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Abstract: The diversity and dynamics of the microbial species populating the human vagina are
increasingly understood to play a pivotal role in vaginal health. However, our knowledge about the
potential interactions between the vaginal microbiota and vaginally administered drug delivery
systems is still rather limited. Several drug-releasing vaginal ring products are currently marketed
for hormonal contraception and estrogen replacement therapy, and many others are in preclinical
and clinical development for these and other clinical indications. As with all implantable polymeric
devices, drug-releasing vaginal rings are subject to surface bacterial adherence and biofilm for-
mation, mostly associated with endogenous microorganisms present in the vagina. Despite more
than 50 years since the vaginal ring concept was first described, there has been only limited study
and reporting around bacterial adherence and biofilm formation on rings. With increasing interest
in the vaginal microbiome and vaginal ring technology, this timely review article provides an over-
view of: (i) the vaginal microbiota, (ii) biofilm formation in the human vagina and its potential role
in vaginal dysbiosis, (iii) mechanistic aspects of biofilm formation on polymeric surfaces, (iv) poly-
meric materials used in the manufacture of vaginal rings, (v) surface morphology characteristics of
rings, (vi) biomass accumulation and biofilm formation on vaginal rings, and (vii) regulatory con-
siderations.

Keywords: controlled release; drug delivery system; silicone elastomer; ethylene vinyl acetate
copolymers; thermoplastics; polyurethanes; vaginal microbiome; lactobacillus; Gardnerella vaginalis

1. Introduction

The human vagina is a useful and accessible route for local and systemic administra-
tion of drugs, and particularly for clinical indications that are directly associated with
women'’s sexual and reproductive health. Spurred in part by progressive societal changes
to attitudes, behaviors and stigmas around the human vagina, the past twenty years has
witnessed increased interest among users, clinicians, and the pharmaceutical industry in
developing and using vaginal products for therapeutic benefit.

Two different types of polymeric ring device for vaginal use are currently mar-
keted —drug-releasing vaginal rings (VRs) for pharmacotherapy, and ring pessaries for
the management of pelvic organ prolapse and urinary stress incontinence. Drug-releasing
VRs—the focus of this review article—are torus-shaped devices designed to administer
drugs over extended time periods to the human vagina for therapeutic benefit [1-4]. To
date, seven drug-releasing VRs—Estring®, Femring® NuvaRing® (and generics
EluRyng™, Myring™), Progering®, Fertiring® Ornibel® (also known as SyreniRing and
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Kirkos®) and Annovera™ (Table 1)—have reached market, with total estimated annual
sales of $1.8 billion, and many others are in preclinical or clinical development [5-9].

Each marketed ring provides either ‘sustained release’ (drug release maintained over
an extended period but not at a constant rate) or ‘controlled release’ (drug release main-
tained over an extended period at constant or near-constant rate) of one or more steroidal
drugs for hormonal contraception (either progestin-only or progestin + estrogen combi-
nations), estrogen replacement therapy, or luteal-phase support for assisted reproduction.

In recent years, there has been very significant innovation in drug-releasing rings,
mostly driven by efforts to develop (i) antiretroviral-releasing rings for preventing sex-
ually-acquired infection of human immunodeficiency virus (HIV) in women [4,7,10-12],
(ii) new longer-acting contraceptive ring devices [6,13-15], and (iii) new ring designs that
extend the range of drug substances that can be effectively administered beyond conven-
tional hydrophobic small molecules (such as steroid molecules) [11,12,16-20].

By comparison, ring pessaries (often simply referred to as ‘vaginal pessaries’ and not
to be confused with dissolvable/meltable drug-containing pessaries/suppositories) are
non-medicated polymeric devices inserted vaginally to support areas affected by pelvic
organ prolapse, a common condition that occurs when the bladder, rectum or uterus
drops or bulges into the vagina [21-23]. As with many of the drug-releasing VR products,
ring pessaries are commonly fabricated from silicone elastomer, although some devices
are manufactured using polyvinylchloride and polyethylene. A more detailed overview
of the various polymers used in drug-releasing VRs is presented later in this article. Ex-
amples of different types of drug-releasing and pessary-type VRs are presented in Figure
1. Although this article will focus primarily on bacterial adherence and biofilm formation
on drug-releasing VRs, much of the information and discussion will also apply to ring
pessaries.

Figure 1. Photo gallery showing various drug-releasing VRs, VR pessaries, and other polymeric devices for vaginal/cervi-
cal/uterine administration. (A) Estring®; (B) Femring®; (C) NuvaRing®; (D) Ornibel®; (E) dapivirine-releasing VR, for HIV
prevention; (F) pod-type VR; (G) Annovera™; (H) Gellhorn pessary; (I) Ring pessary without support; (J) Ring pessary
with support; (K) Donut pessary; (L) Cube pessary; (M) Caya® diaphragm (size: 67 x 75 mm); (N) Mirena® intrauterine
device; (O) Gynefix® intrauterine device. Each vaginal ring devices presented (A-G) has an overall diameter within the
range 54-56 mm; further details are provided in Table 1. Vaginal pessary devices (H-L) are available in different sizes
ranging from 44.5 to 127 mm (Size 0-13).
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Table 1. Descriptions of marketed vaginal rings.

Vaginal Ring Device Type Active Agent(s) . . . . .
(Company) (Duration of Release) (Loading/Release Rate) Polymer(s) Indication Ring Dimensions
Ring OD: 55 mm
Estring® (Pfizer) reservoir 173-estradiol silicone elastomer core and estrogen replace- Ring CSD: 9.0 mm
months mg/7/. a sheat ot - , Dow mentthera ore : 2.0 mm
& 3 h 2 mg/7.5 ug/day heath (both Q7-4735, D herapy Core CSD: 2.0
Core length: 145 mm
NuvaRing® (Merck) etonogestrel . ]
EluRyng™ (Amneal) reservoir (11.7 mg/120 pg/day) 28% EVA * copolymer core combination Rl?;ng C%[]; 34011;;
Myring™ (Mithra) (21 days) ethinyl estradiol and 9% EVA * sheath contraception Membr ng thi 1.<n' 110 um
Generic (TEVA) (2.7 mg/15 pg/day) cmbrane tickness: H
reservoir 17p-estradiol-3-acetate silicone elastomer estrogen replacement Rli;ngc%gi 5;66111;;
Femring® (Millicent) (12.4, 24.8 mg/50, 100 core and sheath & P & o
(3 months) /day) (both MED-6382, NuSil) therapy Core CSD: 2.0 mm
He/cay P Core lengths: 8 and 16 mm
Progering® (Population Council/Sile- matrix progesterone silicone elastomer (MED- pi).st—p.ari)um ctc;ntl(‘ia.cep- Ring OD: 56 mm
sia SA/Grupo Griinenthal Chile) (3 months) (2074 mg/~10 mg/day) 4211, NuSil) on mwi)iii nee e Ring CSD: 8.4 mm
Fertiring® (Population Council/Sile- matrix progesterone silicone elastomer (MED- IVF/hormone supple- Ring OD: 56 mm
sia SA/Grupo Griinenthal Chile) (3 months) (1000 mg/~10 mg/day) 4211, NuSil) mentation Ring CSD: 8.4 mm
. . etonogestrel .
1© (Exel R D: 54
.O.rmbe (Exeltis) reservoir (11.0 mg/120 pg/day) polyurethane sheath and 28% combination .mg OD: 54 mm
SyreniRing (Crescent Pharma) . . . Ring CSD: 4.0 mm
. . (21 days) ethinyl estradiol EVA* copolymer core contraception .
Kirkos® (Farmitalia) (3.47 mg/15 pg/day) Membrane thickness: 150 pm
segesterone acetate silicone elastomer cores (x2, Ring OD: 56 mm
Annovera™ (Population Council) reservoir (103 mg/150 pg/day) MED-6603 and MED-6385, combination Ring CSD: 8.4 mm
P (1 year) ethinyl estradiol NusSil) and sheath (MED- contraception Core CSD: 3.0 mm
(17.4 mg/13 pg/day) 4224, NuSil) Core lengths: 11 and 18 mm

* EVA —ethylene vinyl acetate; # OD —overall diameter; CSD — cross-sectional diameter
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The vaginal mucus and mucosa in humans are replete with different bacterial species
(Table 2) [24-26]. These endogenous microorganisms can attach themselves to the rela-
tively hydrophobic surfaces of VRs, and, depending on the duration of use and the micro-
bial environment, can lead to accumulation of biomass and formation of biofilm on the
device surface [27-32]. For other common indwelling or implantable medical devices,
such as urinary catheters, mechanical heart valves, pacemakers, prosthetic joints and con-
tact lenses, biofilm formation poses critical medical risks, including implant-related infec-
tion, persistence of infection, and reduced user acceptability [33,34]. By comparison, little
is currently known about vaginal biofilm, much less how that biofilm influences VR prod-
uct characteristics (drug release, mechanical performance, etc.) or impacts upon the vagi-
nal bacterial ecosystem [35,36]. However, VR biofilm is attributed to endogenous micro-
biota transferring from the vaginal microenvironment onto the device [27,36,37]. This ar-
ticle is intended to provide a review of the existing scientific literature for the human vag-
inal microbiota, bacterial biofilm in the vagina, and biomass accumulation and biofilm
formation on VRs, at a time of increasing interest in both drug-releasing VRs and the vag-
inal microbiome [4,6,38,39].

Table 2. Prevalence of microorganisms reported in asymptomatic vaginal or cervical specimens
(adapted from [40], Infectious Diseases: Research and Treatment, 2010 and [41], Clinical Infectious
Diseases, 2001). + < 30%; ++ < 60%; +++ > 60%.

Gram-Positive Rods

Diptheroids +H
Lactobacilli +H+
Gram-positive cocci
Staphylococcus aureus +
Staphylococcus epidermidis ++
Streptococcus species
a-Hemolytic +
B-Hemolytic +
Non-hemolytic +
Group D +
Gram-Negative Rods
Escherichia coli +
Klebsiella and Enterobacter spp. +
Proteus spp. +
Pseudomonas spp. +
Anaerobic Species
Bacteroides spp. ++
Bifidobacterium spp. +
Fuscobacterium spp. +
Lactobacillus spp. ++
Peptococcus spp. =+
Preptostreptococcus spp. +++
Proprionibacterium spp. +

Veillonella spp. +
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2. The Vaginal Microbiota: Healthy and Dysbiotic

It has been estimated that the human body hosts ~4 x 10! bacteria and thousands of
different bacterial types, with each body site having its own distinctive communities of
microorganisms [42]. Rather than being harmful to their host, the human microbiome is
understood to play an increasingly critical role in health and disease [43,44]. As a specific
compartment of the human microbiome, the vaginal microbiota in healthy women har-
bors numerous microorganisms, although with significantly lower diversity compared to
other body sites, such as the gut [45]. The vaginal microbiome is particularly responsive
to hormonal changes and external influences, including puberty, menopause, pregnancy,
sexual activity, use and type of contraceptive products, and personal hygiene [24,25,38,46—
48]. Due to its dynamic and fluctuating nature, it is not possible to define a “normal” com-
position for the vaginal microbiome that encompasses all women at all stages of life. How-
ever, there exists key groups of microbiological species that are found in most healthy
vaginal environments, suggesting that these species play an important functional role in
a healthy vaginal ecosystem [38]. Therefore, here we will adopt the definition for the “nor-
mal” vaginal microbiota as that present in women with no identifiable disease.

What can be considered a disease-causing pathogen is dependent not only on the
type of microorganism and its intrinsic virulence, but also its relative dominance. Micro-
organisms that are normal constituents of the vaginal flora also have the potential to cause
symptoms of disease, but require some alteration of the microenvironment in order to do
so [41]. Candida albicans, group B Streptococcus, Gardnerella vaginalis, and Escherichia coli are
common examples of microorganisms isolated from the lower female genital tract [41].
Under normal circumstances, these organisms do not produce symptoms of infection, but
have the potential to cause disease depending on the vaginal environment [41]. This con-
trasts with putative pathogens not ordinarily part of the vaginal microbiota, whose pres-
ence is strongly associated with disease. Examples include sexually transmitted infection
with Neisseria gonorrhoeae, Listeria monocytogenes, and Trichomonas vaginalis. Specific exam-
ples of microorganisms commonly associated with the vaginal microbiome are discussed
in further detail below, including their role in the normal and diseased/dysbiotic vaginal
environment.

2.1. Lactobacillus spp.

In humans, Lactobacillus spp. are the dominant microorganism in the healthy human
vagina, found in a relative abundance of greater than 70%. Yet, lactobacilli are rarely
found in greater than 1% abundance in the vaginal environment of other mammals [49].
Lactobacilli are Gram-positive, rod-shaped, anaerobic bacteria that produce lactic acid via
their metabolic action on the various glycogen breakdown products found in the vagina
and formed under the influence of estrogen. It is this lactic acid production that results in
a healthy vaginal pH of ~4.2 [38,50]. Lactobacilli will adhere to vaginal epithelial cells, out-
competing other microorganisms for surface real estate. They also produce soluble com-
pounds, including bacteriocins, that are toxic to other bacterial species [51]. These attrib-
utes of lactobacilli contribute to their dominance in the human vagina and protect against
infection with pathogenic microorganisms without themselves inducing inflammation
[50]. However, studies have shown that not all lactobacilli are equal in this protective ca-
pacity. Lactobacillus crispatus, Lactobacillus gasseri, Lactobacillus iners, and Lactobacillus jen-
senii have been reported as the most frequently occurring species in the healthy vagina
[52]. L. crispatus is associated with a strong protective and anti-inflammatory capabilities,
whereas L. iners is easily displaced by other species, and is often associated with a dysbi-
otic environment. The picture is less clear for L. gasseri and L. jensenii, although these spe-
cies appear to be less abundant in states of vaginal dysbiosis [53].
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2.2. Gardnerella vaginalis

G. vaginalis, first described as Haemophilus vaginalis, a Gram-variable facultatively an-
aerobic rod, was proposed over half a century ago as the sole etiological agent of bacterial
vaginosis (BV), the most common vaginal infection in women of reproductive age [54].
However, its presence in the vaginal microbiome of healthy women has since cast doubt
on its virulence and role as a putative pathogen [55]. It has been detected at rates of 14%
to 69% in asymptomatic women [56] and has been isolated as the dominant vaginal mi-
croorganism of almost all women with BV [57-59]. BV is associated with malodorous vag-
inal discharge, increased vaginal pH, and the presence of “clue cells” (vaginal epithelial
cells with a heavy coating of bacteria, that can be observed microscopically in vaginal
fluid). These clue cells are explained by the ability of G. vaginalis to form biofilms on the
vaginal epithelium, providing convincing evidence for the role of the species in this con-
dition [60]. However, its colonization in asymptomatic women, combined with pheno-
typic variability and limited taxonomic refinement, results in a somewhat complicated
and incomplete understanding of the precise role of G. vaginalis within the vaginal micro-
biome.

G. vaginalis has been well known to display genotypic and phenotypic diversity with
differing virulence potential, and at least four ‘clades’ (or subgroups) within the species
are differentially associated with different clinical outcomes [61,62]. In recent years, bio-
typing and molecular methods have been applied to categorize these subgroups. In 2019,
Vaneechoutte et al. formally proposed three new and distinct species based on whole-
genome sequencing and biochemical analysis: Gardnerella piotii, Gardnerella swidsinskii,
and Gardnerella leopoldii [60].

BV is also associated with increased risk of HIV infection and transmission [63-66].
Several factors are likely at play here, including decreased levels of hydrogen peroxide-
producing lactobacilli, production of mucin-degrading enzymes, increased influx of HIV
target cells, elevated levels of proinflammatory cytokines, elevated vaginal pH, and in-
creased expression of HIV in the lower genital tract. Novel drug-releasing ring formula-
tions to treat or prevent recurrence of BV, including multipurpose devices that simultane-
ously administer antiretrovirals, have been reported [67,68].

2.3. Atopobium vaginae and Prevotella spp.

Another species strongly associated with BV is the strict anaerobe Atopobium vaginae,
which is resistant to metronidazole and may explain why some women suffer from recur-
rent BV after treatment with this antibiotic. Studies have reported that A. vaginae is present
in up to 86% of BV samples [69]. The anaerobic species Prevotella spp. is also negatively
associated with vaginal health [70]; it has been suggested that colonization with
Prevotella—the most heritable vaginal bacteria—is strongly associated with host genetics
[71]. Women with abundant Prevotella in their vagina have higher levels of pro-inflamma-
tory cytokines and increased activation of Toll-like receptors leading to downstream sig-
naling for immune surveillance [71]. Interestingly, there is a strong association between
obesity and greater abundance of both gut and vaginal Prevotella compared to individuals
with BMIs in the healthy range [71,72].

2.4. Candida albicans

Candida albicans is a polymorphic fungus and a member of the normal human micro-
biome, residing for the most part harmlessly in the oropharynx, gastrointestinal tract, on
the skin, and in the vagina of 20-30% of healthy women [73]. The yeast form (blasto-
conidia) is typically associated with asymptomatic colonization and transmission, while
the hyphal (mycelial) form contributes to adherence and mucosal invasion seen in symp-
tomatic disease [74]. During the switching from a commensal to a vaginal pathogen, Can-
dida spp. will also produce a range of extracellular enzymes (including proteases, phos-
pholipases, and hemolysins) that are implicated in adherence to and invasion of vaginal



Pharmaceutics 2021, 13, 751

7 of 29

epithelial cells [73]. Another important virulence factor is the ability of Candida spp. to
form biofilms that attach irreversibly to both biotic and abiotic surfaces; this trait is highly
dependent on yeast to hyphal morphogenesis [73,75]. Vulvovaginal candidiasis (VVC) is
defined as symptoms of inflammation caused by an overgrowth of Candida spp., particu-
larly C. albicans, without other infectious etiologies [69]. It is estimated that approximately
75% of all women suffer from VVC at least once in their lifetime [76] and it is a common
side effect of treatment with broad spectrum antibiotics, with the eradication of commen-
sal bacteria allowing C. albicans to dominate the vaginal microbiota [77].

3. Biofilm Formation in the Human Vagina and Its Role in Vaginal Dysbiosis

The observation that bacteria form sessile communities on surfaces was first de-
scribed in the work of Henrici and Zobell in the 1930s [78-80]. However, it was not until
the late 1970s with the work of Costerton and colleagues that it was recognized and ac-
cepted that biofilms represent the predominant mode of bacterial growth in nature, and
indeed in infectious disease [81,82]. A biofilm is defined as a microbially derived commu-
nity constituted by cells attached to a substratum, interface or to each other, embedded in
a matrix of extracellular polymeric substances that they have produced, and that exhibit
an altered phenotype with respect to growth rate and gene transcription [83]. The for-
mation and development of a biofilm are affected by multiple factors, including the bac-
terial strain, the properties of the surface and environmental parameters such as pH, nu-
trient concentration and temperature [84]. Biofilm formation occurs in five stages inde-
pendent of whether the attachment surface is of a biotic or inanimate nature: (i) initial
attachment; (ii) irreversible attachment; (iii) early development of biofilm architecture
(microcolony formation); (iv) maturation; and (v) dispersion (Figure 2), as described in
detail in Section 4.

Microorganisms included in biofilms behave differently from free planktonic micro-
organisms. Bacteria in biofilms show increased tolerance to conventional treatments with
antibiotics and can more easily evade the immune system of the host. Biofilm formation
by probiotic bacteria, such as Lactobacillus spp., is considered a beneficial property because
it could promote colonization and longer permanence in the mucosa of the host, avoiding
colonization by pathogenic bacteria [85]. It has been demonstrated that the extracellular
polymeric substances (EPS) produced by some biofilm forming lactobacillus strains is able
to inhibit the formation of biofilms by certain pathogenic bacteria [85-87]. Indeed, adhe-
sion and biofilm formation are strain properties that reportedly contribute to the perma-
nence of lactobacilli in the human vagina [88]. However, biofilm formation has been stud-
ied more in depth in the context of BV. Indeed, the formation of a polymicrobial biofilm
is thought to play a key role in the etiology of BV, regardless of the proposed etiological
model [89]. G. vaginalis is considered the initial colonizer [35], playing a central role in the
early adhesion stage and providing a scaffold for other microorganisms in the mature
biofilm. BV biofilm contains consolidate core organisms highly specialized for propaga-
tion, although it is unclear which are individual symbionts or accidental beneficiaries and
which microorganisms belong to the essential core of biofilm [90]. Bacterial adhesion to
vaginal epithelial cells may be mediated by interactions between cell appendages (pili,
fimbriae or flagella), carbohydrates and cell surface adhesins [91-93]. G. vaginalis harbors
genes encoding type I, Il and IV fimbriae/pili, as well as a biofilm-associated protein (BAP)
family gene (bapL) [94,95]. L. iners and Peptoniphilus spp. are thought to assist G. vaginalis
during the initial adhesion process [96,97]. Indeed, Castro et al. showed that L. iners en-
hanced the adherence of G. vaginalis to epithelial cells rather than inhibiting the bacteria
[96].
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Figure 2. Colonization of vaginal epithelium and a VR device by microorganisms, showing the various stages of biofilm
formation (adapted from [98], American Scientist, 2005). Microorganism icons made by Freepik, Wanicon, Darius Dan and
Smashicons (www.flaticon.com; accessed 21 February 2020).

After adhesion and before biofilm maturation, G. vaginalis develops microcolonies
[99,100] and induces different symbiotic relationships. A. vaginae, F. nucleatum and Mobi-
luncus spp. may coaggregate with G. vaginalis as secondary/tertiary colonizing species,
though the mechanism of coaggregation is not yet known [101]. Moreover, uropathogenic
bacteria like E. coli and E. faecalis can co-aggregate with G. vaginalis, enhancing its growth
[102]. The possible candidate bridge species between early and late colonizers may be F.
nucleatum [101], which is well known as the bridge species between early and late colo-
nizers in oral biofilms [103,104], but can also reside in the vagina (in both BV and non-BV
cases) [105]. Alternatively, numerous other candidate bacteria may coaggregate as late
colonizers as these bacteria have shown a synergistic interaction in a dual-species biofilm
model: Actinomyces neuii, Bacillus firmus, Brevibacterium ravenspurgense, Corynebacterium
spp., E faecalis, E. coli, Nosocomiicoccus ampullae, Prevotella bivia, Propionibacterium acnes,
Staphylococcus spp., Streptococcus spp. and G. vaginalis [106]. After successful microcolony
formation/coaggregation, G. vaginalis may release extracellular DNA (eDNA) that stimu-
lates the EPS matrix production [100]. eDNA is thought to originate from lysed cells and
provides structural integrity and stability to several biofilms [106]. Release of eDNA is
maximal during the early exponential growth phase of G. vaginalis indicating its active
role in biofilm formation [100]. In addition to eDNA, the pathogenic strains of G. vaginalis
(317 and 594) may encode glycosyltransferases (GT) (family I, II and IV) that seem to be
involved in EPS production [95]. The fully matured in vivo BV biofilm appears like ‘brick-
work’, a highly organized structure without spaces between bacterial cells [107].

The exact dispersal mechanism of polymicrobial BV biofilm is not known. However,
it can be hypothesized that both active and passive dispersion occur during BV. Active
dispersion may occur when the vaginal environment becomes favorable during menstru-
ation as the vaginal pH is increased by menstrual blood (pH 7.32) [89]. In contrast, passive
dispersion (erosion and sloughing) may be the result of biofilm exposure to the shear
forces induced by sialidase, glycosulfatase, glycosidase, proteinase, collagenase and fibri-
nolysins or the menstrual flow [108,109].

4. Mechanistic Aspects of Biofilm Formation on Polymeric Surfaces

The low cost, ubiquity and adaptability of polymeric materials have led to their use
in wide range of medical, drug delivery and health care devices. However, they are also
easily colonized by biofilms. Where the polymer is an indwelling medical device, the re-
sult could be a persistent and difficult to eradicate microbial infection [110]. Infection of a
polymeric medical device is likely to occur by inoculation with bacteria from the patient’s
own microbiota during placement/implantation. Microbial adherence to these foreign
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bodies will depend on the surface characteristics of the microbial cell and the nature of
the polymer surface [111].

Biofilm formulation proceeds in several stages: initial attachment, irreversible attach-
ment, proliferation, maturation, and dispersion (Figure 2) [98]. The processes are common
for biofilm attachment on both biotic and inanimate surfaces, in both medical and envi-
ronmental scenarios. Biofilm in the context of the vaginal microbiota has been discussed
in Section 3 above. The following sections review the mechanistic aspects of biofilm for-
mation on polymeric devices.

4.1. Bacterial Attachment to Polymeric Surfaces

A prerequisite for biofilm formation on polymeric devices is that the bacteria achieve
sufficient proximity to a surface to allow for initial attachment. The mechanisms by which
bacteria are transported to a surface include Brownian motion, sedimentation, and con-
vective mass transport [112]. Several forces, both attractive and repulsive, are important.
At approximately 10-20 nm distance from a surface, the negatively charged bacterial cell
may be repelled by a negatively charged surface. However, this repulsion can be over-
come by attractive Van der Waals forces [113]. Surface appendages on the bacterial cell,
such as fimbriae, pili and flagella, are important in surface-sensing for many species of
bacteria [114]. For example, the staphylococcal surface proteins SSP-1 and SSP-2 have been
described as contributing to Staphylococcus epidermidis adherence to polystyrene [110] and
these surface structures contribute to adherence by providing means for mechanical at-
tachment [98,112] and overcoming the energy barrier to reach the surface [115]. While cell
surface appendages have been suggested as one of the most important factors explaining
adhesion, the production of the exo-polysaccharide may also contribute through complex-
ing with the surface [116]. Such mechanical attachments allow for the transition from re-
versible to irreversible attachment, and facilitate short-range forces such as covalent and
hydrogen bonding, and hydrophobic interactions [117]. Additionally, it is well established
that after placement or implantation of an polymeric medical device, the surface of the
polymer can be rapidly modified. This is dependent on the site and is a result of adsorp-
tion of host derived proteins, extracellular matrix proteins and coagulation products [118],
such as fibronectin, fibrinogen, thrombospondin, laminin, collagen, and von Willebrand
factor [119]. Some of these host factors may serve as specific receptors for colonizing bac-
teria and influence the extent of bacterial surface attachment. Fibronectin, fibrinogen, and
laminin are observed to promote adhesion to biomaterials, while albumin and whole se-
rum appear to inhibit bacterial adhesion to polymeric surfaces [120]. Surface roughness of
the polymeric material will also have an influence over the propensity of bacteria to attach
to the surface. Rough, irregular surfaces generally allow for better bacterial attachment,
providing more niches for cells to adhere, and resulting in increased biofilm density [121].

4.2. Biofilm Proliferation and Maturation

Once adhered to a surface, cells upregulate the genes involved in matrix production
in as little as 12 min, and so the process of biofilm formation begins, culminating with the
development of large cellular aggregates encased in a matrix of EPS [114,122]. The exact
composition of EPS can vary between species and is still quite poorly characterized in
most biofilms. However, it is widely accepted that this sticky matrix serves to protect the
bacterial community from external pressures (host immune defenses, antibiotics, disin-
fectants, etc.), facilitates the transportation of oxygen and nutrients through its numerous
water channels, and contributes to the functioning of intercellular signaling (or quorum
sensing, QS) molecules that stimulate the growth and development of the biofilm [119].
Autoinducer signals secreted by the biofilm result in the expression of biofilm-specific
genes that influence virulence, while eDNA also contributes to intercellular communica-
tion, and stabilizes the structure of the biofilm (as discussed in Section 3, eDNA is im-
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portant for the structure and integrity for G. vaginalis biofilms) [119,123]. During matura-
tion of the biofilm, microcolonies of surface-adhered bacterial will develop into microcol-
onies, approximately 100 pm in size and thickness [119].

4.3. Dispersion and Spread

As the biofilm grows and matures, resources become limited and toxic metabolites
may accumulate within the biofilm structure. Dispersal is the mechanism by which the
biofilm will expand and colonize new surfaces to circumvent stress-inducing conditions.
This can occur as single cells breaking free of the biofilm structures, or clumps of cells
being sloughed from the biofilm [124]. The process of dispersal has also been referred to
as “metastatic seeding” and can result in biofilm infection spreading to other regions of
the body, to the bloodstream where serious embolic complications may occur, or other
regions of the medical implant in the case of medical device associated infections [125].
Here, the implications for the patient can be a chronic difficult-to-eradicate infection.

4.4. Biofilm Formation on Medical Devices

Biofilm formation on implantable medical devices is a significant contributor to the
problem of health care-associated infection (HCAIs), and it is widely accepted that venti-
lator associated pneumonia (VAP), urinary catheter-associated infections (CAUTI), cen-
tral-line associated septicemia, and joint prothesis-related infections are all attributable to
the formation of microbial biofilms on the respective medical device [126]. In these sce-
narios, patients likely have pre-existing increased susceptibility to infections due to the
serious nature of their illness (i.e., patients requiring artificial ventilation or a central line),
or the colonized device is placed into an otherwise sterile region of the body (i.e., place-
ment of a Foley catheter within the bladder, or implantation of a joint prothesis). Con-
versely the human vagina is abundant in its own microbiota, and this natural microbial
community contributes a great deal to vaginal health. Biofilms predominant in lactobacilli
may not themselves be any cause for concern. Rather, it is suggested that biofilm for-
mation on polymeric VRs would be the result of preferential adherence and biofilm for-
mation on the polymer by those bacterial species associated with vaginal dysbiosis, which
is why VRs must be tested for the presence of bacteria on rings compared to vaginal envi-
ronment [27].

5. Polymeric Materials Used to Manufacture Vaginal Rings

To date, only three types of polymeric material have been used in the fabrication of
marketed drug-releasing VRs—silicone elastomers (which are crosslinked forms of poly-
dimethylsiloxane), ethylene vinyl acetate copolymers (EVA), and thermoplastic polyure-
thanes (TPU) (Table 1, Figure 3) [4]. All these materials are non-biodegradable and hydro-
phobic, such that they neither dissolve nor swell when immersed in aqueous media or
inserted vaginally. However, of these materials, only silicone elastomers and EVAs have
direct contact with the vaginal mucosa.



Pharmaceutics 2021, 13, 751

11 of 29

1 i
o o :E’ :I":"
S—ip—0 =
© C|IH3 (l:H3 (|3H3 )

o) o]
o —Si—O1-Si—O Si—j =
6;&';, AR | N\ -Jaj

f
CHs CHy ], CHy — [
o) O
g silicone elastomer %

il
.|

ethylene vinyl acetate

T—0—T

H
I
e
|
N y

—0—0—1I

Ao

o CH,

copolymer
i i i
C—N—Rs—ll\l—C—O—R1—O C—Il\I—Hsr—II\l—C—O—Rz—O
H H g H H g
polyurethane

Figure 3. Chemical structures of the polymers commonly used in the fabrication of drug-releasing
VRs.

Five of the seven marketed VR products (all except NuvaRing® and Ornibel®) are
manufactured from medical-grade silicone elastomers. Silicone elastomers are soft, flexi-
ble rubber-like materials that have a long history of use in topical and implantable prod-
ucts for a wide range of biomedical and pharmaceutical applications [127,128]. NuvaRing®
is manufactured using two different grades of thermoplastic ethylene vinyl acetate (EVA)
copolymer (9 and 28% vinyl acetate grades), while Ornibel® contains a thermoplastic pol-
yurethane in its drug-loaded core and a 28% vinyl acetate EVA copolymer for the rate-
controlling membrane (Table 1) [129,130].

5.1. Silicone Elastomers

Two general types of silicone elastomers have been used for fabrication of VRs. Both
are based on crosslinking of chemically functionalized dimethylsiloxane polymers, but
differ in their cure (crosslinking) chemistries. Addition-cure silicone elastomers are pre-
pared by chemical reaction between a dimethylsiloxane/methylhydrosiloxane copolymer
(in which the reactive species is the hydrosilane group -Si-H) and a vinyl-terminated
poly(dimethylsiloxane) (in which the reactive species is the vinyl group -Si-CH=CH>).
Upon mixing of these two materials, and in the presence of a platinum catalyst, a chemi-
cally crosslinked elastomer network (Figure 3) is formed during the high temperature in-
jection molding or extrusion process. A different curing chemistry is used to prepare con-
densation-cure medical-grade silicone elastomers, involving tin-catalyzed reaction be-
tween hydroxy-terminated dimethylsiloxane polymers and a tetra-alkoxysilane crosslink-
ing agent [4,131].
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Progering®, Fertiring® and Estring® contain only addition-cure silicone elastomers;
Femring® is prepared using a condensation-cure silicone elastomer; and Annovera™ com-
prises both types, with the two drug cores prepared using a condensation-cure silicone
and the rate-controlling membrane using an addition-cure silicone.

The presence of certain functional groups in the drug molecules can lead to cure in-
hibition and/or drug binding when using addition-cure silicone elastomer systems [132—
135]. Although the condensation-cure crosslinking reaction is compatible with a much
wider range of chemical functional groups, the alcohol by-product formed by the curing
reaction can be problematic due drug dissolving in the alcohol and being deposited on
the device surface during storage, both potentially impacting drug release kinetics.
[136,137].

Silicones are generally regarded as one of the most biocompatible materials for mu-
cosal contact or implantation in humans [127,138,139]. However, bacterial adherence and
biofilm formation on silicone elastomer devices has been widely reported, as have strate-
gies to further improve its performance [140-150]. For example, silicone elastomer pros-
thetic voice valves are implanted in the unsterile environment of the esophagus, such that
a mixed biofilm of bacteria and yeast forms rapidly, often causing the voice prostheses to
fail within 3—-6 months [151-153]. Various strategies, including surface modification using
argon plasma treatment, chemical grafting of perfluoro-alkylsiloxanes, and use of surface-
adsorbed biosurfactants, have been shown to be moderately successful in reducing bio-
film formation [140,154,155] in experimental studies. However, biofilm-reducing strate-
gies have not previously been implemented in any marketed silicone elastomer implant-
able device or drug delivery system.

5.2. Ethylene Vinyl Acetate Copolymers

For the reservoir-type rings NuvaRing® and Ornibel®, the exterior membranes in con-
tact with the vaginal mucosal tissue are EVA copolymers with 9% and 28% vinyl acetate,
respectively. A number of experimental drug-releasing rings fabricated from EVA are also
reported [8,18,156-165].

The use of EVA polymers in drug delivery applications has been reviewed recently
[166,167]. Biofilm has been widely reported on the surface of EVA medical devices, along
with antimicrobial and surface modification strategies for reducing biofilm formation
[168-174]. It is well understood that the surface free energy increases and the equilibrium
contact angle decreases with increasing vinyl acetate concentration in EVA copolymers
[175-177]. XPS data have revealed that the hydrophobic ethylene component is enriched
at the surface of higher vinyl acetate samples, while the more polar vinyl acetate compo-
nent is enriched on the surface when vinyl acetate < 18% [175]. Increasing the ratio of the
polar vinyl acetate residues in the copolymer leads to increased hydrophilicity, as meas-
ured by decreased water equilibrium contact angles [178-181], although no published
studies describe the relationship between vinyl acetate content and biofilm formation.

5.3. Thermoplastic Polyurethanes

TPUs are beginning to emerge as useful materials for VR fabrication, particularly
given the very broad range of properties available by manipulating their chemical com-
position (Figure 3) [20,67,182-188]. Only one marketed VR product—the contraceptive
ring known as Ornibel®, SyreniRing, and Kirkos® (Table 1) —contains a TPU material, alt-
hough the TPU does not contact the vaginal mucosa, since it is only used in the prepara-
tion of the inner drug-loaded core. As with silicone elastomers and EVA copolymers, drug
release from hydrophobic non-degradable TPUs is governed primarily by drug diffusion
in the polymer [189]. Hydrophobic TPUs have been reported for manufacture of experi-
mental vaginal rings, including for delivery of lactic acid [67] and degradable polyure-
thanes that are more environmentally friendly [190]. Hydrophilic TPU grades are useful
for the development of experimental VRs containing water-soluble drug actives; the hy-
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drophilic segments within the TPU polymer slowly absorb water/aqueous medium/vagi-
nal fluid, leading to device swelling and permitting the solubility and release of the incor-
porated drug compounds [67,183,184,188]. No studies to date have reported the influence
of TPUs hydrophilicity on VR biofilm formation.

6. Surface Morphology Characteristics of Vaginal Rings

The mechanisms by which surface roughness, surface charge, and relative hydropho-
bicity/hydrophilicity serve to facilitate biofilm formation were introduced in Section 4,
and these characteristics of implantable medical and drug delivery devices have long been
considered to play a crucial role in device-associated infection [191-193]. In general, hy-
drophobic and high rugosity surfaces tend to be more susceptible to adherence by micro-
organisms [194]. Here, we consider five factors that are likely to contribute to the surface
characteristics of VRs— (i) the type of polymer (discussed in detail in the previous section),
(if) the method of manufacture, (iii) the particle size of the drug substance(s), (iv) the drug
loading, and (v) the extent of drug release. The latter three factors are relevant only for
rings in which the drug substance(s) is available at or near the ring surface.

6.1. Method of Manufacture: Injection Molding, Extrusion, Casting and 3D Printing

VRs are generally manufactured at elevated temperatures using either injection
molding or extrusion processes. For injection molding of silicone elastomer rings, the drug
substance(s) is dispersed into the liquid silicone elastomer components and the resulting
mixture injected into a heated mold assembly. For commercial and clinical purposes, ring
molds are usually fabricated from martensitic stainless-steel grades, such as 420 SS or
440C, and, depending on the machining methods used to form the mold cavities, the VRs
will be left with various surface finishes. The roughness of a mold tool is typically meas-
ured as the arithmetic average (Ra) in micrometers of the absolute values of the profile
heights over the evaluation length, though the roughness is specified using standards
such as SPI-SPE Finish, Diamond compound finish, VDI 3400, ASA B46.1, BS 1134 and
ISO 1302. Mold tools often require a high polish equivalent to SPI-SPE A that requires
3000-6000 grit diamond polishing paste. For some VR products, it is considered desirable
to have a light texture on the surface to provide grip and here a mold surface equivalent
to SPI-SPE D1/2 is specified, usually produced by blasting the surface with abrasive media
of 240-320 grit. Due to the highly abrasive nature of silicones, commercial mold tools are
often coated with FDA approved nickel/polymer composites that aid part release, resist
wear and increase cavity lubricity. While these coatings are typically applied at a thickness
of 20-25 um, they can be polished to the required surface finish after application. For low
volume injection molding of prototype VRs in preclinical development, uncoated alumi-
num mold tools may be used due to their reduced material costs and often these are left
with the surface produced by the final machining operation and minimal hand polishing.
In all cases, the surface roughness of the mold tool will directly impact the surface mor-
phology of the manufactured rings, which may in turn impact upon biomass accumula-
tion and biofilm formation, as has been reported previously for silicone voice prostheses
[195].

Thermoplastic core-type VRs, such as the marketed products NuvaRing® and Orni-
bel® (Table 1), are prepared by hot melt co-extrusion. One extruder is used to compound
the polymer and drug and a second extruder containing drug-free polymer is used to feed
a co-extrusion die that simultaneously extrudes the active core coats in a drug-free poly-
mer membrane [164,184,196]. With extrusion, the surface finish of the extrudate is influ-
enced by several factors. Extruded polymers are known to adhere to the die tool upon
exit; this can be particularly problematic for drug-loaded polymers where additional pro-
cessing aids such as non-stick fluoropolymer additives are not permitted. Polymers also
exhibit a phenomenon known as die swell in which the extrudate swells transverse to the
die upon exit. This is caused by polymer chain relaxation and randomization after leaving
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the untangling effects of uniaxial flow environment inside the extruder. Die swell is in-
creased by reducing the ‘land length’ of the die, velocity of flow, decreasing melt temper-
ature and the molecular properties of the polymer. The combination of die surface adhe-
sion and die swelling means that only very sharp or non-radiused exits will lead to a clean
separation of the strand from the die. This means any die edge wear or polymer build up
at the die exit can lead to surface micro tears and increased surface roughness. ‘Shark
skinning’ —a phenomenon that creates a periodic ridge-like surface and is related to stress
concentrations of the polymer melt exiting the die [197]—can also significantly affect sur-
face roughness of an extruded ring. The final process in extruded VR manufacture is ring
jointing, whereby the two ends of the co-extruded strand must be brought in contact and
welded together. This has the potential to create a rougher area if excess polymer or flash
is created and not trimmed properly. The parts of the polymer that are held in the welding
jig are also likely to reach above their softening point and could then take on the surface
morphology of the clamp surface, similar to an injection molding operation.

Thermoplastic 3D printing technologies have also been reported for the manufacture
of prototype drug-releasing VRs [187,198]. With 3D printing or additive manufacturing,
objects are produced in discrete layers as opposed to a single continuous monolith, such
that the surface roughness of 3D printed rings is very different to that of injection molded
or extruded devices. For example, use of a droplet deposition method used to fabricate an
antiretroviral-releasing VR produced a surface in which the individual droplets could be
visibly discerned [187]. To date, there has been no investigations into the effect that these
3D printed surface morphologies have on biofilm formation in VRs.

A small number of experimental VR devices have been manufactured by a casting
method in which a drug-containing liquid is poured into a ring-shaped mold and allowed
to solidify either by cooling or evaporation of the solvent [199-201]. Although the design
and method of manufacturing are too complex and impractical for commercial purposes,
these rings can offer the advantages of biodegradability and multifunctionality. For ex-
ample, Saxena et al. have reported a hydrogel-type contraceptive ring—based on a na-
noporous elastomer system comprising poly(1,8-octanediol-co-citrate) and poly(ethylene
glycol) dimethyl ether —offering sustained release of a combination of the spermiostatic
agents ferrous gluconate, ascorbic acid and mixtures of polyamino and polycarboxylic
acids [201-203]. Previous iterations of this ring design were based on a dextran-based hy-
drogel core and a sheath fabricated using different synthetic biodegradable polymers
[199,200]. The initial surface characteristics of these rings are likely determined by the
mold surface finish and the materials used to fabricate the ring. Given the biodegradable
nature of this ring, it is possible that any surface-adhered bacteria would be periodically
sloughed off.

6.2. Drug Particle Size and Drug Loading

Most drug-releasing VR products are formulated to contain solid crystalline drug
substances. In fact, of the marketed rings, only NuvaRing® and Ornibel® contain drugs
that are fully solubilized within the polymer(s), attributed to the high temperature man-
ufacturing process and the relatively low drug loadings. As with other types of pharma-
ceutical solid dosage forms, solid crystalline drugs incorporated into rings are specially
prepared to have an average particle diameter in the low micrometer range. These micron-
sized drug particles, referred to as micronized drug, are produced by a process called mi-
cronization, which generally involves mechanical milling of the larger crystalline particles
commonly produced during drug synthesis [204]. Drug micronization offers two key ad-
vantages —quality control over the particle size distribution of the drug powder, and en-
hanced dissolution rates. For certain thermoplastic VRs, storage of the product under non-
optimal temperatures can cause solubilized drug to migrate from the core through the
membrane and precipitate as drug crystals on the ring surface [205].

Drug particle size and drug loading are known to impact the surface morphology of
matrix-type rings. For example, incorporation of drug into extruded EVA polymers has
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been shown to influence the surface morphology, particularly at higher drug loadings
[206]. EVA matrices containing up to 50% w/w metoprolol as a model drug resulted in
smooth-surfaced extrudates, whereas at 60% metoprolol content shark skin effects were
observed [207]. Of the seven marketed VRs, only Progering® and Fertiring® are of matrix-
type design, and both containing relatively high concentrations (>10% w/w) of solid mi-
cronized progesterone powder dispersed throughout the silicone elastomer matrix (Table
1). A dapivirine-releasing matrix-type ring for HIV prevention is also scheduled to reach
market soon. Additionally, Murphy et al. have recently reported variable surface discol-
oration (likely due to menstrual blood) of progesterone matrix rings following clinical use
[208]. It is not known to what extent the initial presence of high concentrations of drug at
the surface of the VR impacts the extent of discoloration.

6.3. Extent of Drug Release

With matrix-type VRs, the drug substance(s) are dispersed throughout the entire ring
body. If the drug concentration in the ring body is greater than its solubility in the polymer
(and setting aside supersaturated drug states, which occur for certain thermoplastic rings
[205]), then a fraction of the drug substance(s) will be present in the solid —and usually
crystalline—state. This means that solid crystalline drug is also present at the surface of
the ring, and it is this drug that first dissolves and releases when the ring is either inserted
vaginally or tested for in vitro release. Dissolution of these surface drug particles leaves
behind cavities and pores within the polymer ring, the size and number of which will
depend upon the initial drug concentration, its particle size, and the extent of drug release.
The surface morphology of these rings will therefore change with time as drug release
progresses. For example, approximately 4 mg of the initial 25 mg drug loading in the dapi-
virine ring is released over 28 days [209,210]; however, most of the drug release occurs
from the layers at or close to the ring surface, such that micron-sized cavities are produced
after the drug particle dissolves and releases. Of course, this phenomenon will not occur
with core-type rings since the outer membrane does not normally contain solid crystalline
drug (unless it migrates and precipitates there).

7. Biomass Accumulation and Biofilm Formation on Vaginal Rings

The various microorganisms present in the vagina can potentially attach and colonize
the surface of VRs and lead to biofilm formation. Theoretically, such biofilm could pro-
mote further changes in the vaginal microbiome and adversely affect host mucosal de-
fenses and drug release properties [211]. The limited data to date suggest that biofilm for-
mation on VRs does not alter the vaginal microbiome or impact mucosal host defense.
Here, we review the reported studies and data available.

7.1. NuvaRing®

Miller et al. compared the surface of a NuvaRing® device before and after 28-day use
in a single volunteer. Despite the very limited scope of this study, scanning electron mi-
croscopy (SEM) did show mucus and cellular debris on the surface of used ring samples
that had not been rinsed following removal [32]. With rinsing of the used ring, the SEM
images showed similar surface appearance to an unused ring, demonstrating that bacteria
were removable and had not strongly adhered to the ring surface. Additionally, using
SEM, Keller et al. assessed bioerosion and/or build up of biological material on the sur-
faces of acyclovir-releasing pod-type silicone elastomer rings during safely and pharma-
cokinetic testing in six women. After seven days continuous use, sporadic clusters of epi-
thelial cells were observed on the ring surfaces, but little or no associated microbial
growth. By day 14, large areas of the ring surfaces were covered with a mat of epithelial
cells containing islands of polymicrobial biofilm [211].

Following reports of vaginitis among NuvaRing® users (which is not uncommon
with VRs) in a multicenter trial conducted from 1997 to 1999 [212], Camacho et al. assessed
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the in vitro adherence of five different yeast isolates (C. albicans, C. glabrata, C. parapsilosis,
C. tropicalis and S. cerevisiae) from vaginal exudates in an attempt to understand the po-
tential for VRs to influence development or recurrence of vulvovaginal candidiasis (VVC)
[30]. Data obtained through SEM, adherence assays, radiolabeled quantification assays,
and measurement of cell surface hydrophobicity on NuvaRing® test segments confirmed
that the yeasts tested adhered to the ring to different extents. The authors reflected on
whether adherence of vaginal yeast to a VR surface could affect development of VVC in
some women. However, this study did not include comparative testing of yeasts found
on VRs with cultures taken from women prior to or during ring use, which limited inter-
pretation of these data.

Hardy et al. also reported biomass formation on the surface of NuvaRing® devices
following 3 week use by Rwandese women, with the density and composition of the bio-
mass correlated with vaginal dysbiosis [27]. Assessment of ring eluates using quantitative
polymerase chain reaction (QPCR) showed that Lactobacillus genus, G. vaginalis and A. va-
ginae were present in 93%, 57%, and 38% of samples, respectively; these species are com-
monly associated with BV. SEM analysis showed the surface of the rings covered with
vaginal epithelial cells and adhered bacteria. The phenotype comprising a loose network
of scattered elongated bacteria was associated with vaginal samples scored as Nugent 0-
3 (BV-negative), while the phenotype comprising a dense bacterial biofilm with bacilli-
matched vaginal samples scored as Nugent 8-10 (indicative of BV). The findings suggest
that the status of the vaginal microbiota and the formation or deposition of biomass on
VR are inter-related. The authors noted that VRs releasing pregnancy prevention hor-
mones may be important for protection of the vaginal microbiota during ring use; this
hypothesis has been promoted by other researchers [213-215].

As part of clinical studies testing intermittent and continuous use regimens of
NuvaRing® in Rwandan women, Kestelyn et al. reported the following observations fol-
lowing pelvic examination and tests for STIs and vaginal infections: (i) mean Nugent
scores decreased with duration of ring use; (ii) prevalence of trichomoniasis was unaf-
fected by ring use; and (iii) incidence of symptomatic vaginal yeasts increased fivefold
compared to baseline [216]. Similar studies with NuvaRing® have also previously been
reported: Veres et al. showed an improvement of the vaginal microbiota over three cycles
of ring use [215]; Davies et al. did not find a change in BV prevalence during continuous
ring use over 56 days [217]; and, in contrast to the Veres study, Oddsson et al. observed
an increase in Candida infections during 13 weeks of ring use [218]. Recently, Crucitti et
al. reported that NuvaRing® use significantly increased concentrations of Lactobacillus
species and decreased concentrations of G. vaginalis and A. vaginae in vaginal secretions,
consistent with the measured reduction in mean Nugent scores [36]. The species compo-
sition and extent of the biomass accumulated on the rings correlated with the vaginal mi-
crobiota and Nugent score, respectively. Using adherence assays and SEM, Chassot et al.
demonstrated that the co-existence and ensuing co-aggregation between C. albicans and L.
acidophilus lead to a significant increase in the in vitro adhesion of C. albicans and a de-
crease in adhesion of the lactobacillus to NuvaRing® [219].

As part of a prospective comparative study in asymptomatic women starting contra-
ception, De Seta et al. reported that women who used the combined contraceptive NuvaR-
ing® showed a significant increase in the number of lactobacilli in the vaginal flora and a
reduced Nugent score compared to both baseline and oral contraceptive users [213]. This
is most likely attributed to the action of the estrogen ethinyl estradiol on vaginal flora
[2,214,215].

7.2. Ornibel®

Although Ornibel® has the same active pharmaceutical ingredients, overall dimen-
sions and appearance as NuvaRing® (Table 1) and provides pharmacokinetic equivalence
[130], the polymers used in both the core and sheath are different. With NuvaRing®, the
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rate-controlling outer membrane comprises a 9% vinyl acetate EVA, while that for Orni-
bel® comprises a 28% vinyl acetate EVA (Table 1). Sailer et al. have evaluated the adhesion
of microorganisms in vitro to both ring devices, and reported that adherence of C. albicans,
and L. acidophilus when co-cultured with C. albicans, was lower with Ornibel® [28]. The
authors attribute the results to differences in the chemical structure of the polymeric mem-
brane and the smoother surface or Ornibel®. However, the article cited by the authors to
support the claim of a smoother surface for Ornibel® does not provide any such data [130].
The difference in vinyl acetate content in the EVA polymer membranes of these rings is
the more likely explanation for the differences in microbial adhesion, particularly since
both rings are manufactured by similar co-extrusion methods and vinyl acetate content of
EVAs is known to influence surface properties [175-181,220]. Supporting this hypothesis,
Grandi et al. recently demonstrated using SEM that there are no significant differences in
measured surface roughness between unused Ornibel® and NuvaRing® devices [221].

7.3. Silicone Elastomer Vaginal Rings

Findings of concordance between vaginal and ring culture results have been reported
for several studies. Based on a microbiology sub-study embedded in a Phase 3 study for
the segesterone acetate/ethinyl estradiol contraceptive vaginal system (Annovera™; a sil-
icone elastomer ring that is used cyclically for a full year/13 cycles; Table 1), Huang et al.
described a high level of agreement between organisms cultured from the vagina follow-
ing one year of use and organisms cultured from the ring surface [37]. Among the 120
participants in this sub-study, H20:-positive Lactobacillus dominated the vaginal micro-
biota with a non-significant prevalence increase from 76.7% at baseline to 82.7% at cycle 6
and 90.2% at cycle 13. Of the 72 participants who had both vaginal and ring cultures at
study exit, 5.6% had a positive vaginal culture and 4.2% had a positive ring culture for
Staphylococcus aureus. Similar findings of concurrence between vaginal and ring culture
results were observed in 62 US women who participated in a randomized 12 week placebo
ring trial conducted by the microbicides trial network (MTN 005). Compared with a con-
trol group of 30 women who did not use a VR, there were no statistically different out-
comes between groups for Nugent scores or vaginal culture results [222]. In a one-year
study to assess the effects of Annovera™ on the incidence of vaginal infections and
changes in the vaginal microbiota, 3.3%, 15% and 0.8% of subjects were clinically diag-
nosed with bacterial vaginosis, vulvovaginal candidiasis and trichomoniasis, respectively
[37]. These incidence rates were not significantly different from those measured at base-
line and Nugent scores were largely unchanged. As in previous studies, a strong correla-
tion between vaginal and ring surface microbiota was reported.

Gunawardana et al. observed microbial biofilms on the surface of both tenofovir and
placebo silicone elastomer VRs worn for 28 days by female pig-tailed macaques [31]. Large
areas of the ring surfaces were covered with monolayers of epithelial cells and two bacte-
rial biofilm phenotypes were found to develop on these monolayers. Similar findings
were noted in a follow-on study in women, including an increase in the volume of cells
accumulated on rings over time. The authors suggested that an epithelial cell monolayer
develops first and subsequently becomes colonized by islands of polymicrobial commu-
nities embedded in extracellular material [211]. The relatively low density of clustered
microbial communities observed partially explains the lack of an immune response to the
rings worn for up to 14 days. In a further clinical study assessing an acyclovir-releasing
pod-type ring for potential treatment of recurrent genital HSV, microbial biofilms were
readily detected on the ring surface [223]. However, the composition of these sessile com-
munities was like that of the corresponding vaginal microbiome.

Interestingly, this accumulation of surface biofilm has been considered as a potential
cumulative measure of VR use adherence, since characterization of the extent of biomass
accumulation could give an indication of the total length of time worn [224]. This ap-
proach would not require any modification to a ring design for implementation and
would be equally applicable to both placebo and active rings in late-stage clinical testing
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(assuming little or no differences in surface chemistry/morphology with the drug is incor-
porated). Potential limitations include inter-individual variation in the vaginal microbiota
between participants (perhaps due to the presence of pathogens), which could lead to
variations in the rate or type of biofilm accumulation that occurs. Additionally, and prob-
ably most critically, the removal, manipulation, or washing of the ring by the participant
could lead to biofilm removal or a change in the appearance of the biofilm.

7.4. Ring Discoloration

It is also worth commenting briefly on the surface discoloration of VRs that can occur
during use, since this may be due to or lead to bacterial adherence/biofilm formation. To
date, discoloration has mostly been reported for silicone elastomer rings [208,225], which
may reflect the greater number of marketed ring products fabricated from silicone com-
pared to thermoplastics (Table 1) and/or a greater propensity for silicone to become dis-
colored. Discoloration of silicone elastomer devices placed in an unsterile environment
may be attributed to biofilm formation, since many microorganisms produce pigments.
These pigments are often lipophilic and therefore tend to diffuse into the polymeric ma-
trix. It is generally not possible to remove the stains by simple cleaning [226]. The basic
requirements for bacterial colonization of polymer surfaces include a non-sterile environ-
ment and sufficient water/moisture to support growth of the bacteria. Silicone elastomer
(and other polymer) devices stored in air, even moderately humid air, are not prone to
bacterial colonization. For example, silicone elastomer samples stored unpackaged under
ambient environmental conditions in the UK for 10+ years do not show any visible signs
of bacterial colonization. Any discoloration observed, if any, is usually associated with
ageing of the polymer, and is usually indicated by a slight yellow appearance.

A very small number of articles within the scientific literature have reported discol-
oration during use of VRs [208,227-229]; in all likelihood, the phenomenon is significantly
under-reported. For example, physical analysis of reservoir-type, silicone elastomer VRs
containing either progesterone, d-norgestrel or norethindrone showed surface discolora-
tion and brown staining following clinical use [227]. The authors suggested that the dis-
coloration appeared to be subject-dependent rather than related to the duration of in vivo
use. All rings used in the clinical study were initially sterilized using ethylene oxide (ring
sterilization is neither required nor generally conducted with modern ring devices), sug-
gesting that the discoloration was associated with use in women (e.g., menstruation) and
not attributable to microbial contamination during manufacture. Recently, McCoy et al.,
described surface discoloration of matrix-type silicone elastomer VRs containing either
dapivirine only or a combination of dapivirine and levonorgestrel following clinical use
which, based on in vitro assessments using simulated vaginal and menstrual fluids, was
attributed to exposure to menstrual fluid [225].

8. Regulatory Considerations

Drug-releasing VRs are manufactured in clean (but not sterile) environments in
which the bioburden levels are controlled to achieve conformity to product requirements.
Moreover, just as with other pharmaceutical solid dosage forms, rings are generally not
sterilized after manufacture, since the vagina itself is not sterile and the ring product does
not contain water or any other substance supportive of microbial growth. As such, drug-
releasing VRs are formally classified as ‘non-sterile pharmaceutical dosage forms’ and
pharmacopeial monographs for marketed drug-releasing ring products do not include
microbiological purity criteria. Overall, the microbial risk assessment associated with
drug-releasing VRs is low relative to many other medical devices and pharmaceutical
dosage forms.

Although regulatory health authorities sometimes request that drug-releasing VRs
undergo clinical evaluation for the presence of biofilms and changes in the vaginal micro-
biota (e.g., FDA requested the microbiology study that was conducted as a Phase 3 Anno-
vera™ sub-study and clearly have an interest in biofilm formation and its effects), there
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are currently no guidelines or standardized testing protocols. FDA, NIH and other re-
search organizations have held workshops and open public meetings focused on devel-
opment of evidence in relation to health care associated infections [230]. Currently, the
best approach to providing information about VR biofilms in a clinical study is to answer
the following questions: Does the VR destabilize the vaginal microbiome (sustainability
of the vaginal microbiome) and promote some sort of dysbiosis such as BV? Does bacterial
colonization on a VR surface lead to a vaginal infection? Does biofilm formation on the
surface of the ring affect the release of the APIs (biofouling)? One approach for accumu-
lating data on these questions is to identify the vaginal microbiota before device insertion,
during insertion and after insertion. The vaginal microbiota can then be characterized on
both the vaginal mucosa and the ring device itself. Biofilm testing on a VR is possible upon
immediate removal of the ring and subsequent testing, using techniques such as crystal
violet binding assay to measure biomass density, scanning electron microscopy and quan-
titative polymerase chain reaction [27,36,37].

Further studies are recommended to understand clinical implications of biofilm for-
mation on vaginal devices and to clarify expected norms for both vaginal flora and the
devices (there are no expected norms presently to guide interpretation of the data). For
sexually active women who participated in NuvaRing® clinical trials, vaginal cultures ex-
hibited vaginal flora changes over time. These were expected and showed that ring use
was not linked to unhealthy changes in the vaginal microbiota [213,231]. For Annovera™
the same organisms found on the rings were identified in the vaginal cultures and results
did not indicate any clinical problems. Similarly, the study conducted with placebo rings
revealed concordance between vaginal and ring cultures [222].

Additional questions that arise relate to instructions for caring for rings that are in
use, i.e., used continuously or according to specified ring in/ring out intervals. Biofilms
develop quickly on ring devices following use in the human body. While instructions for
use for most VRs include directions for washing these rings with mild soap and water
following periods of use and prior to reinsertion, further research is required to clarify the
effect that various washing regimens may have on biofilm formation or the vaginal mi-
crobiome upon reinsertion.

9. Conclusions

There is very considerable interest in new drug-releasing VR products, primarily
driven by ongoing efforts to develop (i) new longer-acting contraceptive VRs, (ii) an-
tiretroviral rings for preventing HIV acquisition, and (iii) multipurpose technology rings
offering various combinations of clinical benefits. The various polymers and methods
used in the manufacture of VRs means that the products are not sterile. Although ring
products are prepared in a clean environment, the devices are not required to be com-
pletely free of all microorganisms. However, as with all non-sterile pharmaceutical prod-
ucts, bioburden control is essential, particularly given the potential for the rings to im-
pact—for good or for bad —the healthy vaginal microbiome. Since VRs were first reported
in the 1970s, we have accumulated an extensive body of data indicating that rings are
highly effective for a range of therapies, are safe to use even over long periods of time,
and do not increase the risk of infection. Based on epidemiologic research regarding the
benefits of sex hormones on the vaginal microbiome, and results from recent microbiology
and biofilm studies with rings containing hormones to protect against pregnancy, vaginal
rings may even be protective.

The emerging and rapidly progressing field of microbiome research is paving the
way for a better understanding of how the microbiome influences human health and dis-
ease. The vaginal microbiome—influenced as it is by a plethora of internal and external
factors, including hormonal changes, the menstrual cycle, sexual activity, application of
hygiene products, etc.—is rather unique. Despite containing several hundred different
types of bacterial species, the healthy human vagina is consistently dominated by a sur-
prisingly small number of Lactobacillus species, presumably having evolved as important
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to vaginal health and human reproduction. As with the application of any foreign body
to the vagina, drug-releasing VRs have the potential to influence the vaginal microbiome,
either by introducing exogenous bacteria into the vagina or by providing a surface for
adherence of endogenous bacteria and ultimately leading to biofilm formation. Encour-
agingly, reports are starting to emerge exploring microbial dynamics in this unique eco-
system. However, much more work is needed. For example, we need in situ microbial
testing to reinforce current data demonstrating that a healthy vaginal ecosystem is main-
tained during VR use, and in the case of VRs with hormones may even be protective. Even
more intriguing is the possibility of new ring products to actively promote a healthy vag-
inal ecosystem.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest. B.V. and R.M. were investigators
for Annovera™. The company had no role in the design of the study; in the collection, analyses, or
interpretation of data; in the writing of the manuscript, and in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.

15.

16.

Malcolm, R.K.; Edwards, K.L.; Kiser, P.; Romano, J.; Smith, T.]. Advances in microbicide vaginal rings. Antivir. Res. 2010, 88,
30-39, doi:10.1016/j.antiviral.2010.09.003.

Brache, V.; Faundes, A. Contraceptive vaginal rings: A review. Contraception 2010, 82, 418-427, doi:10.1016/j.contracep-
tion.2010.04.012.

Brache, V.; Payan, L]J.; Faundes, A. Current status of contraceptive vaginal rings. Contraception 2013, 87, 264-272,
doi:10.1016/j.contraception.2012.08.037.

Malcolm, R.K.; Boyd, P.J.; McCoy, C.F.; Murphy, D.]J. Microbicide vaginal rings: Technological challenges and clinical develop-
ment. Adv. Drug Deliv. Rev. 2016, 103, 33-56, doi:10.1016/j.addr.2016.01.015.

Boyd, P.; Variano, B.; Spence, P.; McCoy, C.F.; Murphy, D.J.; Dallal Bashi, Y.H.; Malcolm, R.K. In vitro release testing methods
for drug-releasing vaginal rings. J. Control. Release 2019, 313, 54—69, d0i:10.1016/j.jconrel.2019.10.015.

Monteiro, I.; Guazzelli, C.F.; Bahamondes, L. Advances in contraceptive vaginal rings: What does the future hold? Expert Opin.
Pharmacother. 2018, 19, 1685-1691, doi:10.1080/14656566.2018.1519549.

Baeten, ].M.; Palanee-Phillips, T.; Brown, E.R.; Schwartz, K.; Soto-Torres, L.E.; Govender, V.; Mgodi, N.M.; Matovu Kiweewa,
F.; Nair, G.; Mhlanga, F.; et al. Use of a vaginal ring containing dapivirine for HIV-1 prevention in women. N. Engl. J. Med. 2016,
375, 2121-2132, doi:10.1056/NEJMo0al506110.

Liu, A.Y.; Zhang, J.; Anderson, P.L.; Wagner, T.; Pan, Z.; Peda, M.; Gomez, K.; Beamer, M.; Jacobson, C.; Strizki, ].; et al. Phase
1 pharmacokinetic trial of 2 intravaginal rings containing different dose strengths of vicriviroc (MK-4176) and MK-2048. Clin.
Infect. Dis. 2019, 68, 1129-1135, doi:10.1093/cid/ciy652.

Ferring Pharmaceuticals Randomized Trial Assessing Quinagolide Vaginal Ring for Endometriosis-Related Pain (RAQUEL).
ClinicalTrials.gov [Internet]. National Library of Medicine (US): Bethesda, MD, USA. Identifier NCT03692403. Available online:
https://clinicaltrials.gov/ct2/show/NCT03692403 (accessed on 10 March 2020).

Nel, A.; van Niekerk, N.; Kapiga, S.; Bekker, L.-G.; Gama, C.; Gill, K;; Kamali, A.; Kotze, P.; Louw, C.; Mabude, Z; et al. Safety
and efficacy of a dapivirine vaginal ring for HIV prevention in women. N. Engl. ]. Med. 2016, 375, 2133-2143,
doi:10.1056/NEJMoal602046.

McBride, J.W.; Karl Malcolm, R.; Dias, N.; Cameron, D.; Offord, R.E.; Hartley, O.; Kett, V.L.; Devlin, B.; Boyd, P. Development
and pharmacokinetics of a combination vaginal ring for sustained release of dapivirine and the protein microbicide 5P12-
RANTES. Int. ]. Pharm. 2019, 564, 207-213, d0i:10.1016/j.ijpharm.2019.04.040.

McBride, J.W.; Boyd, P.; Dias, N.; Cameron, D.; Offord, R.E.; Hartley, O.; Kett, V.L.; Malcolm, R.K. Vaginal rings with exposed
cores for sustained delivery of the HIV CCR5 inhibitor 5P12-RANTES. . Control. Release 2019, 298, 1-11, doi:10.1016/j.jcon-
rel.2019.02.003.

Nelson, A.L. Comprehensive overview of the recently FDA-approved contraceptive vaginal ring releasing segesterone acetate
and ethinylestradiol: A new year-long, patient controlled, reversible birth control method. Expert Rev. Clin. Pharmacol. 2019, 12,
1-11, doi:10.1080/17512433.2019.1669448.

Temmerman, M. A new woman-controlled contraceptive vaginal ring: A global step forward. Lancet Glob. Health 2019, 7, e986—
€987, d0i:10.1016/52214-109X(19)30289-X.

Micks, E.A.; Jensen, ].T. A technology evaluation of Annovera: A segesterone acetate and ethinyl estradiol vaginal ring used to
prevent pregnancy for up to one year. Expert Opin. Drug Deliv. 2020, 17, 743-752, doi:10.1080/17425247.2020.1764529.

Zhao, C.; Gunawardana, M.; Villinger, F.; Baum, M.M.; Remedios-Chan, M.; Moench, T.R.; Zeitlin, L.; Whaley, K.J.; Bohorov,
O.; Smith, T.J.; et al. Pharmacokinetics and preliminary safety of pod-intravaginal rings delivering the monoclonal antibody
VRCO1-N for HIV prophylaxis in a macaque model. Antimicrob. Agents Chemother. 2017, 61, €02465-16, doi:10.1128/AAC.02465-
16.



Pharmaceutics 2021, 13, 751 21 of 29

17.

18.

19.

20.

21.
22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

McKay, P.F.; Mann, J.F.S,; Pattani, A.; Kett, V.; Aldon, Y.; King, D.; Malcolm, R.K.; Shattock, R.J. Intravaginal immunisation
using a novel antigen-releasing ring device elicits robust vaccine antigen-specific systemic and mucosal humoral immune re-
sponses. J. Control. Release 2017, 249, 74-83, d0i:10.1016/j.jconrel.2017.01.018.

Kimball, A.B.; Javorsky, E.; Ron, E.S.; Crowley, W.; Langer, R. A novel approach to administration of peptides in women: Sys-
temic absorption of a GnRH agonist via transvaginal ring delivery system. ]. Control. Release 2016, 233, 19-28, doi:10.1016/j.jcon-
rel.2016.04.035.

Smith, J.M.; Moss, J.A.; Srinivasan, P.; Butkyavichene, I.; Gunawardana, M.; Fanter, R.; Miller, C.S.; Sanchez, D.; Yang, F.; Ellis,
S.; et al. Novel multipurpose pod-intravaginal ring for the prevention of HIV, HSV, and unintended pregnancy: Pharmacoki-
netic evaluation in a macaque model. PLoS ONE 2017, 12, 0185946, doi:10.1371/journal.pone.0185946.

Clark, J.T.; Clark, M.R.; Shelke, N.B.; Johnson, T.]J.; Smith, E.M.; Andreasen, A.K.; Nebeker, ].S.; Fabian, J.; Friend, D.R.; Kiser,
P.F. Engineering a segmented dual-reservoir polyurethane intravaginal ring for simultaneous prevention of HIV transmission
and unwanted pregnancy. PLoS ONE 2014, 9, e88509, doi:10.1371/journal.pone.0088509.

Bash, K.L. Review of vaginal pessaries. Obstet. Gynecol. Surv. 2000, 55, 455-460, doi:10.1097/00006254-200007000-00025.

Jones, K.A.; Harmanli, O. Pessary use in pelvic organ prolapse and urinary incontinence. Rev. Obstet. Gynecol. 2010, 3, 3-9,
do0i:10.3909/ri0g0110.

Vierhout, ML.E. The use of pessaries in vaginal prolapse. Eur. ]. Obstet. Gynecol. Reprod. Biol. 2004, 117, 4-9,
doi:10.1016/j.ejogrb.2003.10.037.

Ravel, J.; Gajer, P.; Abdo, Z.; Schneider, G.M.; Koenig, 5.5.K.; McCulle, S.L.; Karlebach, S.; Gorle, R.; Russell, J.; Tacket, C.O,; et
al. Vaginal microbiome of reproductive-age women. Proc. Natl. Acad. Sci. USA 2011, 108, 4680-4687,
do0i:10.1073/pnas.1002611107.

Amabebe, E.; Anumba, D.O.C. The vaginal microenvironment: The physiologic role of lactobacilli. Front. Med. 2018, 5, 181,
do0i:10.3389/fmed.2018.00181.

Huang, B.; Fettweis, ].M.; Brooks, J.P.; Jefferson, K.K.; Buck, G.A. The changing landscape of the vaginal microbiome. Clin. Lab.
Med. 2014, 34, 747-761, doi:10.1016/j.c11.2014.08.006.

Hardy, L.; Jespers, V.; De Baetselier, L; Buyze, ].; Mwambarangwe, L.; Musengamana, V.; Van De Wijgert, J.; Crucitti, T. Asso-
ciation of vaginal dysbiosis and biofilm with contraceptive vaginal ring biomass in African women. PLoS ONE 2017, 12,
e0178324, doi:10.1371/journal.pone.0178324.

Sailer, M.; Colli, E.; Regidor, P. In vitro evaluation of microbial adhesion to a contraceptive vaginal ring with a new polymer
composition. Eur. J. Contracept. Reprod. Health Care 2019, 24, 188-191, doi:10.1080/13625187.2019.1595575.

Thurman, A.R,; Schwartz, ].L.; Ravel, J.; Gajer, P.; Marzinke, M.A; Yousefieh, N.; Anderson, S.M.; Doncel, G.F. Vaginal micro-
biota and mucosal pharmacokinetics of tenofovir in healthy women using tenofovir and tenofovir/levonorgestrel vaginal rings.
PLoS ONE 2019, 14, 0217229, doi:10.1371/journal.pone.0217229.

Camacho, D.P.; Consolaro, M.E.L.; Patussi, E.V.; Donatti, L.; Gasparetto, A.; Svidzinski, T.L.LE.; Pereira, D.; Consolaro, M.E.L.;
Valéria, E.; Donatti, L.; et al. Vaginal yeast adherence to the combined contraceptive vaginal ring (CCVR). Contraception 2007,
76, 439-443, doi:10.1016/j.contraception.2007.07.012.

Gunawardana, M.; Moss, J.A.; Smith, T.J.; Kennedy, S.; Kopin, E.; Nguyen, C.; Malone, A.M.; Rabe, L.; Schaudinn, C.; Webster,
P.; et al. Microbial biofilms on the surface of intravaginal rings worn in non-human primates. . Med. Microbiol. 2011, 60, 828—
837, doi:10.1099/jmm.0.028225-0.

Miller, L.; MacFarlane, S.A.; Materi, H.L. A scanning electron microscopic study of the contraceptive vaginal ring. Contraception
2005, 71, 65-67, doi:10.1016/j.contraception.2004.07.015.

Arciola, C.R.; Campoccia, D.; Montanaro, L. Implant infections: Adhesion, biofilm formation and immune evasion. Nat. Rev.
Microbiol. 2018, 16, 397-409, doi:10.1038/s41579-018-0019-y.

Donlan, R.M. Biofilm formation: A clinically relevant microbiological process. Clin. Infect. Dis. 2001, 33, 1387-1392,
doi:10.1086/322972.

Hardy, L.; Cerca, N.; Jespers, V.; Vaneechoutte, M.; Crucitti, T. Bacterial biofilms in the vagina. Res. Microbiol. 2017, 168, 865—
874, doi:10.1016/j.resmic.2017.02.001.

Crucitti, T.; Hardy, L.; van de Wijgert, J.; Agaba, S.; Buyze, J.; Kestelyn, E.; Delvaux, T.; Mwambarangwe, L.; De Baetselier, I.;
Jespers, V. Contraceptive rings promote vaginal lactobacilli in a high bacterial vaginosis prevalence population: A randomised,
open-label longitudinal study in Rwandan women. PLoS ONE 2018, 13, e0201003, doi:10.1371/journal.pone.0201003.

Huang, Y.; Merkatz, R.B.; Hillier, S.L.; Roberts, K.; Blithe, D.L.; Sitruk-Ware, R.; Creinin, M.D. Effects of a one year reusable
contraceptive vaginal ring on vaginal microflora and the risk of vaginal infection: An open-label prospective evaluation. PLoS
ONE 2015, 10, 0134460, d0i:10.1371/journal.pone.0134460.

Greenbaum, S.; Greenbaum, G.; Moran-Gilad, J.; Weintruab, A.Y. Ecological dynamics of the vaginal microbiome in relation to
health and disease. Am. ]. Obstet. Gynecol. 2019, 220, 324-335, d0i:10.1016/j.ajog.2018.11.1089.

Martin, D.H.; Marrazzo, ].M. The vaginal microbiome: Current understanding and future directions. J. Infect. Dis. 2016, 214,
536-541, doi:10.1093/infdis/jiw184.

Farage, M.A.; Miller, KW.; Sobel, ].D. Dynamics of the vaginal ecosystem —Hormonal influences. Infect. Dis. Res. Treat. 2010, 3,
doi:10.4137/IDRT.S3903.



Pharmaceutics 2021, 13, 751 22 of 29

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Whitney, B.M.; Guthrie, B.L.; Srinivasan, S.; Tapia, K.; Muriuki, E.M.; Chohan, B.H.; Wallis, ].M.; Liu, C.; McClelland, R.S.;
Fredricks, D.N.; et al. Changes in key vaginal bacteria among postpartum African women initiating intramuscular depot-
medroxyprogesterone acetate. PLoS ONE 2020, 15, €0229586, doi:10.1371/journal.pone.0229586.

Sender, R.; Fuchs, S.; Milo, R. Revised estimates for the number of human and bacteria cells in the body. PLoS Biol. 2016, 14,
€1002533, doi:10.1371/journal.pbio.1002533.

Cho, I.; Blaser, M.]. The human microbiome: At the interface of health and disease. Nat. Rev. Genet. 2012, 13, 260-270,
doi:10.1038/nrg3182.

Khanna, S.; Tosh, P.K. A clinician’s primer on the role of the microbiome in human health and disease. Mayo Clin. Proc. 2014,
89, 107-114.

The Human Microbiome Project Consortium Structure, function and diversity of the healthy human microbiome. Nature 2012,
486, 207-214, doi:10.1038/nature11234.

Gliniewicz, K.; Schneider, G.M.; Ridenhour, B.].; Williams, C.J.; Song, Y.; Farage, M.A.; Miller, K.; Forney, L.J. Comparison of
the vaginal microbiomes of premenopausal and postmenopausal women. Front. Microbiol. 2019, 10,
doi:10.3389/fmicb.2019.00193.

Noyes, N.; Cho, K.C.; Ravel, J.; Forney, L.J.; Abdo, Z. Associations between sexual habits, menstrual hygiene practices, de-
mographics and the vaginal microbiome as revealed by Bayesian network analysis. PLoS ONE 2018, 13, e0191625,
doi:10.1371/journal.pone.0191625.

Larsen, B.; Monif, G.R.G. Understanding the bacterial flora of the female genital tract. Clin. Infect. Dis. 2001, 32, e69—€77,
doi:10.1086/318710.

Miller, E.A.; Beasley, D.A.E.; Dunn, R.R.; Archie, E.A. Lactobacilli dominance and vaginal pH: Why is the human vaginal mi-
crobiome unique? Front. Microbiol. 2016, 7, 1-13, d0i:10.3389/fmicb.2016.01936.

Witkin, S.; Linhares, I. Why do lactobacilli dominate the human vaginal microbiota? BJOG Int. ]. Obstet. Gynaecol. 2017, 124, 606—
611, doi:10.1111/1471-0528.14390.

Aroutcheva, A.; Gariti, D.; Simon, M.; Shott, S.; Faro, J.; Simoes, ].A.; Gurguis, A.; Faro, S. Defense factors of vaginal lactobacilli.
Am. ]. Obstet. Gynecol. 2001, 185, 375-379, doi:10.1067/mob.2001.115867.

Vasquez, A.; Jakobsson, T.; Ahrné, S.; Forsum, U.; Molin, G. Vaginal lactobacillus flora of healthy Swedish women. J. Clin.
Microbiol. 2002, 40, 27462749, doi:10.1128/JCM.40.8.2746.

Van de Wijgert, JH.H.M.; Jespers, V. The global health impact of vaginal dysbiosis. Res. Microbiol. 2017, 168, 859-864,
doi:10.1016/j.resmic.2017.02.003.

Gardner, H.L.; Dukes, C.D. Haemophilus vaginalis vaginitis. Am. ]. Obstet. Gynecol. 1955, 69, 962-976, do0i:10.1016/0002-
9378(55)90095-8.

Castro, J.; Machado, D.; Cerca, N. Unveiling the role of Gardnerella vaginalis in polymicrobial Bacterial Vaginosis biofilms: The
impact of other vaginal pathogens living as neighbors. ISME ]. 2019, 13, 1306-1317, doi:10.1038/s41396-018-0337-0.

Mikamo, H.; Sato, Y.; Hayasaki, Y.; Hua, Y.X,; Tamaya, T. Vaginal microflora in healthy women with Gardnerella vaginalis. J.
Infect. Chemother. 2000, 6, 173-177, d0i:10.1007/s101560070018.

Fredricks, D.N.; Fiedler, T.L.; Thomas, K.K.; Oakley, B.B.; Marrazzo, ].M. Targeted PCR for detection of vaginal bacteria associ-
ated with bacterial vaginosis. J. Clin. Microbiol. 2007, 45, 3270-3276, d0i:10.1128/JCM.01272-07.

Zozaya-Hinchliffe, M.; Lillis, R.; Martin, D.H.; Ferris, M.]. Quantitative PCR assessments of bacterial species in women with
and without bacterial vaginosis. ]. Clin. Microbiol. 2010, 48, 1812-1819, doi:10.1128/JCM.00851-09.

Janulaitiene, M.; Paliulyte, V.; Grinceviciene, S.; Zakareviciene, J.; Vladisauskiene, A.; Marcinkute, A.; Pleckaityte, M. Prevalence
and distribution of Gardnerella vaginalis subgroups in women with and without bacterial vaginosis. BMC Infect. Dis. 2017, 17,
394, doi:10.1186/s12879-017-2501-y.

Vaneechoutte, M.; Guschin, A.; Van Simaey, L.; Gansemans, Y.; Van Nieuwerburgh, F.; Cools, P. Emended description of Gard-
nerella vaginalis and description of Gardnerella leopoldii sp. nov., Gardnerella piotii sp. nov. and Gardnerella swidsinskii sp.
nov., with delineation of 13 genomic species within the genus Gardnerella. Int. ]. Syst. Evol. Microbiol. 2019, 69, 679-687,
d0i:10.1099/ijsem.0.003200.

Hill, J.E.; Albert, A.Y.K. Resolution and Cooccurrence Patterns of Gardnerella leopoldii, G. swidsinskii, G. piotii, and G.
vaginalis within the Vaginal Microbiome. Infect. Immun. 2019, 87, doi:10.1128/IAI1.00532-19.

Janulaitiene, M.; Gegzna, V.; Baranauskiene, L.; Bulavaité, A.; Simanavicius, M.; Pleckaityte, M. Phenotypic characterization of
Gardnerella vaginalis subgroups suggests differences in their virulence potential. PLoS ONE 2018, 13, e0200625,
doi:10.1371/journal.pone.0200625.

McKinnon, L.R.; Achilles, S.L.; Bradshaw, C.S.; Burgener, A.; Crucitti, T.; Fredricks, D.N.; Jaspan, H.B.; Kaul, R.; Kaushic, C.;
Klatt, N.; et al. The evolving facets of bacterial vaginosis: Implications for HIV transmission. AIDS Res. Hum. Retrovir. 2019, 35,
219-228, doi:10.1089/aid.2018.0304.

Atashili, J.; Poole, C.; Ndumbe, P.M.; Adimora, A.A.; Smith, ]J.S. Bacterial vaginosis and HIV acquisition: A meta-analysis of
published studies. AIDS 2008, 22, 1493-1501, doi:10.1097/QAD.0b013e3283021a37.

Low, N.; Chersich, M.F.; Schmidlin, K.; Egger, M.; Francis, S.C.; van de Wijgert, ] H.H.M.; Hayes, R.J.; Baeten, ] M.; Brown, J.;
Delany-Moretlwe, S.; et al. Intravaginal practices, bacterial vaginosis, and HIV infection in women: Individual participant data
meta-analysis. PLoS Med. 2011, 8, e1000416, d0i:10.1371/journal.pmed.1000416.



Pharmaceutics 2021, 13, 751 23 of 29

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

80.

81.
82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Cohen, C.R; Lingappa, ].R.; Baeten, ].M.; Ngayo, M.O.; Spiegel, C.A.; Hong, T.; Donnell, D.; Celum, C.; Kapiga, S.; Delany, S.;
et al. Bacterial vaginosis associated with increased risk of female-to-male HIV-1 transmission: A prospective cohort analysis
among african couples. PLoS Med. 2012, 9, e1001251, doi:10.1371/journal.pmed.1001251.

Verstraete, G.; Vandenbussche, L.; Kasmi, S.; Nuhn, L.; Brouckaert, D.; Van Renterghem, J.; Grymonpré, W.; Vanhoorne, V;
Coenye, T.; De Geest, B.G.G.; et al. Thermoplastic polyurethane-based intravaginal rings for prophylaxis and treatment of (re-
current) bacterial vaginosis. Int. J. Pharm. 2017, 529, 218-226, d0i:10.1016/j.ijpharm.2017.06.076.

Pathak, M.; Turner, M.; Palmer, C.; Coombes, A.G. Evaluation of polycaprolactone matrices for the intravaginal delivery of
metronidazole in the treatment of bacterial vaginosis. J. Biomater. Appl. 2014, 29, 354-363, d0i:10.1177/0885328214528256.
Verhelst, R.; Verstraelen, H.; Claeys, G.; Verschraegen, G.; Van Simaey, L.; De Ganck, C.; De Backer, E.; Temmerman, M.;
Vaneechoutte, M. Comparison between Gram stain and culture for the characterization of vaginal microflora: Definition of a
distinct grade that resembles grade I microflora and revised categorization of grade I microflora. BMC Microbiol. 2005, 5, 61,
doi:10.1186/1471-2180-5-61.

Onderdonk, A.B.; Delaney, M.L.; Fichorova, R.N. The Human Microbiome during Bacterial Vaginosis. Clin. Microbiol. Rev. 2016,
29, 223-238, d0i:10.1128/CMR.00075-15.

Si, J.; You, H.J.; Yu, J.; Sung, J.; Ko, G. Prevotella as a hub for vaginal microbiota under the influence of host genetics and their
association with obesity. Cell Host Microbe 2017, 21, 97-105, doi:10.1016/j.chom.2016.11.010.

Castaner, O.; Goday, A.; Park, Y.-M.; Lee, S.-H.; Magkos, F.; Shiow, 5.-A.T.E.; Schroder, H. The gut microbiome profile in obe-
sity: A systematic review. Int. |. Endocrinol. 2018, 2018, 1-9, d0i:10.1155/2018/4095789.

Cauchie, M.; Desmet, S.; Lagrou, K. Candida and its dual lifestyle as a commensal and a pathogen. Res. Microbiol. 2017,
doi:10.1016/j.resmic.2017.02.005.

Bradford, L.L.; Ravel, ]. The vaginal mycobiome: A contemporary perspective on fungi in women’s health and diseases. Viru-
lence 2017, 8, 342-351, doi:10.1080/21505594.2016.1237332.

Harriott, M.M.; Lilly, E.A.; Rodriguez, T.E.; Fidel, P.L.; Noverr, M.C. Candida albicans forms biofilms on the vaginal mucosa.
Microbiology 2010, 156, 36353644, doi:10.1099/mic.0.039354-0.

Mayer, F.L; Wilson, D., Hube, B. Candida albicans pathogenicity mechanisms. Virulence 2013, 4, 119-128,
doi:10.4161/viru.22913.

Liu, M.-B,; Xu, S.-R.; He, Y.; Deng, G.-H.; Sheng, H.-F.; Huang, X.-M.; Ouyang, C.-Y.; Zhou, H.-W. Diverse vaginal microbiomes
in reproductive-age women with vulvovaginal candidiasis. PLoS ONE 2013, 8, €79812, doi:10.1371/journal.pone.0079812.
Henrici, A.T. Studies of Freshwater Bacteria: I. A direct microscopic technique. J. Bacteriol. 1933, 25, 277-287.

Zobell, C.E.; Allen, E.C. Attachment of marine bacteria to submerged slides. Exp. Biol. Med. 1933, 30, 1409-1411,
doi:10.3181/00379727-30-6954.

Zobell, C.E.; Allen, E.C. The significance of marine bacteria in the fouling of submerged surfaces. J. Bacteriol. 1935, 29, 239-251,
doi:10.1128/]B.29.3.239-251.1935.

Costerton, ].W.; Geesey, G.G.; Cheng, K.-]. How bacteria stick. Sci. Am. 1978, 238, 86-95, d0i:10.1038/scientificamerican0178-86.
Geesey, G.G.; Mutch, R.; Costerton, ].W.; Green, R.B. Sessile bacteria: An important component of the microbial population in
small mountain streams 1. Limmnol. Oceanogr. 1978, 23, 1214-1223, d0i:10.4319/10.1978.23.6.1214.

Donlan, R.M.; Costerton, J.W. Biofilms: Survival mechanisms of clinically relevant microorganisms. Clin. Microbiol. Rev. 2002,
15, 167-193.

Donlan, R.M. Biofilms: Microbial life on surfaces. Emerg. Infect. Dis. 2002, 8, 881-890, doi:10.3201/eid0809.020063.

Leccese Terraf, M.C.; Juarez Tomas, M.S.; Rault, L.; Le Loir, Y.; Even, S.; Nader-Macias, M.E.F. Biofilms of vaginal Lactobacillus
reuteri CRL 1324 and Lactobacillus rhamnosus CRL 1332: Kinetics of formation and matrix characterization. Arch. Microbiol.
2016, 198, 689-700, doi:10.1007/s00203-016-1225-5.

Walencka, E.; Rézalska, S.; Sadowska, B.; Rozalska, B. The influence of Lactobacillus acidophilus-derived surfactants on staph-
ylococcal adhesion and biofilm formation. Folia Microbiol. 2008, 53, 61-66, doi:10.1007/s12223-008-0009-y.

Tahmourespour, A.; Kasra-Kermanshahi, R.; Salehi, R. Lactobacillus rhamnosus biosurfactant inhibits biofilm formation and
gene expression of caries-inducing Streptococcus mutans. Dent. Res. ]. 2019, 16, 87, doi:10.4103/1735-3327.250968.

Salas-Jara, M.; Ilabaca, A.; Vega, M.; Garcia, A. Biofilm forming lactobacillus: New challenges for the development of probiotics.
Microorganisms 2016, doi:10.3390/microorganisms4030035.

Jung, H.-S.; Ehlers, M.M.; Lombaard, H.; Redelinghuys, M.].; Kock, M.M. Etiology of bacterial vaginosis and polymicrobial
biofilm formation. Crit. Rev. Microbiol. 2017, 43, 651-667, d0i:10.1080/1040841X.2017.1291579.

Machado, A.; Cerca, N. Influence of biofilm formation by gardnerella vaginalis and other anaerobes on bacterial vaginosis. J.
Infect. Dis. 2015, 212, 1856-1861, doi:10.1093/infdis/jiv338.

McMillan, A.; Macklaim, ].M.; Burton, J.P.; Reid, G. Adhesion of lactobacillus iners AB-1 to human fibronectin. Reprod. Sci. 2013,
20, 791-796, d0i:10.1177/1933719112466306.

Peeters, M.; Piot, P. Adhesion of Gardnerella vaginalis to vaginal epithelial cells: Variables affecting adhesion and inhibition by
metronidazole. Sex. Transm. Infect. 1985, 61, 391-395, doi:10.1136/sti.61.6.391.

Leccese Terraf, M.C.; Mendoza, L.M.; Juarez Tomas, M.S,; Silva, C.; Nader-Macias, M.E.F. Phenotypic surface properties (ag-
gregation, adhesion and biofilm formation) and presence of related genes in beneficial vaginal lactobacilli. . Appl. Microbiol.
2014, 117, 1761-1772, d0i:10.1111/jam.12642.



Pharmaceutics 2021, 13, 751 24 of 29

94.

95.

96.

97.

98.
99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Harwich, M.D.; Alves, ].M.; Buck, G.A ; Strauss, J.F.; Patterson, J.L.; Oki, A.T.; Girerd, P.H.; Jefferson, KK. Drawing the line
between commensal and pathogenic Gardnerella vaginalis through genome analysis and virulence studies. BMC Genom. 2010,
11, 375, d0i:10.1186/1471-2164-11-375.

Yeoman, C.J.; Yildirim, S.; Thomas, S.M.; Durkin, A.S.; Torralba, M.; Sutton, G.; Buhay, C.J.; Ding, Y.; Dugan-Rocha, S.P.; Muzny,
D.M,; et al. Comparative genomics of Gardnerella vaginalis strains reveals substantial differences in metabolic and virulence
potential. PLoS ONE 2010, 5, 12411, doi:10.1371/journal.pone.0012411.

Castro, J.; Henriques, A.; Machado, A.; Henriques, M.; Jefferson, K.K.; Cerca, N. Reciprocal interference between lactobacillus
spp. and gardnerella vaginalis on initial adherence to epithelial cells. Int. ]. Med. Sci. 2013, 10, 1193-1198, doi:10.7150/ijms.6304.
Machado, A.; Jefferson, K.; Cerca, N. Interactions between Lactobacillus crispatus and Bacterial Vaginosis (BV)-associated bac-
terial species in initial attachment and biofilm formation. Int. J. Mol. Sci. 2013, 14, 12004-12012, doi:10.3390/ijms140612004.
Harrison, J.; Turner, R.; Marques, L.; Ceri, H. Biofilms. Am. Sci. 2005, 93, 508, doi:10.1511/2005.56.977.

Muli, F.W.; Struthers, ] K. The growth of Gardnerella vaginalis and Lactobacillus acidophilus in Sorbarod biofilms. J. Med. Mi-
crobiol. 1998, 47, 401-405, doi:10.1099/00222615-47-5-401.

Hymes, S.R.; Randis, T.M.; Sun, T.Y.; Ratner, A.J. DNase inhibits gardnerella vaginalis biofilms in vitro and in vivo. J. Infect. Dis.
2013, 207, 1491-1497, d0i:10.1093/infdis/it047.

Patterson, J.L.; Stull-Lane, A.; Girerd, P.H.; Jefferson, K.K. Analysis of adherence, biofilm formation and cytotoxicity suggests a
greater virulence potential of Gardnerella vaginalis relative to other bacterial-vaginosis-associated anaerobes. Microbiology 2010,
156, 392-399, d0i:10.1099/mic.0.034280-0.

Castro, J.; Machado, D.; Cerca, N. Escherichia coli and Enterococcus faecalis are able to incorporate and enhance a pre-formed
Gardnerella vaginalis biofilm. Pathog. Dis. 2016, 74, doi:10.1093/femspd/ftw007.

Kaplan, C.W.; Lux, R.; Haake, S.K.; Shi, W. The Fusobacterium nucleatum outer membrane protein RadD is an arginine-inhib-
itable adhesin required for inter-species adherence and the structured architecture of multispecies biofilm. Mol. Microbiol. 2009,
71, 35-47, doi:10.1111/.1365-2958.2008.06503.x.

Okuda, T.; Kokubu, E.; Kawana, T.; Saito, A.; Okuda, K.; Ishihara, K. Synergy in biofilm formation between fusobacterium
nucleatum and prevotella species. Anaerobe 2012, doi:10.1016/j.anaerobe.2011.09.003.

Cassini, M.A,; Pilloni, A.; Condo, S.G.; Vitali, L.A.; Pasquantonio, G.; Cerroni, L. Periodontal bacteria in the genital tract: Are
they related to adverse pregnancy outcome? Int. |. Immunopathol. Pharmacol. 2013, 26, 931-939, doi:10.1177/039463201302600411.
Castro, J.; Cerca, N. BV and non-BV associated Gardnerella vaginalis establish similar synergistic interactions with other BV-
associated microorganisms in dual-species biofilms. Anaerobe 2015, 36, 56-59, doi:10.1016/j.anaerobe.2015.10.008.

Whitchurch, C.B. Extracellular DNA required for bacterial biofilm formation. Science 2002, 295, 1487-1487, doi:10.1126/sci-
ence.295.5559.1487.

Lewis, A.L.; Lewis, W.G. Host sialoglycans and bacterial sialidases: A mucosal perspective. Cell. Microbiol. 2012, 14, 1174-1182,
doi:10.1111/j.1462-5822.2012.01807 ..

Olmsted, S.S.; Meyn, L.A.; Rohan, L.C.; Hillier, S.L. Glycosidase and proteinase activity of anaerobic gram-negative bacteria
isolated from women with bacterial vaginosis. Sex. Transm. Dis. 2003, 30, 257-261, doi:10.1097/00007435-200303000-00016.
Catto, C.; Cappitelli, F. Testing anti-biofilm polymeric surfaces: Where to start? Inf. . Mol. Sci. 2019, 20, 3794,
d0i:10.3390/ijms20153794.

von Eiff, C.; Peters, G. Pathogenesis and detection of biofilm formation, on medical implants. In Medical Biofilms; John Wiley &
Sons, Ltd.: Chichester, UK, 2005; pp. 51-72.

Palmer, J.; Flint, S.; Brooks, J. Bacterial cell attachment, the beginning of a biofilm. |. Ind. Microbiol. Biotechnol. 2007, 34, 577-588,
do0i:10.1007/s10295-007-0234-4.

Rabin, N.; Zheng, Y.; Opoku-Temeng, C.; Du, Y.; Bonsu, E.; Sintim, H.O. Biofilm formation mechanisms and targets for devel-
oping antibiofilm agents. Future Med. Chem. 2015, 7, 493-512, d0i:10.4155/fmc.15.6.

Armbruster, C.R.; Parsek, M.R. New insight into the early stages of biofilm formation. Proc. Natl. Acad. Sci. USA 2018, 115, 4317-
4319, doi:10.1073/pnas.1804084115.

Ammar, Y.; Swailes, D.; Bridgens, B.; Chen, ]. Influence of surface roughness on the initial formation of biofilm. Surf. Coat.
Technol. 2015, 284, 410-416, doi:10.1016/j.surfcoat.2015.07.062.

Dunne, W.M. Bacterial adhesion: Seen any good biofilms lately? Clin. Microbiol. Rev. 2002, 15, 155-166,
doi:10.1128/CMR.15.2.155-166.2002.

Kumar, C.G.; Anand, S. Significance of microbial biofilms in food industry: A review. Int. ]. Food Microbiol. 1998, 42, 9-27,
doi:10.1016/S0168-1605(98)00060-9.

Gilmore, B.F.; Carson, L. Bioactive biomaterials for controlling biofilms. In Biomaterials and Medical Device-Associated Infections;
Barnes, L., Ed.; Woodhead Publishing: Cambridge, UK, 2014; pp. 163-183.

Khatoon, Z.; McTiernan, C.D.; Suuronen, E.J.; Mah, T.-F.; Alarcon, E.I. Bacterial biofilm formation on implantable devices and
approaches to its treatment and prevention. Heliyon 2018, 4, 01067, doi:10.1016/j.heliyon.2018.e01067.

Ribeiro, M.; Monteiro, F.J.; Ferraz, M.P. Infection of orthopedic implants with emphasis on bacterial adhesion process and tech-
niques used in studying bacterial-material interactions. Biomatter 2012, 2, 176-194, doi:10.4161/biom.22905.

Alnnasouri, M.; Lemaitre, C.; Gentric, C.; Dagot, C.; Pons, M.-N. Influence of surface topography on biofilm development: Ex-
periment and modeling. Biochem. Eng. |. 2011, 57, 38-45, doi:10.1016/j.bej.2011.08.005.



Pharmaceutics 2021, 13, 751 25 of 29

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Costerton, W.; Veeh, R.; Shirtliff, M.; Pasmore, M.; Post, C.; Ehrlich, G. The application of biofilm science to the study and control
of chronic bacterial infections. J. Clin. Investig. 2003, 112, 1466-1477, doi:10.1172/JCI200320365.

Gupta, P.; Sarkar, S.; Das, B.; Bhattacharjee, S.; Tribedi, P. Biofilm, pathogenesis and prevention— A journey to break the wall:
A review. Arch. Microbiol. 2016, 198, 1-15, doi:10.1007/s00203-015-1148-6.

Petrova, O.E.; Sauer, K. Escaping the biofilm in more than one way: Desorption, detachment or dispersion. Curr. Opin. Microbiol.
2016, 30, 67-78, doi:10.1016/j.mib.2016.01.004.

Toba, F.A.; Akashi, H.; Arrecubieta, C.; Lowy, F.D. Role of biofilm in Staphylococcus aureus and Staphylococcus epidermidis
ventricular assist device driveline infections. J. Thorac. Cardiovasc. Surg. 2011, 141, 1259-1264, doi:10.1016/j.jtcvs.2010.07.016.
Percival, S.L.; Suleman, L.; Vuotto, C.; Donelli, G. Healthcare-associated infections, medical devices and biofilms: Risk, tolerance
and control. J. Med. Microbiol. 2015, 64, 323-334, d0i:10.1099/jmm.0.000032.

Rahimi, A.; Mashak, A. Review on rubbers in medicine: Natural, silicone and polyurethane rubbers. Plast. Rubber Compos. 2013,
42,223-230, doi:10.1179/1743289811Y.0000000063.

Mashmak, A.; Rahimi, A. Silicone polymers in controlled drug delivery systems: A review. Polym. ]. 2009, 18, 279-295.

Caruso, S.; Panella, M.; Giunta, G.; Matarazzo, M.G.; Cianci, A. Comparative randomized study on the sexual function and
quality of life of women on contraceptive vaginal ring containing ethinylestradiol/etonogestrel 3.47/11.00 mg or 2.7/11.7 mg.
Gynecol. Endocrinol. 2019, 35, 899-903, doi:10.1080/09513590.2019.1603290.

Algorta, J.; Diaz, M.; de Benito, R.; Lefebvre, M.; Sicard, E.; Furtado, M.; Regidor, P.A.; Ronchi, C. Pharmacokinetic bioequiva-
lence, safety and acceptability of Ornibel®, a new polymer composition contraceptive vaginal ring (etonogestrel/ethinylestradiol
11.00/3.474 mg) compared with Nuvaring® (etonogestrel/ethinylestradiol 11.7/2.7 mg). Eur. ]. Contracept. Reprod. Health Care
2017, 22, 429-438, doi:10.1080/13625187.2017.1413179.

McConville, C.; Andrews, G.P.; Laverty, T.P.; Woolfson, A.D.; Malcolm, R.K. Rheological evaluation of the isothermal cure
characteristics of medical grade silicone elastomers. J. Appl. Polym. Sci. 2010, 116, 23202327, doi:10.1002/app.

Dallal Bashi, Y.H.; McCoy, C.F.; Murphy, D.]J.; Boyd, P.; Spence, P.; Kleinbeck, K.; Devlin, B.; Malcolm, R.K. Towards a dapi-
virine and levonorgestrel multipurpose vaginal ring: Investigations into the reaction between levonorgestrel and addition-cure
silicone elastomers. Int. J. Pharm. 2019, 569, 118574, d0i:10.1016/j.ijpharm.2019.118574.

Murphy, D.J.; Boyd, P.; McCoy, C.F.; Kumar, S.; Holt, ].D.S; Blanda, W.; Brimer, A.N.; Malcolm, R.K. Controlling levonorgestrel
binding and release in a multi-purpose prevention technology vaginal ring device. ]. Control. Release 2016, 226, 138-147,
doi:10.1016/j.jconrel.2016.02.020.

Schopflin, G.; Fuchs, P.; Kolb, K.H. Drug Excipient of Silicone Rubber. U.S. Patent US4230686, 28 October 1980.

McCoy, C.F.; Apperley, D.C.; Variano, B.; Sussman, H.; Loeven, D.; Boyd, P.; Malcolm, R.K. Solid state 13 C NMR spectroscopy
provides direct evidence for reaction between ethinyl estradiol and a silicone elastomer vaginal ring drug delivery system. Int.
J. Pharm. 2018, 548, 689-697, doi:10.1016/j.ijpharm.2018.07.040.

Woolfson, A.D.; Malcolm, R.K.; Gallagher, R.J. Design of a silicone reservoir intravaginal ring for the delivery of oxybutynin. J.
Control. Release 2003, 91, 465-476, d0i:10.1016/S0168-3659(03)00277-3.

Nel, A,; Smythe, S.; Young, K.; Malcolm, K.; McCoy, C.; Rosenberg, Z.; Romano, J. Safety and pharmacokinetics of dapivirine
delivery from matrix and reservoir intravaginal rings to HIV-negative women. JAIDS ]. Acquir. Immune Defic. Syndr. 2009, 51,
416-423, doi:10.1097/QAI1.0b013e3181acb536.

Quinn, K.J.; Courtney, ].M. Silicones as biomaterials. Br. Polym. ]. 1988, 20, 25-32, d0i:10.1002/pi.4980200106.

Habal, M.B. The biologic basis for the clinical application of the silicones. Arch. Surg. 1984, 119, 843,
doi:10.1001/archsurg.1984.01390190081019.

Everaert, E.P.].M.; Mahieu, H.F.; van de Belt-Gritter, B.; Peeters, A.].G.E.; Verkerke, G.J.; van der Mei, H.C.; Busscher, H.]. Bio-
film formation in vivo on perfluoro-alkylsiloxane-modified voice prostheses. Arch. Otolaryngol. Neck Surg. 1999, 125, 1329,
doi:10.1001/archotol.125.12.1329.

Fundeanu, I; Klee, D.; Schouten, A.].; Busscher, H.].; van der Mei, H.C. Solvent-free functionalization of silicone rubber and
efficacy of PAAm brushes grafted from an amino-PPX layer against bacterial adhesion. Acta Biomater. 2010, 6, 4271-4276,
doi:10.1016/j.actbio.2010.06.010.

Zhou, L.; Tong, Z.; Wu, G.; Feng, Z.; Bai, S.; Dong, Y.; Ni, L.; Zhao, Y. Parylene coating hinders Candida albicans adhesion to
silicone elastomers and denture bases resin. Arch. Oral Biol. 2010, 55, 401-409, doi:10.1016/j.archoralbio.2010.03.013.
MacCallum, N.; Howell, C.; Kim, P.; Sun, D.; Friedlander, R.; Ranisau, J.; Ahanotu, O.; Lin, .].; Vena, A.; Hatton, B.; et al. Liquid-
Infused silicone as a biofouling-free medical material. ACS Biomater. Sci. Eng. 2015, 1, 43-51, d0i:10.1021/ab5000578.

Wang, R.; Neoh, K.G.; Shi, Z; Kang, E.-T.; Tambyah, P.A.; Chiong, E. Inhibition of escherichia coli and proteus mirabilis adhe-
sion and biofilm formation on medical grade silicone surface. Biotechnol. Bioeng. 2012, 109, 336-345, doi:10.1002/bit.23342.
Leonhard, M.; Moser, D.; Reumueller, A.; Mancusi, G.; Bigenzahn, W.; Schneider-Stickler, B. Comparison of biofilm formation
on new Phonax and Provox 2 voice prostheses-A pilot study. Head Neck 2009, doi:10.1002/hed.21276.

Kurtulmus, H.; Kumbuloglu, O.; Ozcan, M.; Ozdemir, G.; Ozcan, M.; Vural, C. Candida albicans adherence on silicone elasto-
mers: Effect of polymerisation duration and exposure to simulated saliva and nasal secretion. Dent. Mater. 2010, 26, 76-82,
doi:10.1016/j.dental.2009.09.001.

Malcolm, R.; McCullagh, S.; Woolfson, A.; Gorman, S.; Jones, D.; Cuddy, J. Controlled release of a model antibacterial drug
from a novel self-lubricating silicone biomaterial. ]. Control. Release 2004, 97, 313-320, doi:10.1016/j.jconrel.2004.03.029.



Pharmaceutics 2021, 13, 751 26 of 29

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Park, J.U.; Ham, J.; Kim, S; Seo, J.; Kim, S.-H.; Lee, S.; Min, H.].; Choi, S.; Choi, RM.; Kim, H.; et al. Alleviation of capsular
formations on silicone implants in rats using biomembrane-mimicking coatings. Acta Biomater. 2014, 10, 4217-4225,
doi:10.1016/j.actbio.2014.07.007.

McBride, M.C.; Karl Malcolm, R.; David Woolfson, A.; Gorman, S.P. Persistence of antimicrobial activity through sustained
release of triclosan from pegylated silicone elastomers. Biomaterials 2009, 30, 6739-6747, doi:10.1016/j.biomaterials.2009.08.047.
Woolfson, A.D.; Malcolm, R.K.; Gorman, S.P.; Jones, D.S.; Brown, A.F.; McCullagh, S.D. Self-lubricating silicone elastomer bio-
materials. J. Mater. Chem. 2003, 13, 2465, doi:10.1039/b306578b.

Mahieu, H.F.; van Saene, H.K.F.; Rosingh, H.J.; Schutte, H.K. Candida vegetations on silicone voice prostheses. Arch. Otolaryn-
gol. Head Neck Surg. 1986, 112, 321-325, d0i:10.1001/archotol.1986.03780030085017.

Van Den Hoogen, F.J.A.A,; Oudes, M.].; Hombergen, G.; Nijdam, H.F.; Manni, J.J. The groningen, nijdam and provox voice
prostheses: A prospective clinical comparison based on 845 replacements. Acta Otolaryngol. 1996, 116, 119-124,
doi:10.3109/00016489609137724.

Hilgers, F.J.; Balm, A.J. Long-term results of vocal rehabilitation after total laryngectomy with the low-resistance, indwelling
Provox voice prosthesis system. Clin. Otolaryngol. Allied Sci. 1993, 18, 517-523, doi:10.1111/j.1365-2273.1993.tb00627.x.

Everaert, E.P.J.M.; van de Belt-Gritter, B.; van der Mei, H.C.; Busscher, H.]J.; Verkerke, G.J.; Dijk, F.; Mahieu, H.F.; Reitsma, A.
In vitro and in vivo microbial adhesion and growth on argon plasma-treated silicone rubber voice prostheses. |. Mater. Sci.
Mater. Med. 1998, 9, 147-157, d0i:10.1023/a:1008867619481.

Rodrigues, L.; van der Mei, H.; Teixeira, J.A.; Oliveira, R. Biosurfactant from Lactococcus lactis 53 inhibits microbial adhesion
on silicone rubber. Appl. Microbiol. Biotechnol. 2004, 66, 306-311, doi:10.1007/s00253-004-1674-7.

Weiss, H.; Martell, B.; Constantine, G.D.; Davis, S.M.; Vidal, ].D.; Mayer, P.R.; Doorbar, M.; Friend, D.R. Pharmacokinetics and
tolerability of a novel 17B-Estradiol and progesterone intravaginal ring in sheep. J. Pharm. Sci. 2019, 108, 2677-2684,
doi:10.1016/j.xphs.2019.03.032.

Verstraelen, H.; Vervaet, C.; Remon, ].-P. Rationale and safety assessment of a novel intravaginal drug-delivery system with
sustained DL-lactic acid release, intended for long-term protection of the vaginal microbiome. PLoS ONE 2016, 11, 0153441,
doi:10.1371/journal.pone.0153441.

McConville, C.; Major, L; Friend, D.R.; Clark, M.R.; Malcolm, R.K. Development of a UC781 releasing polyethylene vinyl acetate
vaginal ring. Drug Deliv. Transl. Res. 2012, 2, 489-497, doi:10.1007/s13346-012-0101-3.

McConville, C.; Major, L; Friend, D.R.; Clark, M.R.; Woolfson, A.D.; Malcolm, R.K. Development of polylactide and polyeth-
ylene vinyl acetate blends for the manufacture of vaginal rings. ]. Biomed. Mater. Res. Part B Appl. Biomater. 2012, 100B, 891-895,
do0i:10.1002/jbm.b.31919.

Loxley, A.; Mitchnick, M.; Okoh, O.; McConnell, J.; Goldman, L.; Morgan, C.; Clark, M.; Friend, D.R. Ethylene vinyl acetate
intravaginal rings for the simultaneous delivery of the antiretroviral UC781 and contraceptive levonorgestrel. Drug Deliv. Transl.
Res. 2011, 1, 247-255, d0i:10.1007/s13346-011-0031-5.

Koutsamanis, I.; Paudel, A.; Nickisch, K.; Eggenreich, K.; Roblegg, E.; Eder, S. Controlled-release from high-loaded reservoir-
type systems—A case study of ethylene-vinyl acetate and progesterone. Pharmaceutics 2020, 12, 103, doi:10.3390/pharmaceu-
tics12020103.

Koutsamanis, I.; Eder, S.; Beretta, M.; Witschnigg, A.; Paudel, A.; Nickisch, K.; Friedrich, M.; Eggenreich, K.; Roblegg, E. For-
mulation and processability screening for the rational design of ethylene-vinyl acetate based intra-vaginal rings. Int. J. Pharm.
2019, 564, 90-97, doi:10.1016/j.ijpharm.2019.04.041.

Hoesley, C.J.; Chen, B.A.; Anderson, P.L.; Dezzutti, C.S.; Strizki, J.; Sprinkle, C.; Heard, F.; Bauermeister, J.; Hall, W.; Jacobson,
C.; etal. Phase 1 safety and pharmacokinetics study of MK-2048/Vicriviroc (MK-4176)/MK-2048A intravaginal rings. Clin. Infect.
Dis. 2019, 68, 1136-1143, doi:10.1093/cid/ciy653.

Giannasca, N.J.; Suon, ].S.; Evans, A.C.; Margulies, B.]. Matrix-based controlled release delivery of acyclovir from poly-(ethylene
co-vinyl acetate) rings. ]. Drug Deliv. Sci. Technol. 2020, 55, 101391, doi:10.1016/j.jddst.2019.101391.

De Oliveira Filho, R.V.; de Jesus Antunes, N.; de Oliveira Ilha, J.; Moreno, R.A.; Wedemeyer, R.-S.; Warnke, A.; De Nucci, G.
Pharmacokinetics and pharmacodynamics of three dosages of oestriol after continuous vaginal ring administration for 21 days
in healthy, postmenopausal women. Br. J. Clin. Pharmacol. 2019, 85, 551-562, d0i:10.1111/bcp.13822.

Schneider, C.; Langer, R.; Loveday, D.; Hair, D. Applications of ethylene vinyl acetate copolymers (EVA) in drug delivery sys-
tems. J. Control. Release 2017, 262, 284-295, d0i:10.1016/j.jconrel.2017.08.004.

Tiwari, R.V.; Patil, H.; Repka, M.A. Contribution of hot-melt extrusion technology to advance drug delivery in the 21st century.
Expert Opin. Drug Deliv. 2016, 13, 451-464, doi:10.1517/17425247.2016.1126246.

Nostro, A.; Scaffaro, R.; Ginestra, G.; D’ Arrigo, M.; Botta, L.; Marino, A.; Bisignano, G. Control of biofilm formation by poly-
ethylene-co-vinyl acetate films incorporating nisin. Appl. Microbiol. Biotechnol. 2010, 87, 729-737, d0i:10.1007/s00253-010-2598-z.
Wood, N.J.; Maddocks, S.E.; Grady, H.J.; Collins, A.M.; Barbour, M.E. Functionalization of ethylene vinyl acetate with antimi-
crobial chlorhexidine hexametaphosphate nanoparticles. Int. ]. Nanomed. 2014, 9, 4145-4152, doi:10.2147/IJN.S65343.
Engelsman, A.F.; Krom, B.P.; Busscher, H.J.; van Dam, G.M.; Ploeg, R.J.; van der Mei, H.C. Antimicrobial effects of an NO-
releasing poly(ethylene vinylacetate) coating on soft-tissue implants in vitro and in a murine model. Acta Biomater. 2009, 5, 1905
1910, doi:10.1016/j.actbio.2009.01.041.



Pharmaceutics 2021, 13, 751 27 of 29

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

Nostro, A.; Scaffaro, R.; D’ Arrigo, M.; Botta, L.; Filocamo, A.; Marino, A.; Bisignano, G. Development and characterization of
essential oil component-based polymer films: A potential approach to reduce bacterial biofilm. Appl. Microbiol. Biotechnol. 2013,
97, 9515-9523, d0i:10.1007/s00253-013-5196-z.

Ogawa, T.; Yamasaki, S.; Honda, M.; Terao, Y.; Kawabata, S.; Maeda, Y. Long-term survival of salivary streptococci on dental
devices made of ethylene vinyl acetate. Int. . Oral Sci. 2012, 4, 14-18, doi:10.1038/ijos.2012.13.

Teno, J.; Gonzéalez-Gaitano, G.; Gonzalez-Benito, J. Poly (ethylene-co-vinyl acetate) films prepared by solution blow spinning:
Surface characterization and its relation with E. coli adhesion. Polym. Test. 2017, 60, 140-148,
doi:10.1016/j.polymertesting.2017.03.020.

Nostro, A.; Scaffaro, R.; Botta, L.; Filocamo, A.; Marino, A.; Bisignano, G. Effect of temperature on the release of carvacrol and
cinnamaldehyde incorporated into polymeric systems to control growth and biofilms of Escherichia coli and Staphylococcus
aureus. Biofouling 2015, 31, 639-649, d0i:10.1080/08927014.2015.1079703.

Doganci, M.D.; Cansoy, C.E.; Ucar, 1.O.; Erbil, H.Y.; Mielczarski, E.; Mielczarski, ].A. Combined XPS and contact angle studies
of flat and rough ethylene-vinyl acetate copolymer films. J. Appl. Polym. Sci. 2012, 124, 2100-2109, d0i:10.1002/app.35189.
Matsunaga, T.; Tamai, Y. Surface free energy analysis of ethylene-vinyl acetate copolymers. . Appl. Polym. Sci. 1978, 22, 3525
3530, doi:10.1002/app.1978.070221216.

Erbil, H.Y. Surface-free energy analysis of hydrolyzed ethylene-vinyl acetate copolymers. J. Appl. Polym. Sci. 1987,
doi:10.1002/app.1987.070330427.

Ucar, 1.O.; Doganci, M.D.; Cansoy, C.E.; Erbil, H.Y.; Avramova, L; Suzer, S. Combined XPS and contact angle studies of ethylene
vinyl acetate and polyvinyl acetate blends. Appl. Surf. Sci. 2011, 257, 9587-9594, doi:10.1016/j.apsusc.2011.06.070.

Michalski, M.C.; Hardy, J.; Saramago, B.].V. On the surface free energy of PVC/EVA polymer blends: Comparison of different
calculation methods. J. Colloid Interface Sci. 1998, 208, 319-328, doi:10.1006/jcis.1998.5814.

Erbil, H.Y.; Merig, R.A. Determination of surface free energy components of polymers from contact angle data using nonlinear
programming methods. Colloids Surf. 1988, 33, 85-97, d0i:10.1016/0166-6622(88)80051-9.

Devallencourt, C.; Marais, S.; Saiter, ].M.; Labbé, M.; Métayer, M. Study of transport of small molecules through ethylene-co-
vinyl acetate copolymers films. Part A: Water molecules. Polym. Test. 2002, 21, 253-262, d0i:10.1016/S0142-9418(01)00078-2.
Johnson, T.J.; Srinivasan, P.; Albright, T.H.; Watson-Buckheit, K.; Rabe, L.; Martin, A.; Pau, C.-P.; Hendry, R.M.; Otten, R;
McNicholl, J.; et al. Safe and sustained vaginal delivery of pyrimidinedione HIV-1 inhibitors from polyurethane intravaginal
rings. Antimicrob. Agents Chemother. 2012, 56, 1291-1299, doi:10.1128/AAC.05721-11.

Traore, Y.L.; Chen, Y.; Bernier, A.M.; Ho, E.A. Impact of hydroxychloroquine-loaded polyurethane intravaginal rings on lacto-
bacilli. Antimicrob. Agents Chemother. 2015, 59, 7680-7686, doi:10.1128/AAC.01819-15.

Johnson, T.J.; Gupta, K.M.; Fabian, J.; Albright, T.H.; Kiser, P.F. Segmented polyurethane intravaginal rings for the sustained
combined delivery of antiretroviral agents dapivirine and tenofovir. Eur. ]. Pharm. Sci. 2010, 39, 203-212,
doi:10.1016/j.ejps.2009.11.007.

Johnson, T.J.; Clark, M.R.; Albright, T.H.; Nebeker, J.S.; Tuitupou, A.L.; Clark, ].T.; Fabian, J.; McCabe, R.T.; Chandra, N.; Doncel,
G.F,; et al. A 90-Day Tenofovir Reservoir Intravaginal Ring for Mucosal HIV Prophylaxis. Antimicrob. Agents Chemother. 2012,
56, 6272-6283, d0i:10.1128/AAC.01431-12.

Gupta, K M.; Pearce, S.M.; Poursaid, A.E.; Aliyar, H.A.; Tresco, P.A.; Mitchnik, M. A; Kiser, P.F. Polyurethane intravaginal ring
for controlled delivery of dapivirine, a nonnucleoside reverse transcriptase inhibitor of HIV-1. . Pharm. Sci. 2008, 97, 4228-4239,
doi:10.1002/jps.21331.

Welsh, N.R.; Malcolm, R.K,; Devlin, B.; Boyd, P. Dapivirine-releasing vaginal rings produced by plastic freeforming additive
manufacturing. Int. J. Pharm. 2019, 572, 118725, doi:10.1016/j.ijpharm.2019.118725.

Teller, R.S.; Malaspina, D.C.; Rastogi, R.; Clark, ].T.; Szleifer, I.; Kiser, P.F. Controlling the hydration rate of a hydrophilic matrix
in the core of an intravaginal ring determines antiretroviral release. ]. Control. Release 2016, 224, 176-183, doi:10.1016/j.jcon-
rel.2015.12.035.

Cherng, J.Y.; Hou, T.Y.; Shih, M.F.; Talsma, H.; Hennink, W.E. Polyurethane-based drug delivery systems. Int. . Pharm. 2013,
450, 145-162, doi:10.1016/j.ijpharm.2013.04.063.

Kaur, M.; Gupta, KM.; Poursaid, A.E.; Karra, P.; Mahalingam, A.; Aliyar, H.A.; Kiser, P.F. Engineering a degradable polyure-
thane intravaginal ring for sustained delivery of dapivirine. Drug Deliv. Transl. Res. 2011, 1, 223-237, d0i:10.1007/s13346-011-
0027-1.

Wei, Q.; Becherer, T.; Angioletti-Uberti, S.; Dzubiella, J.; Wischke, C.; Neffe, A.T.; Lendlein, A.; Ballauff, M.; Haag, R. Protein
interactions with polymer coatings and biomaterials. Angew. Chem. Int. Ed. 2014, 53, 8004-8031, doi:10.1002/anie.201400546.
Veerachamy, S.; Yarlagadda, T.; Manivasagam, G.; Yarlagadda, P.K. Bacterial adherence and biofilm formation on medical im-
plants: A review. Proc. Inst. Mech. Eng. Part H J. Eng. Med. 2014, 228, 1083-1099, doi:10.1177/0954411914556137.

Smith, A.W. Biofilms and antibiotic therapy: Is there a role for combating bacterial resistance by the use of novel drug delivery
systems? Adv. Drug Deliv. Rev. 2005, 57, 1539-1550, doi:10.1016/j.addr.2005.04.007.

Desrousseaux, C.; Sautou, V.; Descamps, S.; Traoré, O. Modification of the surfaces of medical devices to prevent microbial
adhesion and biofilm formation. J. Hosp. Infect. 2013, 85, 87-93, doi:10.1016/j.jhin.2013.06.015.

Buijssen, K.J.D.A.; Oosterhof, ].J.H.; Basil, L.; Waters, M.; Duits, M.A.; Busscher, H.].; van der Mei, H.C.; van der Laan, B.F.A.M.
Influence of surface roughness on silicone rubber voice prostheses on in vitro biofilm formation and clinical lifetime in laryn-
gectomised patients. Clin. Otolaryngol. 2017, 42, 1235-1240, doi:10.1111/coa.12856.



Pharmaceutics 2021, 13, 751 28 of 29

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

Breitenbach, J. Melt extrusion: From process to drug delivery technology. Eur. |. Pharm. Biopharm. 2002, 54, 107-117,
doi:10.1016/50939-6411(02)00061-9.

Molenaar, J.; Koopmans, R.J.; den Doelder, C.F.]. Onset of the sharkskin phenomenon in polymer extrusion. Phys. Rev. E Stat.
Physics Plasmas Fluids Relat. Interdiscip. Top. 1998, d0i:10.1103/PhysRevE.58.4683.

Fu, J; Yu, X; Jin, Y. 3D printing of vaginal rings with personalized shapes for controlled release of progesterone. Int. J. Pharm.
2018, 539, 75-82, doi:10.1016/j.ijpharm.2018.01.036.

Saxena, B.B.; Singh, M.; Gospin, R.M.; Chu, C.C.; Ledger, W.]. Efficacy of nonhormonal vaginal contraceptives from a hydrogel
delivery system. Contraception 2004, 70, 213219, doi:10.1016/j.contraception.2004.02.015.

Saxena, B.B.; Han, Y.A; Fu, D.; Rathnam, P.; Singh, M.; Laurence, J.; Lerner, S. Sustained release of microbicides by newly
engineered vaginal rings. AIDS 2009, 23, 917-922, doi:10.1097/QAD.0b013e32832af57c.

Saxena, B.B.; Koldras, K.E.; Singh, M.; Nguyen, N.; Premila, R.; Ledger, W.].; Lerner, S. Development of a nanoporous elastomere
intra-vaginal ring (IVR) for the sustained release of non-hormonal contraceptives. |. Pharm. Drug Deliv. Res. 2012, 1, 1-4,
doi:10.4172/2325-9604.1000104.

Hoshi, R.A.; Behl, S; Ameer, G.A. Nanoporous biodegradable elastomers. Adv. Mater. 2009, 21, 188-192,
doi:10.1002/adma.200801132.

Yang, J.; Webb, A.R,; Pickerill, S.J.; Hageman, G.; Ameer, G.A. Synthesis and evaluation of poly(diol citrate) biodegradable
elastomers. Biomaterials 2006, 27, 1889-1898, d0i:10.1016/j.biomaterials.2005.05.106.

Rasenack, N.; Miiller, B.W. Micron-size drug particles: Common and novel micronization techniques. Pharm. Dev. Technol. 2004,
9, 1-13, doi:10.1081/PDT-120027417.

Van Laarhoven, J.A.H.; Kruft, M.A.B.; Vromans, H. Effect of supersaturation and crystallization phenomena on the release
properties of a controlled release device based on EVA copolymer. J. Control. Release 2002, 82, 309-317, doi:10.1016/S0168-
3659(02)00139-6.

Almeida, A.; Possemiers, S.; Boone, M.N.; De Beer, T.; Quinten, T.; Van Hoorebeke, L.; Remon, ]J.P.; Vervaet, C. Ethylene vinyl
acetate as matrix for oral sustained release dosage forms produced via hot-melt extrusion. Eur. J. Pharm. Biopharm. 2011, 77, 297—
305, doi:10.1016/j.ejpb.2010.12.004.

El Kissi, N.; Piau, J.-M.; Toussaint, F. Sharkskin and cracking of polymer melt extrudates. J. Nonnewton. Fluid Mech. 1997, 68,
271-290, doi:10.1016/50377-0257(96)01507-8.

Murphy, D.J.; McCoy, C.F.; Plagianos, M.; RamaRao, S.; Merkatz, R.; Clark, H.; Boyd, P.; Variano, B.; Malcolm, R K. Post-use
ring weight and residual drug content as potential objective measures of user adherence to a contraceptive progesterone vaginal
ring. Contraception 2019, 100, 241-246, doi:10.1016/j.contraception.2019.06.013.

Devlin, B.; Nuttall, J.; Wilder, S.; Woodsong, C.; Rosenberg, Z. Development of dapivirine vaginal ring for HIV prevention.
Antivir. Res. 2013, 100, S3-S8, doi:10.1016/j.antiviral.2013.09.025.

Spence, P.; Nel, A.; van Niekerk, N.; Derrick, T.; Wilder, S.; Devlin, B. Post-use assay of vaginal rings (VRs) as a potential meas-
ure of clinical trial adherence. J. Pharm. Biomed. Anal. 2016, 125, 94-100, doi:10.1016/j.jpba.2016.03.023.

Keller, M.].; Malone, A.M.; Carpenter, C.A.; Lo, Y.; Huang, M.; Corey, L.; Willis, R.; Nguyen, C.; Kennedy, S.; Gunawardana,
M.; et al. Safety and pharmacokinetics of aciclovir in women following release from a silicone elastomer vaginal ring. |. Antimi-
crob. Chemother. 2012, 67, 2005-2012, doi:10.1093/jac/dks151.

Roumen, F.J.; Apter, D.; Mulders, T.M.; Dieben, T.O. Efficacy, tolerability and acceptability of a novel contraceptive vaginal ring
releasing etonogestrel and ethinyl oestradiol. Hum. Reprod. 2001, 16, 469-475.

De Seta, F.; Restaino, S.; De Santo, D.; Stabile, G.; Banco, R.; Busetti, M.; Barbati, G.; Guaschino, S. Effects of hormonal contra-
ception on vaginal flora. Contraception 2012, 86, 526-529, doi:10.1016/j.contraception.2012.02.012.

De Seta, F.; Restaino, S.; Banco, R.; Conversano, E.; De Leo, R.; Tonon, M.; Maso, G.; Barbati, G.; Lello, S. Effects of estroproges-
tins containing natural estrogen on vaginal flora. Gynecol. Endocrinol. 2014, 30, 830-835, d0i:10.3109/09513590.2014.936847.
Veres, S.; Miller, L.; Burington, B. A comparison between the vaginal ring and oral contraceptives. Obstet. Gynecol. 2004, 104,
555-563, d0i:10.1097/01.AOG.0000136082.59644.13.

Kestelyn, E.; Agaba, S.; Van Nuil, ].I.; Uwineza, M.; Umulisa, M.M.; Mwambarangwe, L.; Ndagijimana, J.C.; De Baetselier, I.;
Buyze, J.; Delvaux, T.; et al. A randomised trial of a contraceptive vaginal ring in women at risk of HIV infection in Rwanda:
Safety of intermittent and continuous use. PLoS ONE 2018, 13, 0197572, doi:10.1371/journal.pone.0197572.

Davies, G.C.; Feng, L.X.; Newton, J.R.; Dieben, T.O.M.; Coelingh-Bennink, H. The effects of a combined contraceptive vaginal
ring releasing ethinyloestradiol and 3-ketodesogestrel on vaginal flora. Contraception 1992, 45, 511-518, doi:10.1016/0010-
7824(92)90163-N.

Oddsson, K.; Leifels-Fischer, B.; de Melo, N.R.; Wiel-Masson, D.; Benedetto, C.; Verhoeven, C.H.].; Dieben, T.O.M. Efficacy and
safety of a contraceptive vaginal ring (NuvaRing) compared with a combined oral contraceptive: A 1-year randomized trial.
Contraception 2005, 71, 176-182, doi:10.1016/j.contraception.2004.09.001.

Chassot, F.; Camacho, D.P.; Patussi, E.V.; Donatti, L.; Svidzinski, T.I.E.; Consolaro, M.E.L. Can Lactobacillus acidophilus influ-
ence the adhesion capacity of Candida albicans on the combined contraceptive vaginal ring? Contraception 2010, 81, 331-335,
doi:10.1016/j.contraception.2009.12.011.

Song, F.; Koo, H.; Ren, D. Effects of material properties on bacterial adhesion and biofilm formation. J. Dent. Res. 2015, 94, 1027-
1034, doi:10.1177/0022034515587690.



Pharmaceutics 2021, 13, 751 29 of 29

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

Grandi, G.; Timo, A.; Sammarini, M.; Del Savio, M.C.; Facchinetti, F. Surface roughness of different contraceptive vaginal rings:
Evaluation by scanning electron microscope (SEM). Eur. ]. Contracept. Reprod. Health Care 2020, 25, 60-64,
doi:10.1080/13625187.2019.1709964.

Final Study Report MTN 005 Expanded Safety and Adherence Study of a Non-Medicated Intravaginal Ring; Microbicide Trials
Network. 2010. Available online: https://mtnstopshiv.org/sites/default/files/attachments/MTN-005%20Ver-
sion%202%200_190CT2010.pdf (accessed on 18 May 2021).

Ursell, L.K,; Gunawardana, M.; Chang, S.; Mullen, M.; Moss, J.A.; Herold, B.C.; Keller, M.].; McDonald, D.; Gonzélez, A.; Knight,
R.; et al. Comparison of the vaginal microbial communities in women with recurrent genital HSV receiving acyclovir intravag-
inal rings. Antivir. Res. 2014, 102, 87-94, d0i:10.1016/j.antiviral.2013.12.004.

Stalter, R.M.; Moench, T.R.; MacQueen, K.M.; Tolley, E.E.; Owen, D.H. Biomarkers and biometric measures of adherence to use
of ARV-based vaginal rings. J. Int. AIDS Soc. 2016, 19, 20746, doi:10.7448/IAS.19.1.20746.

McCoy, C.F.; Spence, P.; Dallal Bashi, Y.H.; Murphy, D.].; Boyd, P.; Dangi, B.; Derrick, T.; Devlin, B.; Kleinbeck, K.; Malcolm,
R.K. Use of simulated vaginal and menstrual fluids to model in vivo discoloration of silicone elastomer vaginal rings. Int. ].
Pharm. X 2021, 3, 100081, doi:10.1016/j.ijpx.2021.100081.

Fleming, H.-C. Relevance of biofilms for the biodeterioration of surfaces of polymeric materials. Polym. Degrad. Stab. 1997, 59,
309-325.

Burton, F.G,; Skiens, W.E.; Gordon, N.R; Veal, ].T.; Kalkwarf, D.R.; Duncan, G.W. Fabrication and testing of vaginal contracep-
tive devices designed for release of prespecified dose levels of steroids. Contraception 1978, 17, 221-230, doi:10.1016/0010-
7824(78)90013-6.

Ballagh, S.A. Vaginal ring hormone delivery systems in contraception and menopause. Clin. Obstet. Gynecol. 2001, 44, 106-113,
doi:10.1097/00003081-200103000-00014.

Murphy, D.J.; McCoy, C.F.; Boyd, P.; Derrick, T.; Spence, P.; Devlin, B.; Malcolm, R.K. Drug stability and product performance
characteristics of a dapivirine-releasing vaginal ring under simulated real-world conditions. Int. . Pharm. 2019, 565, 351-357,
doi:10.1016/j.ijpharm.2019.05.027.

Phillips, K.S.; Patwardhan, D.; Jayan, G. Biofilms, medical devices, and antibiofilm technology: Key messages from a recent
public workshop. Am. ]. Infect. Control 2015, 43, 2-3, doi:10.1016/j.ajic.2014.09.019.

Sarkar, N. The combined contraceptive vaginal device (NuvaRing®): A comprehensive review. Eur. J. Contracept. Reprod. Health
Care 2005, 10, 73-78, d0i:10.1080/13625180500131683.



	1. Introduction
	2. The Vaginal Microbiota: Healthy and Dysbiotic
	2.1. Lactobacillus spp.
	2.2. Gardnerella vaginalis
	2.3. Atopobium vaginae and Prevotella spp.
	2.4. Candida albicans

	3. Biofilm Formation in the Human Vagina and Its Role in Vaginal Dysbiosis
	4. Mechanistic Aspects of Biofilm Formation on Polymeric Surfaces
	4.1. Bacterial Attachment to Polymeric Surfaces
	4.2. Biofilm Proliferation and Maturation
	4.3. Dispersion and Spread
	4.4. Biofilm Formation on Medical Devices

	5. Polymeric Materials Used to Manufacture Vaginal Rings
	5.1. Silicone Elastomers
	5.2. Ethylene Vinyl Acetate Copolymers
	5.3. Thermoplastic Polyurethanes

	6. Surface Morphology Characteristics of Vaginal Rings
	6.1. Method of Manufacture: Injection Molding, Extrusion, Casting and 3D Printing
	6.2. Drug Particle Size and Drug Loading
	6.3. Extent of Drug Release

	7. Biomass Accumulation and Biofilm Formation on Vaginal Rings
	7.1. NuvaRing®
	7.2. Ornibel®
	7.3. Silicone Elastomer Vaginal Rings
	7.4. Ring Discoloration

	8. Regulatory Considerations
	9. Conclusions
	References

