from different groups. Data expressed as mean ± SD, n = 4. 

 

 

 

 

 

 

 

y"="6.7794x"+"3.4139
R²"="0.99391

y"="2.5123x"+"0.6985
R²"="0.99814

y"="7.5677x"+"4.5685
R²"="0.9952

y"="2.509x"+"6.9432
R²"="0.90857

0

20

40

60

80

100

120

140

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

C
6
N
P
"R
e
le
a
s
e
d
"(µ
g
)

Day

E

Grid"50%"IF

Grid"80%"IF

Triangular"50%"IF

Triangular"80%"IF



 

 172 

4.4.5 In vitro biocompatibility studies  

Biocompatible intravaginal drug-eluting devices, such as IVRs, have to demonstrate long-term 

biocompatibility with the vaginal epithelium [324] without eliciting the key pro-inflammatory 

mediators such as IL-1b, IL-6, and IL-8 [339]. Previously, we demonstrated that HP-60D-35 

polyurethane was safe to vaginal / ectocervical epithelial and T cell lines as well as 

biocompatible with lactobacilli bacteria commonly found in healthy human female genital tract 

(FGT) [193, 194]. Therefore, in the current study we examined the effect of polymeric leaching 

from the FDM 3D printed ATPU-75A segments on vaginal / ectocervical epithelial cells, and 

CD4+ T cell line SupT1 as well as the induction of IL-1b, IL-6, and IL-8 production using an 

elution assay (Figure 4.11). The segments printed with ATPU-75A demonstrated no significant 

effects on the cell viability of tested cell lines after incubation for 30 days (Figure 4.10A). 

Likewise, no dramatically increased secretions of IL-1b, IL-6, or IL-8 were observed in the 

assayed supernatants (Figure 4.11, B-D). Overall, our FDM 3D printed ATPU-75A segments 

were non-cytotoxic to human vaginal or cervical epithelial cells and T lymphocytes. 
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Figure 4.11 In vitro biocompatibility evaluations of FDM 3D printed ATPU-75A segments  

 (A) MTS assay was performed to determine the cell viability. Data is normalized to the negative 

control and expressed as mean ± SD, n = 4. Cells culture in regular medium were used at 

negative control. 1 M acrylamide dissolved in normal cell culture medium was used to induce 

cell death as positive control. (B) IL-1b, (C) IL-6, and (D) IL-8 secretions into the culture 

medium were determined using sandwich ELISA assays. Plain culture medium was used as 

negative control. 200 µg/mL of nonoxynol-9 or 50 µg/mL of lipopolysaccharide-treated cells 

were used as positive controls for IL-1b and IL-6/IL-8, respectively. P, positive control. N, 

negative control. Data expressed as mean ± SD, n = 4. * p < 0.05 versus negative control. 
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4.5 Discussion 

A variety of pharmaceutical-grade polymers with distinct chemico-physical characteristics have 

been explored for developing solid dosage forms or medical devices via the extrusion-based 

FDM 3D printing process. Commonly, the APIs were co-extruded with the selected polymers to 

form drug-containing filaments and FDM 3D printing was then applied to transform the 

filaments into solid object with desired shapes [280, 281, 283, 286, 429, 436].  In these printed 

dosage forms, the diffusion of APIs incorporated into the release medium were usually 

controlled through the erosion rate of the polymeric matrix (affected by matrix weight and 

composition) [442], swelling properties of the selected polymer [282], or the infill density of the 

printed matrices such as 3D printed tablets [431]. Besides the widely known advantages of 

compatibility with numerous thermoplastic polymers with different properties to modify the 

release kinetics of embedded APIs through FDM 3D printing, several drawbacks were 

undoubtedly associated with the matrix-based drug delivery systems fabricated this way, 

including: 1) the time-consuming trial-and-error process for identifying the appropriate polymers 

needed and the optimal ratios of polymers and APIs mixtures; 2) inability to incorporate heat 

sensitive APIs within the printed dosage forms due to the high heat exposure during the HME 

extrusion and FDM printing processes leading to unwanted degradation of active APIs [286]. We, 

for the first time described in the present work, investigated the feasibility of applying FDM 3D 

printing to produce mechanically flexible reservoir-type IVR drug delivery systems and 

evaluated in vitro its potential of tuning the release kinetics of hydrophilic API (HCQ) as well as 

controlling the release rates of heat-sensitive APIs (proteins and PLGA-PEG nanoparticles) via 

different printing patterns and infill densities.  
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Medical-grade non-biodegradable polyurethanes have been widely investigated for 

manufacturing different types of IVR for contraception [197, 443] or prevention of sexually 

transmitted diseases [68, 137, 350] thanks to their unique chemical nature as segmented 

polymers containing modifiable soft and hard segments to provide different hydrophobicity, 

aqueous swelling behavior, tensile strength, and elongation properties [444]. So far, there has 

been an increase interest in developing reservoir-type IVR for sustained delivery of APIs 

topically at human FGT [324]. As an attractive IVR design, reservoir IVR can provide constant 

drug levels in FGT over prolonged period of time [68]. However, due to the manufacturing 

complexity and cost of reservoir IVRs, matrix IVRs are often the first option of IVR design for 

researchers [72, 184]. In recent decade, thanks to the advancement in traditional HME 

technologies and development of advanced extrusion die designs, fabrication of reservoir IVRs 

with complex structures was achievable [197]. But the high cost of the extrusion and welding 

equipment as well as the demand of experienced operators and sophisticated die design still 

create the unavoidable technical barriers to establish such manufacturing capability in a regular 

laboratory with limited resources. In the current study, we investigated possibility of introducing 

easily accessible FDM 3D printing technology for rapid fabricating reservoir IVR with different 

designs. A full-sized macaque reservoir IVR (25 mm outer diameter x 5 mm cross-sectional 

diameter) can be printed within 15 min and the time required for each HP-60D-35/ATPU-75A 

segment printing ranged from 5 to 10 min depending on the orientation of the object set on the 

printing bed and the length / complexity of the segments. The significantly reduced consumption 

of time and cost using FDM 3D printing for reservoir IVR prototyping and fabricating also 

prevented the long turnover and high cost of modifying the extrusion dies utilized in traditional 

HME process, since new CAD designed 3D models of reservoir IVR can be easily altered in min 
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for immediate 3D printing with much less polymeric filaments. In addition, the complex surface 

porous structures obtained in the present study (Figure 4.4-4.6) were unable to be generated 

using traditional HME or hot-melt injection molding, making FDM 3D printing a promising 

technology for producing detailed geometry for meeting different demands of biomedical drug-

eluting devices with acceptable precision. 

Next, we focused on the investigation of different API release profiles supported by the 

FDM 3D printing generated structures. In the present work, we first examined the different 

thickness of RCM (also reflected as ro/ri ratios in the current study) produced by FDM 3D 

printing and its regulation of hydrophilic chemotherapeutic drug in a typical reservoir IVR, since 

it is the predominate parameter determining the drug release rates from end-capped cylindrical 

reservoir devices when other factors were the same, including length, core drug concentration, 

and effective diffusivity of the drug through the polymer used for making reservoir IVR [197, 

441]. Our results demonstrated that RCM thickness can be simply controlled by changing the 

number of printing perimeter shells (Figure 4.2 and 4.3). The proportionally increased RCM 

thickness with increased perimeter enabled the fine-tuning of the release rates of HCQ (Figure 

4.7). The release of HCQ also showed typical zero-order release kinetics in all tested groups, 

making FDM 3D printing an attractive affordable technology for rapid producing reservoir IVRs 

providing constant drug delivery of hydrophilic APIs. To date, there have been limited numbers 

of strategies for the sustained delivery of macromolecules described. Radomsky and colleagues 

described an EVA matrix loaded with fluorescently labeled IgG as well as polysaccharides and 

salts as pore-forming reagents in the EVA matrix [445] to enable IgG diffusion. A sustainable 

concentration of 0.3 to 10 µg/mL was maintained in vaginal fluid for 30 days. Recently, two 

literature reports described unique pod-insertion IVR designs delivering HIV neutralization 
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antibody [446] and HIV antigen gp140 protein [447] for HIV prophylaxis. Zhao et al developed 

a pod-insertion IVR to release a broadly neutralizing antibody for HIV, VRC01-N, up to 21 days 

in a controlled manner from a compressed solid core (containing trehalose, tween 20, and 

histidine) through a rate-controlling PLA membrane and 1-1.5 mm diameter delivery pore 

physically created on the silicone IVR body [446]. The release rates of monoclonal antibody 

were determined by the antibody solubility, the composition and the thickness of the PLA 

coating, the size and number of delivery pores, and numbers of pods embedded. Due to the slow 

erosion of PLA, a zero-order release at the rate of 3.4 mg/day can be maintained in vitro for 10 

days with low antibody loading. McKay et al described another design of pod-insertion IVR 

using HPMC as the rate-controlling excipient for controlled delivery of recombinant HIV-1 

CN54gp140 protein to elicit robust systemic and mucosal humoral immune responses [447]. 

Each pod was produced by a freeze-drying process of HPMC with the antigen (500 µg) and 

adjuvant R848 (500 µg) followed by the insertion into a silicone IVR body. When incubated in 

VFS, the pods released 88% of the recombinant antigen within 6 hr due to the large release pore 

(2 mm) opened on the IVR. In the present study, we employed FDM 3D printing to create 

significantly smaller release pores at mesoscale (200-500 µm) on the reservoir IVR segments 

(Figure 4.4-4.6) to restrict the diffusion of IgG and small fragment of gp120. Coupled with rate-

controlling HPMC, nearly zero-order release kinetics were achieved for both molecules and can 

be maintained for 2 weeks (Figure 4.7 and 4.8). The uniformly generated mesoscale pores as a 

result of Grid printing pattern and IF settings may contribute to the controlled and sustained 

protein release. In comparison to the described fabrication process of pod-insertion IVRs, FDM 

3D printing demonstrated significant advantage in terms of rapid fabrication of the mesoscale 

geometries directly on the IVR body, therefore minimizing the separate steps of manufacturing 
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the insert pod. The diffusion rates of the macromolecules seemed to be also determined by the 

size of the molecule as observed in the current study that small gp120 fragment (2.1 kD) showed 

a faster release rates (Figure 4.8). Besides the improvement on protein delivery using the FDM 

3D printed segments, we further evaluated its potential as carriers for PLGA nanoparticle release 

(Figure 4.9). We chose Triangular printing pattern generated segments containing larger pore 

size comparing to the segments printed with Grid pattern as C6NP had a larger size comparing to 

the tested IgG molecule and gp120 peptide. C6NP showed significantly slower but controllable 

release rates, which may be correlated with the different size and shaped of mesoscale pore 

formed. Grid printing pattern showed rectangular pores formed on both 50% and 80% IF and 

more uniformed pore sizes (~250 µm pores on 80% IF and ~500 µm on 50% IF) with different 

more consistent C6NP diffusion. In contrast, Triangular printing pattern showed less uniform 

pore size formation with triangle pore sizes, resulting in a more fluctuated C6NP release. Further 

evaluation upon the activities of released macromolecules and PLGA nanoparticles still needs to 

be investigated. In addition, the 3D printed ATPU-75A segments showed non-toxic to vaginal / 

ectocervical epithelial cells as well as T cells without induction of pro-inflammatory cytokines 

and chemokines, indicating the FDM 3D printing can be employed to produce biocompatible 

implantable drug-eluting devices. 

 

4.6 Conclusion 

Overall, we described the design and fabrication of reservoir-type IVR and IVR segments 

bearing unique mesoscale structures generated from FDM 3D printing process for controlled 

delivery of hydrophilic chemotherapeutic compound HCQ, macromolecules IgG and gp120 

peptide, as well as PLGA nanoparticles for extended period of time. The demonstrated utility of 
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FDM 3D printing to precisely and rapidly fabricating non-toxic IVR segments to achieve tunable 

release rates and zero-order release kinetics of tested molecules suggest that FDM 3D printing is 

an attractive manufacturing technology to produce topical drug delivery systems with 

sophisticated mesoscale structures. 
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Chapter 5 Conclusions and future perspectives 
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HIV microbicides are topical, self-administered products for preventing or reducing the HIV 

acquisition in women. Under the current HIV/AIDS epidemic, microbicides represent one 

promising strategy for combating HIV infection. Since the first microbicide tested clinically 

containing nonoxynol-9 reported in 2002 [448], tremendous efforts have been put into the 

development of safe microbicides with clinically proven efficacy against HIV infection. The 

formulation development of microbicide, ranging from drug-encapsulated gels to drug-eluting 

IVRs, evolved with the emerging novel HIV prophylactic strategies such as PEP and PrEP, the 

significant progress in developing potent antiretroviral drugs (i.e. tenofovir disoproxil fumarate) 

targeting different stages of HIV life cycle (i.e. inhibitors for viral entry, reverse transcription or 

integration process), and advancement of polymer science as well as polymer processing 

technologies. With the lessons learned from recent VOICE [133] and CPRISA 004 [296, 449] 

clinical trials, user acceptability and patient adherence become one of the most important factor 

determining the efficacy of microbicides along with the ability to maintain therapeutically 

effective drug concentrations at FGT for extended period of time. Therefore, IVR-based 

microbicides are currently under many pre-clinical and clinical studies for developing drug 

delivery systems targeting not only just HIV infection but also other sexually transmitted 

diseases. 

Described in the current thesis, we investigated three hot-melt extrusion-based 

technologies employed for the production of different types of IVR as novel microbicides. We 

reported, as the first group, the fabrication and characterization of HCQ-elution polyurethane 

IVRs with distinct surface-modified and segmented reservoir designs. The introduction of PVP 

and PVA coating on matrix-type IVR demonstrated improved outcome on burst release usually 

observed in matrix IVR. After comparison of segmented reservoir IVR injection molded from 
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hydrophilic polyurethanes with different water swelling properties, the chosen segmented 

reservoir IVR eluted HCQ in a nearly zero-order fashion for over 3 weeks in vitro at release rate 

above the HCQ concentrations required for presenting anti-HIV activity and attenuating T-cell 

activation. We also demonstrated the fabricated IVRs are non-toxic in vitro to the viability of 

vaginal and ectocervical epithelial cells with no induction of representative pro-inflammatory 

cytokines and chemokines such as IL-1b, IL-6, and IL-8. In the next step, we transformed the 

same reservoir IVR segment into a trackable vagina-reside device which is implantable in a 

rabbit model, allowing us to further evaluate the efficacy of this microbicide to maintain low 

immune activation under short-term local N9 challenge. To avoid any unwanted inflammation 

during the implantation, we developed non-invasive procedure to safely and precisely deposit the 

implant to the appropriate position within the rabbit vagina. We also designed flexible anchor 

arms on the implant, assisting the vaginal residence non-invasively for over 40 days. The in vivo 

HCQ delivery from the implant can be achieved at 16.19 ± 3.34 µg/mL/day for 6 days, which 

was above the therapeutic effective concentration. After introducing the N9 challenge, rabbits 

with HCQ implants demonstrated protected vaginal epithelium intactness with significant 

reduced cell infiltration at vaginal mucosa. The dramatically attenuated levels of IL-1b, TNF-a, 

IL-8, and MIP-3a in both rabbit vaginal fluid and tissues revealed the protective effect of HCQ. 

Moreover, we observed that, as first time to our knowledge, HCQ entirely attenuated T-cell 

activation marker RLA-DR protein expression and CD69 gene expression as well as mRNA 

expression of HIV co-receptor CCR5 on isolated vaginal mucosal T cells. Although the detailed 

molecular mechanism for the observed protective role of HCQ against immune activation at FGT 

needs to be further investigated, our results were in agreement with previous reported pre-clinical 

and clinical studies showing HCQ capable of reducing T cell activation markers expression [146, 
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450] as well as inhibiting the levels of pro-inflammatory mediators [451]. Our finding suggested 

the potential of formulating HCQ into long-term drug-eluting microbicide as promising 

candidate for HIV prophylaxis. The utilization of RFID transponder in the implant may be 

applied in clinical trials for real-time tracking of patient adherence as an alternative cost-

effective monitor strategy along with measurement of the drug plasma level [178].  

The application of 3D printing on the development of pharmaceutical dosage forms and 

medical devices has gained much attention in recent years, thanks to the increasing interest in 

development of individual-specific or tailored regimen to maximizing the efficacy with minimal 

adverse effect of therapeutic intervention. Belonging to the additive manufacturing technologies, 

several different types of 3D printing were introduced into pharmaceutical dosage forms, 

involving inkjet printing, stereolithographic 3D printing, powder-based 3D printing, selective 

laser sintering 3D printing, and FDM 3D printing [279]. Of all 3D printing technologies, FDM 

3D printing was demonstrated to be cost-effective and capable of providing acceptable printing 

accuracy and resolution. The ease of incorporating APIs into variety of polymeric matrices that 

are compatible with FDM 3D printing make it an attractive way of rapid developing dosage 

forms with unique drug release profiles. With the aim of developing highly tunable drug release 

profiles on IVR-based microbicides and the possibility for eluting macromolecules and 

nanoparticles, we then ask the question if FDM 3D printing can be utilized for producing 

reservoir-type IVRs with unique geometry and contributing to control drug release kinetics. We 

investigated two types of reservoir IVR with one being the traditional reservoir IVR consisting 

fine tunable RCM thickness generated by FDM 3D printing of water swellable HP-60D-35 

polyurethane for hydrophilic chemotherapeutic drug release, while the other contained controlled 

surface porous structure contributed by FDM 3D printing of a non-water swellable ATPU-75A 
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polyurethane for IgG, gp120 fragmented peptide, and C6NP release. The RCM of reservoir IVR 

printed with HP-60D-35 can be simply controlled by changing the perimeter shell in the FDM 

3D printing process. The resulting IVR segments showed fine tunable HCQ release rates in zero-

order release kinetics, ranging from 23.54 ± 3.54 µg/mL/day to 261.09 ± 32.49 µg/mL/day. In 

contrast, the pores created by FDM 3D printing can be controlled by altering the IF density and 

printing pattern. The ATPU-75A reservoir IVR segments exhibited sustained release of IgG 

(from 8.42 ± 3.27 µg/mL/day to 17.13 ± 3.39 µg/mL/day) and gp120 fragment (from 15.71 ± 

3.16 µg/mL/day to 26.89 ± 4.36 µg/mL/day) for 14 days and the total amount of both 

macromolecules diffused was dependent on the pore size determined by IF density. The release 

of C6NP (from 0.51 ± 0.08 µg/mL/day to 1.58 ± 0.38 µg/mL/day) was affected by both printing 

pattern and IF density with IF density also being the more predominate factor. By elution assay 

to examine potential toxic leaching from the 3D printing process, we demonstrated the printed 

ATPU-75A segments were non-toxic to vaginal or ectocervical cells and human T cells. Thus, 

evaluating the efficacy of using FDM 3D printed reservoir IVR and IVR segments against HIV 

infection will be the logical next step in the future studies.  

We have noted that, of all the extrusion-based fabrication technologies applied in the 

current thesis, the HME and HMIM demonstrated their traditional superiorities in mass 

production when the required equipment is accessible in a research laboratory with experienced 

operator and well-designed molds or dies are available. However, the drawbacks in cost and time 

consumption in mold or die fabrication or adjustment and the limitation in resolution hinders 

their application to rapid manufacture geometric detailed 3D objects with mesoscale resolution. 

In another hand, FDM 3D printing offers much higher resolution in producing mesoscale 

structures or micro patterns in a highly controllable manner. The versatile FDM 3D printing 
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technology demonstrated the potential to revolutionize computer-aided fabrication of 3D 

structures with high shape complexity to achieve desired drug release rates. Due to the reduced 

cost of FDM 3D printing, as one of the widely available AM technologies, it inherently enables 

more rapid turnaround on design, fabrication and evaluation of customizable geometries tailored 

to individualized medicine in the field of pharmaceutical formulation development [273, 452] 

and regenerative medicine [453-455]. Moreover, the possibility of achieving multi-material 3D 

printing, through blending multiple polymers simultaneously with achievable high binding at the 

bonding interface between the polymers during printing, may enable the yield of all-in-one 

multi-functional drug-eluting devices. The high degree in accuracy and resolution control may 

also offer rapid prototyping of drug delivery dosage forms that can be utilized to establish, 

evaluate or verify mathematical drug release models, such as those used for cylinder reservoir-

type drug delivery system drug diffusion kinetics predictions [441]. However, there could be still 

challenges of current FDM 3D printing, such as the inability of printing at high speed (>200 

mm/s) and the production of micro to nano scaled geometries. To overcome these barriers, new 

design of printing head or innovative printing materials need to be improved or introduced. If 

only one material is required for the final product, other faster 3D printing techniques such as 

continuous liquid interface production (CLIP) 3D printing [456] can be utilized as alternative 

method to boost fabrication efficiency.  

Overall, I have developed different IVR-based drug-eluting microbicides utilizing several 

extrusion-based technologies in this thesis and demonstrated their potential applications as novel 

platforms for preventing HIV and other sexually transmitted infections.  
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