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Abstract: The vagina is a promising site for both local and systemic drug delivery and represents
an interesting administration route for compounds with poor oral bioavailability. Whereas most of
the currently marketed dosage forms were designed as immediate release formulations,
intravaginal rings (IVRs) offer the possibility of a controlled vaginal drug delivery over several
weeks or months. For a long time, the development of IVRs was limited to steroid-releasing
formulations. Recently, IVRs have witnessed a surge of new interest as promising delivery systems
for microbicides. Therefore, various novel IVR designs have been introduced. To ensure that only
safe and effective IVRs will be administered to patients, it is important to properly distinguish
between IVRs with desired and undesired release performance. In vitro methods for evaluating
drug release of IVRs that present with sufficient predictive capacity for in vivo drug release, and
discriminatory power with regard to IVRs quality, are an essential tool for this purpose. The
objective of the present review article is to present the current status of in vitro drug release testing
of IVRs and to critically discuss current compendial and non-official in vitro drug release methods
with regard to their discriminatory power and in vivo predictivity.
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1. Introduction

The female vagina is well known as a genital organ with functions related to conception.
Whereas for many years, it was not considered as a site for systemic drug administration and dosage
forms administered to the vagina were intended for local action, more recently, it became obvious
that the vaginal route also offers the potential of delivering drugs for systemic action and uterine
targeting. Thus, nowadays, the vagina is also a promising site of systemic drug delivery and
represents an interesting administration route for compounds with poor oral bioavailability, e.g.,
proteins [1]. Currently, different types of vaginal dosage forms for both local and systemic action are
available on the market or in clinical development. Commonly used vaginal dosage forms include
classical liquid, semisolid and solid formulations such as solutions, emulsions and suspensions,
ointments, creams and gels, suppositories, pessaries, inserts, tablets and capsules. In the more recent
past some novel types of formulations including foams and films, and more specialized
administration devices such as tampons and vaginal rings were developed. Whereas most of the
currently marketed dosage forms were designed as immediate release (IR) formulations, vaginal
rings, also called intravaginal rings (IVRs) offer the possibility of a controlled vaginal drug delivery
over several weeks or months. The first IVRs were developed as alternatives for long-acting
parenterals to provide continuous medication during a predetermined medication period via the
vagina in female mammals. The first patent application for an IVR was filed in the late 1960s [2], but
it took until the early 1990s before the first IVRs reached the market. The very first marketed
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formulation was a contraceptive IVR containing progesterone (Progering®). Shortly thereafter, IVRs
for hormone replacement became available (Femring® Estring®). In 2002, the first combined
contraceptive IVR, i.e., the NuvaRing® which releases 120 pg etonogestrel and 15 ug of ethinyl
estradiol per day over a 3-week period of use, was approved by the United States Food and Drug
Administration (FDA). Currently, several long-acting steroid-releasing IVRs that are used in
hormone replacement therapy or birth control are available on the market as seen in Table 1.

Table 1. Currently marketed intravaginal ring formulations (IVRs).

IVR Indication API Status Reference(s)
h
Estring® ormone 17B-Estradiol marketed 3]
replacement worldwide
Femring® hormone 17p-Estradiol-3-acetate markett.ed [3]
replacement worldwide
NuvaRing® . Ethinyl estradiol & marketed
. contraception . [3,4]
& generics etonogestrel worldwide
Progering®/Fertiring® contraception Progesterone Peru and Chile [3,4]
Ethinyl estradiol &
Annovera® contraception fny? estracio FDA-approved [5,6]

segesterone acetate

Whereas for a long time IVR development was limited to steroid-releasing IVRs, in recent years
IVRs have witnessed a surge of new interest as promising delivery systems for microbicides, which
represent compounds or formulations that can prevent the transmission of the human
immunodeficiency virus (HIV) and other sexually transmitted infections (STIs) [7,8]. Currently,
there is also a big interest in the development of multipurpose prevention devices, i.e., IVRs
containing microbicides and contraceptives to provide protection from both STIs and unintended
pregnancy [9-12]. Sub-Saharan Africa remains the region most affected by HIV and women are at a
greater physiological risk of contracting HIV than men. Overall, HIV/AIDS is the leading cause of
death globally in women aged 15-44 [13]. Since every day thousands of women are newly infected
with HIV, there is a huge need for novel treatment and formulation strategies that prevent
transmission during sexual intercourse. Vaginal microbicides promise to address a central gap in
current HIV-prevention strategies. Therefore, the efforts in developing novel microbicide
formulations are supported by many non-profit organizations such as the World Health
Organization (WHO), the Population Council or the Bill and Melinda Gates Foundation. There are
no approved microbicides available yet, but currently, it looks like the first microbicide to be
submitted for regulatory approval will be a silicone-based membrane-type IVR developed by the
International Partnership for Microbicides (IPM). This IVR releases dapivirine for local action in the
vagina over the duration of one month [14].

Based on the intended use, the duration of action and the number of drugs to be administered,
various IVR designs are available. An overview of the most frequently used designs is given in
Figure 1. Additional IVR designs can be found in the literature, e.g., in [15]. Figure 1A shows a
schematic view of a reservoir-type IVR, as it is used in the NuvaRing®, the Femring® or the Estring®
device. This IVR type is composed of a drug-loaded core covered by a drug-free membrane [16].
Drug release of reservoir-type IVRs is usually controlled by the nature and thickness of the polymer
membrane. Figure 1B shows a schematic view of a matrix-type IVR, which is the simplest IVR design
and used for the Progering® and the Fertiring®. In the matrix-type IVR, the drug is homogeneously
dispersed/dissolved in the matrix polymer and drug release rates are proportional to both the drug
loading and the surface area of the device [16]. A schematic view of a sandwich-type IVR is depicted
in Figure 1C. A sandwich type IVR consists of a drug-free core surrounded by a drug-loaded
polymer layer, which is covered by a drug-free polymer layer. As in the reservoir-type ring, the
outer layer is intended to control drug release and can either be made of the core polymer or another
polymer that provides the desired release rate [16]. An innovative ring design, which is called the
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pod-type IVR, is shown in Figure 1D. Pod-type IVRs represent a modular design which consists of a
drug-free scaffold with individual polymer-coated drug cores (pellets or tablets), referred to as pods,
that are positioned into premolded, evenly spaced cavities [16,17]. Multiple pods containing
different types of drugs can be placed into a single IVR. Drug release from the IVRs is determined by
the individual coatings of the pods and by the characteristics (e.g., number, geometry, and
cross-sectional area) of the delivery channels in the impermeable IVR structure. Consequently, the
pod-type IVR design allows the simultaneous release of two or more drugs with release rates that
can be titrated for each individual drug or pod [17].
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Figure 1. Different IVR designs: (A) Reservoir-type with drug-loaded core and drug-free membrane;

(B) Matrix-type with drug dispersed in the polymer matrix; (C) Sandwich-type with drug-free core,
drug loaded layer and drug-free membrane; and (D) Pod-type IVR with drug-free ring backbone
with different pods inserted.

Since in 1970 the patent “Medicated devices and methods” was granted, the shape of IVRs did
not change [2]. At this time, silicone elastomers were very popular and were used for manufacturing
the first IVRs containing steroids. An advantage of silicone elastomers is their excellent
biocompatibility, but a major disadvantage is the limited availability of medical grade materials.
Therefore, within the following decades other polymers, especially thermoplastic polymers, became
more important in manufacturing IVRs. Frequently used thermoplastic polymers for manufacturing
IVRs include polyethylene vinyl acetate (PEVA) and polyurethane (PU). IVRs made of these
polymers are usually prepared by injection molding or hot-melt extrusion [18-20]. In the recent past,
biodegradable polymers, such as polycaprolactone (PCL) were evaluated as microporous matrices
for controlled vaginal delivery of antiviral microbicides, and are likely to be further investigated in
future studies [21-23].

All of the currently marketed IVRs shown in Table 1 rely on a permeation-controlled drug
release mechanism [24], which can be distinguished into three discrete and consecutive steps: (i)
drug solvation in the surrounding polymer, (ii) molecular diffusion of the solvated drug molecules
within the polymer, and (iii) partition of the drug from the ring surface into vaginal fluid [15].
Consequently, the driving force for drug release from IVRs is passive diffusion down concentration
gradients that exist from within the device to the fluid in the vaginal cavity [15]. However, although
diffusion is the driving force for drug release of all currently marketed IVR formulations, drug
release profiles obtained from membrane-type and matrix-type IVRs are different in nature, and
even for the same drug vary with several formulation parameters like drug load, membrane
thickness and polymer type(s). With the pod-IVRs and some other novel formulation approaches, in
the recent past other mechanisms of drug release beyond permeation control have been investigated,
and some of these formulations are likely to reach the market in the near future [15]. To ensure that
only safe and effective IVRs will be administered to patients, it is important to properly distinguish
between IVRs to ensure the desired in vivo drug release. For IVRs containing multiple drugs, this
applies to each individual compound. In vitro methods for evaluating drug release of IVRs that
present with sufficient predictive capacity for in vivo drug release, and discriminatory power with
regard to IVRs with different release rates, are thus an essential tool in different stages of
formulation development and in quality control (QC) of finished products.
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The objective of the present review article is to present the current status of in vitro drug release
testing of IVRs and to critically discuss current compendial and non-official in vitro drug release
methods with regard to their discriminatory power and in vivo predictivity.

2. Current In Vitro Methods for Evaluating Drug Release of Intravaginal Rings

2.1. Compendial Methods

IVRs are not described in international pharmacopoeia, such as the United States (USP) [25], the
European (Ph.Eur.) [26], the Japanese (JP) [27]. or the International Pharmacopoeia (IP) [28].
According to the USP, IVRs could be regarded as vaginal systems. According to the USP General
Chapter <1151> systems are preparations of drug substance(s) in carrier devices, which are applied
topically or inserted into body cavities. The drug substances contained in these systems are designed
to be released in a controlled manner over a specified period of time or the drug substance is
released based on its concentration in the formulation. After use, the carrier device is removed [25].
In the scientific literature, IVRs are described as torus-shaped, flexible, and elastomeric drug
delivery devices that can provide long-term controlled drug release for local or systemic action
[3,29-31].

Since in none of the major international pharmacopoeia, a monograph for IVRs is available and
IVRs are also not mentioned in the general pharmacopoeial chapters on dissolution/drug release
testing, it is obvious that compendial dissolution methods do not exist.

2.2. Methods Described in Regulatory Guidances

Neither in the United States, nor in Europe or Japan, is a regulatory guidance on drug release
testing of IVRs available. This is somewhat surprising, since as a result of the NuvaRing® patent
expiry particularly in Europe, in the recent past, numerous generic IVRs have been developed and
were released to the market. Both an increasing number of marketed products, and the numerous
IVR formulations that are currently in development, indicate the need for appropriate in vitro drug
release methods for both in vivo performance prediction and QC.

The Dissolution Methods Database in which the FDA provides information on dissolution
methods, presently recommended by the Division of Biopharmaceutics, Office of Pharmaceutical
Quality to aid industry personnel in developing generic drug products, lists a dissolution method
for an estradiol-containing IVR. Moreover, the need for developing an appropriate in vitro drug
release method for a combined contraceptive ethinyl estradiol/etonogestrel IVR is indicated as
shown in Table 2 [32].

Table 2. Drug release method(s) for IVRs as provided in the FDA Dissolution Methods Database [32].

Drug Apparatus Speed Medium Volume Sampling
Estradiol Incubator shaker 130 rpm 0.9% saline 250 mL 1,9,16,17,18,19,45d
Ethinyl estradiol

Develop a method to characterize in vitro release
& etonogestrel

The method recommended for drug release testing of estradiol IVRs is a quite simple method
and does not even require an official dissolution/drug release apparatus. The dissolution medium to
be applied is isotonic saline solution, which is a medium that does not address fluid properties (pH,
buffer capacity, surface tension etc.) at the administration site. It should be clear that this test method
was mainly designed for QC, i.e., to ensure that the IVR is able to release estradiol with a specific
release pattern and within a certain time frame and to discriminate between good and bad batches
rather than for simulating in vivo conditions. In some cases, it is possible to correlate in vitro drug
release obtained with such simple in vitro methods with in vivo drug release profiles, but this is then
usually done on a retrospective basis. By contrast, for a proper prediction of the in vivo performance
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of an IVR, the physiological conditions that are relevant to in vivo drug release should be properly
addressed.

The NuvaRing®, a combined contraceptive ethinyl estradiol/etonogestrel IVR was approved by
FDA in 2002. In the approval documents test of this IVR, conditions for drug release testing were
provided by the manufacturer. Unfortunately, the detailed dissolution method is not accessible by
the public. However, the manufacturer indicates that the test conditions relate to US patent
US7357046B2 “Method for dissolution testing of a pharmaceutical delivery device”, which relates to
a particular method for dissolution testing of an annular pharmaceutical delivery device [33]. The
approval documents of NuvaRing® indicate that these test conditions were regarded as appropriate
for obtaining an in vitro-in vivo correlation (IVIVC) for this particular formulation. Even though in
the cited patent there is also no detailed information provided, it is clear that the applied in vitro
method was a quite simple setup with an inert vessel, a device holder that prevents floating of the
IVR, a stirrer to agitate the dissolution medium, and a standard dissolution medium. The
NuvaRing® in vitro drug release method was assessed by FDA quite some time ago and recently
several generic formulations of this IVR have been introduced, however to date, a dissolution
method recommendation for formulation screening of combined contraceptive ethinyl
estradiol/etonogestrel IVRs was not published.

2.3. Methods Described in the Relevant Literature

We conducted a detailed literature review of publications about IVRs with a special focus on
research performed in the field of in vitro drug release testing of IVRs. It became obvious, that,
independent of the type of the IVR, in most cases, very simple in vitro setups are applied. Typically,
the IVR is added to a flask/vessel and immersed in dissolution medium. The medium is agitated by
shaking or stirring and the media temperature is controlled throughout the entire experiment.
Samples are removed at predetermined time points and either the sampling volume or the entire
media volume is replaced by fresh medium. Whereas the same general test setup was used in many
of the assessed literature reports, other test conditions, i.e., media composition, volume and
temperature, agitation speed, and sampling frequency were quite different among the different
studies. Table 3 gives an overview of a selection of in vitro test methods with essentially different
designs. In the following sections, the methodological approaches and dissolution media described
in the literature will be discussed in more detail.
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Table 3. Overview of in vitro test methods for release testing of intravaginal rings (IVRs) described in
the literature. VFS: vaginal fluid simulant (recipe by Owen and Katz), AB: sodium acetate buffer pH
4.2 or 4.5, IPA: isopropanol, EtOH: ethanol, PPB: potassium phosphate buffer pH 7.4, E: entire rings
were tested, S: segments of IVRs were tested, R: rods were tested, MSR: macaque-sized ring, SSR:
sheep-sized ring, FCP: flux controlled pump, PCL: polycaprolactone, PP: polypropylene, PEVA:
polyethylene vinyl acetate, PLA: polylactide, PDMS: polydimethylsiloxane (silicone), PU:
polyurethane, BSA: bovine serum albumin, SDS: sodium dodecylsulfate, and BAC: benzalkonium

chloride.
Ring Agitation
Author(s . Test Formulati . and
) APL Matlena Method  on Tested Test Medium Temperat
ure
Matrices
PCL were
matrice  immerse
Asvadi et Acyclovir sas din s 10 mL of VFS Not
al. [21] inserts release specified
for an medium
IVR in PP
tubes
Incubato
Externbri . . r shaker, AB and different 130
Ethinyl estradiol usp . . rpm/40
nk et al. and etonogestrel PEVA apparatu E S hydro-organic media, dpm, 37
[34] s7 100 mL/10 mL (400-DS) and 45 °C
(400-DS)
I bid Sili
Wang et sosor. 1ae ricone Incubato 60 rpm, 37
mononitrate, elastom E 50 mL VES
al. [35] . r shaker °C
misoprostol er
Mc
Conville Tenofovir PLA, Incubato R 5 mL of VFS 60 rpm, 37
PEVA r shaker °C
et al. [36]
i
Murphy Dapivirine and :alsctc:)r;i Incubato MSR 100 mL of IPA:H20 (1:1) 60 rpm, 37
etal. [37] darunavir or r shaker or VFS °C
100 mL of EtOH:H20 (1:1)
McConvil Silicone or 1% aqueous BAC
le et al. UC781 elastom I::;::l:f R, MSR solution; 60 r}zrcn, 37
[38] er 50 or 100 mL of IPA:H20
(1:1)
Tenofovir
disoproxil
Moss et fumarate, ppMs  [neubato oy ep 100 mL VES 60 rpm, 25
al. [39] 1 r shaker °C
emtricitabine,
maraviroc
Fethersto Silicone
Incubato 50 mL VES or 200 mL 60 rpm, 37
netal MC1220 elastom ¢ shaker MSR IPA:HLO (1:1) oC
[40] er
Baum et Tenofovir and Silicone  Incubato E, S 100 mL VEFS 60 rpm, 25
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al. [41] acyclovir elastom  rshaker °C
er with
PLA
pods
Morrow BSA and Silicone Incubato 30 mL ammonium acetate 60 rpm, 37
monoclonal elastom E
et al. [42] . r shaker buffer °C
antibody 2F5 er
Loxley et Incubato ) ) 60 rpm, 37
al. [43] ucC781 PEVA ¢ shaker E 100 mL IPA:H:0 (1:1) oC
i
Boydet  Dapivirineand ™ fcubato 50/200 mL IPA:H:O (1:1) 60 rpm, 37
elastom E . .
al. [44] levonorgestrel or r shaker (reservoir vs. matrix) °C
Tenofovir
Srinivasa disoproxil Incubato 60 rom. 37
n et al. fumarate, PDMS MSR 100 mL VFS pm,
o1 r shaker °C
[45] emtricitabine and
maraviroc
Boyd et e Incubato 100 mL 2% SDS solution 60 rpm, 37
al. [46] Disulfiram PEVA r shaker E or 20 mL water °C
Dual
chamber

Latex balloon with

ed
20 mL of water, ball
Boyd et N release i of water, batoons g, rpm, 37
1. [46] Disulfiram PEVA method E were submerged in °C
- ehod 100 mL of 2% SDS
inan .
. solution
incubato
r shaker
Malcolm Silicone Incubato 60 rpm, 37
et al. [47] TMC120 elaz;om ¢ shaker E 200 mL IPA:H:0 (1:1) oC
17B-Estradiol,
173-Estradiol-3-ace
tate,
. s o
Malcolm metroledazole, Silicone Incubato 100 mL .l % aqueous BAC 60 rpm, 37
norethisterone, elastom E solution/ phosphate
etal. [31] . r shaker °C
norethisterone er buffer
acetate,
clindamycin,
oxybutynin
Mc Bride Silicone Incubato 60 rpm, 37
P12-RANTE 1 E 15mL T 1 !
et al. [48] > NTES ¢ aztrom r shaker 5mL Type 1 water °C
. UsP 37,44, 50
Externbri Ethinyl estradiol apparatu and
nk et al. Y PEVA PP s 10 mL VFS or water "
[49] and etonogestrel s7 55°C, 40
(400-DS) dpm
Eder et Ethinyl estradiol Incubato . 130 rpm,
PEVA L Mill
al. [50] and etonogestrel v r shaker 5 30 mL MilliQ water 37 °C

Clark, J. Tenofovir PU Incubato E AB, volume not specified 80 rpm, 37
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etal. [51] r shaker °C
Johnson . Incubato 80 rpm, 37
et al. [52] Tenofovir PU ¢ shaker E 50 mL AB °C

100 mL AB or PPB
Ctlaliki 51\/[3] uC781 PU Inc; blj to S containing 2% Solutol 80 r;c)(r?, 37
etal. r shaker HS-15
Nonoxynol-9, PU,
lovir, tenofovi PEVA,
Mesquita acycloviy, tenotovir 4 ¢ Incubato VES, volume not 80 rpm, 37
and tenofovir silicone S .
et al. [54] . . r shaker specified °C
disoproxil elastom
fumarate er
Dapivirine,
maraV}roc, PU with
tenofovir and flux
Teller et t(.enofovg‘ controll Incubato FCPs 20 mL AB 80 rpm, 37
al. [55] disoproxil od r shaker °C
fumarate, mDS
rhodamine B pump
dextrane
Traoreet  Hydroxychloroqui PU Incubato MSR S 5 mL AB or 5 mL MRS 100 rpm,
al. [56] ne r shaker broth 37 °C
Chenet  Hydroxychloroqui Incubato . 100 rpm,
al. [57] e PU ¢ shaker S AB, volume not specified 37°C
Woolfson Silicone Incubato 100 rpm,
i last E 1 L AB ’
et al. [58] Oxybutynin ¢ azrom r shaker 00m 37 °C
Moss et Tenofovir and Silicone Incubato 110 rpm,
. elastom SSR and S 100 mL VES pm,
al. [17] acyclovir o r shaker 25°C
T
PU ri Wat
Gupta et Danivirine Wir:}‘:g b:tf\r S and E 5mL 2575 [PA:H:0, 64 rpm, 37
al. [59] P 50 mL 25:75 IPA:H:0 °C
rods shaker
Automat
van od
Laarhove Ethinyl estradiol PEVA release B 200 mL water 750 rpm,
netal and etonogestrel control 37 °C
[60-62]
system
Helbling usp 25 rpm or
etal. Progesterone PEVA  apparatu E 1000 mL 20: 80 EtOH:H-O 100 rpm,
[63-65] s1 37°C
Verstrael PEVA, . . . 3.7 9
. . Incubatio 5 mL demineralized agitation
enetal. Lactic acid Eudragi N S water ot
[66] tL 100 op
specified

Xia et al. Silicone usp 50 rpm, 37

[67] Anastrozole elastom apparatu E 250 mL water °C
er s2
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PCL
matrice 37 °C,
Pathak et I ti itati
athak e Doxycycline . s as ncubatio S 10 mL VES agitation
al. [68] inserts n not
for an specified
IVR
Ugaonka MIV-150,
Cetal levonorgeste'l, PEVA Incubato MSR 10 mlL AB 37 °C, 100
[10] carrageenan, zinc r shaker rpm
acetate
PCL
matrice 37 °C,
Pathak et Metronidazole . s as Incubatio S 10 mL VES agitation
al. [22] inserts n not
for an specified
IVR
PCL
matrice 37°C,
Dang et Tenofovir . s as Incubatio S 10 mL VES agitation
al. [69] inserts n not
for an specified
IVR
Tenofovir
Moss et disoproxil Incubato 60 rpm, 25
al. [70] fumarate and PDMS r shaker SSR 100 mL VES °C
maraviroc
. 75 mL 1% aqueous
Rotgeri et Incubato 100 rpm,
A 1 PDM R h - 1-B-cycl
al. [71] nastrozole S ¢ shaker MS ydroxy Propy [3 cyclod 37 °C
extrin solution
Not 1% aqueous 37°C,
Reinecke Anastrozole and specifie Incubato Not hydroxy-propyl-B-cyclod  agitation
etal. [72] levonorgestrel P d rshaker  specified extrin solution, volume not
not specified specified
Clark, J. Tenofovir and Incubato 2% Solutol in AB, volume 80 rpm, 37
PU E S s
etal. [73] levonorgestrel r shaker not specified °C
2% Solutol in AB or 0.05%
Johnson Pyrimidinedione PU N?t, MSR Solutol in AB, volume not N.OF
et al. [74] specified i specified
specified
Murph Dapivirineand 2™ neybata 60 rpm, 37
r apivirine an ncuba rpm,
wpy p elastom . E 200 mL IPA:H:0 (1:1) P
et al. [75] levonorgestrel or r shaker °C
L Water
Johnson Daplvu‘me. and PU bath S 5 mL 25:75 IPA:AB 64 rpm, 37
etal. [76] tenofovir °C
shaker
Water
K t 7
aur e Dapivirine PU bath s 5mLIPA:AB (2575) 00 TPm/3
al. [77] °C
shaker
Fethersto Dap1v1r1r.1e and Silicone  Incubato E 200 mL IPA:H:O (1:1) 60 rpm, 37
netal maraviroc elastom  rshaker °C
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(78] er

2.4. Methodological Approaches

The so-called shake-flask method is often used to determine drug release from IVRs. A common
setup for a shake-flask experiment is given in Figure 2.

Figure 2. Schematic view of a shake-flask setup used for determining drug release of IVRs.

Shake-flask experiments are usually performed in an incubator shaker setup. Experiments are
performed with IVRs for human or preclinical use, or ring segments. An individual IVR or a ring
segment is added to a specific volume of a (pre-heated) dissolution medium in a flask (entire ring),
polypropylene tube [21], scintillation vial [34], glass bottle [35], or a sealed flask [36], and placed into
an incubator shaker. The applied media volumes differ between experiments performed with ring
segments, rings for preclinical use, and human IVRs. When testing ring segments, media volumes
are usually small (5-20 mL per segment). The highest media volume reported for testing entire IVRs
is as high as 1000 mL [63-65]. Preclinical in vivo drug release studies are often performed in
macaques. Since IVRs for human use do not fit into the vaginal cavity of female macaques, IVRs with
a smaller diameter are used for these experiments. Consequently, the volumes of test media used for
in vitro drug release experiments with macaque-sized IVRs are often significantly smaller than those
used in human IVR experiments [24,37—40]. The reported agitation speeds in shake-flask
experiments range from 60 rpm [31,35-48,70,75,78-80] through 80 rpm [51-54,73], 100 rpm
[10,56-58,71] and 110 rpm [17] to 130 rpm [34,49,50,81,82].

Besides the incubator shake-flask method, several other in vitro setups have been described.
Gupta et al. used a water bath shaker agitated at 64 + 2 rpm for determining dapavirine release from
a polyurethane IVR [59]. Van Laarhoven et al. used an “Automated release control system” in which
the medium was stirred with an agitation rate of 750 rpm for studying etonogestrel and ethinyl
estradiol release from combined contraceptive IVR formulations [60-62]. Some research groups also
used compendial apparatuses. Helbling et al. used the USP apparatus 1 (basket) with the aim of
determining progesterone release from the commercial Progering® and an EVA-based IVR
containing progesterone, and to further identify the main factors that influence the drug release rate
of EVA-made IVRs [63-65]. In their experiments, the rings were placed in stainless steel baskets
agitated at 25 rpm or 100 rpm [63]. 1000 mL of an ethanol:water mixture (20% ethanol v/v) was used
as the dissolution medium. At pre-determined time points, samples of 5 mL were taken and the
sampling volume was replaced by fresh medium [64]. In a subsequent study, Helbling et al. used the
same experimental setup to evaluate different cellulose membranes for their potential to eliminate
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the extensive burst release of progesterone (20-40% progesterone release within a short initial burst
phase) that had been observed in the previous studies with EVA-based rings [65].

Externbrink et al. used a small volume USP apparatus 7 (400-DS, Agilent Technologies) to study
drug release of the NuvaRing® with the aim of establishing accelerated test conditions that can
provide real-time release profiles within a very short test duration [49]. Experiments were
performed with NuvaRing® segments that, prior to the experiments at both ends, had been sealed
with Loctite® acrylate glue to ensure that drug release was solely controlled by the ring membrane.
Release experiments were performed at different temperatures, i.e., 37, 45, 50 and 55 °C. 10 mL of
Vaginal Fluid Simulant (VFS) with 0.1% sodium azide was used as release medium. Sampling was
performed automatically and sampling intervals were adjusted at elevated temperatures. By
weighing entire rings and all corresponding ring segments, drug release profiles obtained for the
individual segments were standardized to that of the entire ring via the mass ratio (segment/entire
ring). Using the instrumental setup, but acetate buffer pH 4.50 as release medium, Externbrink et al.
also evaluated etonogestrel and ethinyl estradiol release of a matrix-type IVR in real-time and
accelerated test conditions [34]. In both studies the shake-flask method was used as reference
method. Eder et al. studied etonogestrel and ethinyl estradiol release from cylindrical reservoir
co-extrudates made of different types of PEVA [50]. They placed the individual co-extrudate
prototypes in an USP I basket to avoid floating during drug release studies. The baskets were then
transferred into flasks filled with 30 mL of pre-heated MilliQ water, which were placed in an
incubator shaker at 37.0 °C and agitated at 130 rpm. Samples were collected in 24 h intervals and a
full media change was performed after each sampling.

Recently, McBride et al. presented a novel ring design, the so called exposed-core IVR
comprising one or more drug-loaded hydroxypropyl methylcellulose (HPMC) cores exposed to the
external environment via orifices or windows in an overmolded silicone sheath [48]. Drug release of
these novel IVR types was studied in a very simple setup, i.e., poylpropylene tubes containing 15 mL
of MilliQ water of 37 °C. The tubes were placed in an incubator shaker and agitated at 60 rpm
throughout the experiment. Samples were taken periodically with complete media replacement.

In the course of developing PEVA-based disulfiram-loaded vaginal rings for the localized
treatment of cervical cancer, Boyd et al. evaluated a novel method that had been designed to better
mimic conditions in the vagina, ie., the aqueous environment in the vaginal vault which is
surrounded by hydrophobic tissue [46]. A sealed latex balloon simulated the vaginal wall and was
filled with 20 mL water to mimic vaginal fluid. First, the IVR was immersed in the aqueous phase
inside the balloon (inner compartment). Then, then the balloon was sealed and placed into a flask
containing 100 mL of 2% sodium dodecyl sulfate (SDS) solution (outer compartment). Subsequently,
the flask was placed into an orbital shaking incubator and agitated at 37 °C and 60 rpm. The
experiment was run for 14 days and samples were taken daily from both the inner and outer
compartment. At each sampling point, a full media change was performed for both compartments.

2.5. Release Media

In vitro drug release of IVRs is either performed for QC or for predicting in vivo drug release.
Dissolution methods to be applied in QC should be discriminating and robust and need to ensure
that drug release is controlled by the dosage form rather than the test conditions. A biopredictivity is
not required. Therefore, QC methods are usually of simple design comprising a standard test
apparatus and simple aqueous dissolution media. As stated before, only one “official” QC method
for an IVR, describing the use of 0.9% saline solution as a dissolution medium for an estradiol IVR,
can be found in the FDA dissolution methods database. For all other marketed IVRs, there is no
information on officially accepted dissolution media available. However, other media used for
evaluating drug release of IVRs can be found in the scientific literature. The least complex medium
used for QC purposes is water. Due to its lacking buffer capacity in pharmaceutical dissolution,
testing water is also one of the least reliable media for dissolution testing, and its use in in vitro drug
release testing of IVRs is not very common [46,48,50,61,66,67]. Sink conditions are an essential
prerequisite for in vitro dissolution test methods used in QC. As the fluid volume applied in in vitro
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drug release testing of IVRs is usually small, but many of the relevant APIs are poorly soluble,
selection of an appropriate dissolution medium is essential for ensuring sink conditions throughout
the experiment. The addition of surfactants to aqueous dissolution media can be an appropriate
means for this purpose. Boyd et al. acquired in vitro drug release data of their disulfiram-loaded
PEVA vaginal rings in a 2% SDS solution [46]. Externbrink et al. added 0.3% SDS to their release
medium to increase the solubility of etonogestrel and ethinyl estradiol [34]. A rarely used surfactant
in dissolution testing is benzalkonium chloride (BAC). Malcolm et al. studied in vitro drug release
from steroid-containing rings in an aqueous solution containing 1% (w/w) BAC [31], and McConville
et al. used an aqueous 1% (w/v) BAC solution for determining in vitro release of UC781, a topical
microbicide from human and macaque-sized IVRs [38]. Besides applying artificial surfactants to
increase API solubility in an aqueous dissolution medium, there are several other options for
obtaining sink conditions. Various groups reported the addition of cyclodextrins for this purpose,
and used a nonbuffered aqueous 1% 2-hydroxyl-propyl--cyclodextrin solution for drug release
testing of IVRs containing anastrozole [71], levonorgestrel [83], and fixed-dose combinations of
anastrozole and levonorgestrel [72]. The use of hydroalcoholic media is another means of increasing
API solubility in the dissolution medium. Several research groups reported the use of
hydroalcoholic/hydro-organic = media  for  determining drug release from  IVRs
[34,37,38,40,43,44,47,59,63-65,75-80]. However, even though they might be the perfect choice for
providing sink conditions for some IVRs that contain poorly soluble drugs, they also can cause
significant problems and therefore their use should be well understood.

Some hydro-organic media are able to penetrate into polymers and cause polymer swelling. By
doing so, they can alter the API diffusion characteristics in the polymer and thus impact overall drug
release kinetics. In that case, they are unlikely to be applicable in QC, since drug release is no longer
determined by the quality of the IVR, but dependent on the composition of the dissolution medium
applied in the in vitro experiments. Therefore, when using hydro-organic release media, the degree
of swelling should be determined and compared with that in pure aqueous media [34]. If the
medium does not affect the release mechanism of the IVR, it can be applied for dissolution method
design. Different organic solvents have been applied in hydro-organic release media. Helbling et al.
used a water:ethanol mixture with an ethanol content of 20% (v/v) to determine progesterone release
from EVA-IVRs [63-65]. McConville et al. determined drug release from UC781-loaded
human-sized IVRs in a mixture of ethanol:water (1:1 v/v) [38]. For macaque-sized IVRs of the same
type they used an isopropanol (IPA):water (1:1 v/v) mixture [38]. A particular reason for using two
different types of solvents was not indicated by the authors, however due to the poor aqueous
solubility of UC781, the use of IPA might have provided more reliable sink conditions. Overall, the
use of IPA:water mixtures for screening drug release from IVRs was reported by many research
groups [34,37,38,40,43,44,47,59,75-80]. Provided that the use of an organic solvent does not affect the
general release mechanism of a drug-loaded IVR and the release rates obtained in water are
proportional to those obtained in organic solvent:water mixtures, hydro-organic media also
represents an appropriate means to accelerate drug release from polymer matrices. Externbrink et al.
used mixtures of ethanol:water, IPA:water and acetonitrile:water with 25%, 50% or 75% organic
solvent to accelerate drug release from a matrix-type IVR containing etonogestrel and ethinyl
estradiol [34]. The release rate of both drugs increased with increasing solvent concentration,
whereas with acetonitrile:water mixtures the strongest degree of acceleration was achieved. The
same researchers also studied the impact of hydro-organic mixtures and temperature, and found out
that combining a high organic solvent content and an increased media temperature resulted in the
highest release rates for the formulations studied, without affecting the general release mechanism
of the respective IVR [34].

As can be seen in the methods listed above, in many of the published in vitro QC test designs,
no attention was given to properly address the composition and properties of vaginal fluid.
However, some researchers tried, at least, to properly simulate vaginal pH-conditions. Woolfson et
al. studied oxybutynin release from a silicone-based vaginal ring in a pH 4.0 (10 mM) acetate buffer
[58]. Other research groups report the use of acetate buffers in a pH range of 4.0-4.5
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[10,34,51-53,55,56,58]. A commonly used medium that well addresses average human vaginal fluid
pH is 25 mM acetate buffer pH 4.2 [51-53,55]. Similarly, when the aim is to get an idea of vaginal
drug release in rabbits, a species which is often used in the preclinical evaluation of vaginal ring
segments, phosphate buffered saline (PBS, pH 7.40) represents a simple, but with regard to vaginal
pH relevant medium, since rabbits typically have a neutral vaginal pH [73]. When addressing
human vaginal pH conditions, acetate buffer is used as such or with some surfactant added when
sink conditions cannot be obtained with the pure aqueous buffer medium. Surfactant concentrations
vary between studies. Johnson et al. screened pyrimidinedione-loaded PU rings in 25 mM sodium
acetate buffer pH 4.2, containing 0.05% or 2% Solutol® HS 15 (poly-oxyethylene esters of
12-hydroxystearic acid, nowadays also known as Kolliphor® HS 15) [74]. The buffer containing
0.05% Solutol® HS 15 had been selected as the non-sink release medium in which the surfactant
concentration was above the critical micelle concentration and therefore resulted in pyrimidinedione
solubilization, i.e., a higher amount of pyrimidinedione dissolved than in the same volume of
surfactant-free buffer. However, the effective surfactant concentration was too low to overcome
pyrimidinedione saturation in the course of the experiments. By contrast, a concentration of 2%
Solutol® HS 15 resulted in sink conditions for the pyrimidinedione dose tested. The cumulative
release profiles obtained in these two media were quite different. Under sink conditions, the IVR
showed matrix-controlled release kinetics, whereas under non-sink conditions partition-controlled
kinetics could be observed [74]. From these experiments, it could be clearly seen how the surfactant
concentration can affect in vitro results obtained from IVRs containing poorly soluble compounds.
The use of 2% Solutol® HS 15 to provide sink conditions in experiments targeted on determining
drug release of poorly soluble drugs from different types of IVRs was also reported by several other
authors [53,73].

Using media with physiological vaginal pH represents a first setup towards physiologically
relevant dissolution media for IVRs. Based on an intensive literature review in 1999, Owen and Katz
introduced a “Vaginal Fluid Simulant” (VES) that was developed to mimic properties and
composition of human vaginal fluid [84]. VFS has a pH of 4.20 and is composed of: 3.51 g NaCl, 1.40
g KOH, 0.222 g Ca(OH)z, 0.018 g bovine serum albumin, 2.00 g lactic acid, 1.00 g acetic acid, 0.16 g
glycerol, 0.4 g urea, and 5.0 g glucose. Although it is clear that this medium does not contain all
ingredients of human vaginal fluid and also does not address the huge intra- and interindividual
variability in vaginal fluid composition and properties, it represents the first step towards a more
biorelevant test medium that can be applied in QC, and to some extent might be predictive for in
vivo conditions. Therefore, it is currently widely used in IVR drug release testing. For this purpose,
the medium is either used as such [21,22,35,40,68,69], or with slight modifications in osmolality
[17,24,39,41,45,70]. Moreover, some authors added a preservative, such as sodium azide (0.1%) to
VES to prevent the growth of undesired bacteria and molds [49].

2.6. Entire Rings vs. Segments and their Materials

During the early stage in development of an IVR, particularly for simply membrane- or
matrix-based IVR types, it may be useful to screen a drug loaded polymer strand or just a part of an
IVR. Determining drug release from IVR segments can minimize the amount of materials needed for
fabrication (i.e., ring polymer, drugs and others), and reduces the amount of solvents/medium
required for a drug release experiment. It is, thus, a valuable analytical approach to be applied in
formulation development and screening, and is particularly attractive, when the final ring has not
been manufactured yet.

When testing ring segments of reservoir, matrix or sandwich type IVRs, it is crucial to seal the
ends of the segments to prevent drug release from the cut surface. Various techniques for sealing the
segment ends have been described. These range from using the ring polymer [22,68,69] or a similar
polymer [73] through dip coating of the cut surfaces in PVP or PVA solutions [57], to the use of an
impermeable glue. To determine drug release from steroid containing IVR segments, a sealing made
of Loctite® and 1/16-inch thick polyethylene sheets proved to be impermeable for steroids
[34,49,53,59,61,77]. In any case, sealing the ends of the segments must provide a release geometry
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equivalent to that of an entire ring. Thus, when testing drug release from ring segments, it is crucial
to measure the exact length and diameter, as well as the mass of the segment, before starting the
experiment. Clark et al. scaled their release rate values obtained from segments by extrapolating the
surface area to that of a full-sized ring [53]. An alternative approach was used by Externbrink et al.
who normalized release profiles obtained from segments to release of an entire IVR, based on the
mass ratio (segment/ring) [34].

2.7. Temperature

With regard to the physiological conditions in the vaginal cavity, drug release tests should be
performed at 37 °C. Whereas 37 °C is the “standard” test temperature applied in many dissolution
test methods, for IVRs, various test methods applying a temperature of 25 °C have been described
[17,24,39,41,70].

Externbrink et al. studied ENG release from the NuvaRing® at different temperatures ranging
from 37 to 55 °C [49]. The aim of their study was to investigate if temperature can be applied to
accelerate drug release from membrane-type IVRs. For this purpose, a small volume USP apparatus
7 was used and IVR segments of ~1-1.5 cm length were tested. Length and mass of the entire IVR
and each individual segment was measured, and drug release was normalized to the IVR mass.
Real-time drug release was determined at 37 °C in 10 mL of VFS or water. Additional experiments
were performed at 44, 50 and 55 °C to accelerate drug release [49]. The release profiles obtained at
different temperatures were then examined for an Arrhenius relationship. Drug release rate
increased with increasing temperature, but still followed zero-order kinetics. An Arrhenius
relationship was achieved for rate constants calculated from real-time release and
temperature-accelerated release profiles with adjusted sampling time points.

In another study, Externbrink et al. used the same test setup for assessing drug release from
matrix-type IVRs at 37 and 45 °C [34]. Additionally, for this IVR type, higher drug release rates could
be observed at elevated temperature.

Clark et al. investigated levonorgestrel diffusivity in different polyether urethane polymers
(PEUs) at different temperatures, i.e., 23, 37 and 50 °C [73]. For this purpose, segments of 15 mm
length were end-capped and the exact length, diameter and mass were determined. LNG diffusivity
was calculated for each individual segment and increased with increasing temperature. Moreover,
the extent of acceleration of drug release differed between the different PEUs.

In all of the cited experiments, it was shown that temperature is a critical parameter in
dissolution method design, but also an appropriate means to accelerate drug release. Provided that a
linear relationship can be established between real-time and accelerated drug release at increased
temperatures, experiments performed at elevated temperatures can be an important tool for QC,
since properly validated accelerated drug release experiments can be performed within a much
shorter time than real time experiments.

2.8. Presentation of Data

In most of the publications cited in this review, results of drug release experiments are either
presented as cumulative release, as daily release rate of the respective AP, or both. To gain an idea,
if the drug(s) is/are released from an IVR in a constant manner, presentation of the results as daily
drug release can be of great advantage. By contrast, presentation of an average daily rate may
underestimate essential details, for instance, a burst release immediately after application of the IVR
or overestimate drug release in the phase of constant release. Sampling intervals can influence the
proper detection of a burst release during the first hours or day(s) of drug release. Burst release
phenomena have been observed for IVRs made of condensation-cure silicone and for reservoir-type
IVRs during storage [58]. A burst release is characterized by an initial higher drug release rate
compared to the claimed daily release rate.

As during an initial burst release, plasma concentrations can be much higher than the desired
plasma concentration, and for certain drugs this can present with serious side effects or even toxic
effects. Therefore, the burst release of an IVR should be well characterized. Thus, during the first



Pharmaceutics 2019, 11, 538 15 of 22

24-72 h of the experiment, an increased sampling frequency should be considered. After the initial
phase of drug release, the sampling frequency can be reduced. However, as possible, daily release
should be determined over the entire release period, since information on the release rates during
different time periods (for example, day 1, 2-7 days, 8-14 days, 15-21 days, etc.) can be helpful for
both developing discriminative QC methods or estimating in vivo drug release [44,57,67,71,83].

3. Discussion

By reviewing the official drug release methods available in international pharmacopoeias and
guidelines, and the in vitro methods for assessing drug release of IVRs described in the literature, it
became obvious that, to date, neither a standardized in vitro drug release method for QC, nor a
biopredictive in vitro method for IVRs had been described. Various parameters that can affect drug
release from an IVR are discussed in this review article. In vitro parameters include the apparatus
design and the agitation rate, the volume, the composition and the temperature of the dissolution
medium. Essential formulation parameters include the API solubility in the proposed test media as
well as the IVR design. Finally, the analyst should be aware that the sampling schedule can have a
significant impact on the obtained drug release profile.

Since the number of IVRs is likely to significantly increase within the near future, these systems
should be monographed in international pharmacopoeias. Future research activities in assessing
drug release of IVRs should focus on designing both biopredictive in vitro dissolution methods, as
well as robust and discriminative QC methods that can be implemented in international
pharmacopoeias and guidances.

Biorelevant test conditions should properly address the in vivo situation, i.e., the volume and
composition of vaginal fluid [85] and the temperature in the vaginal vault. Attention should also be
paid to the need of simulating changes in the vaginal microenvironment during the menstrual cycle,
ageing or due to sexual intercourse. During sexual intercourse, human vaginal fluid mixes with
human seminal fluid. This results in a temporary increase of vaginal pH due to the alkaline pH of
human semen [86]. The pH increase will particularly affect drug release and dissolution of
pH-sensitive drugs and a test setup simulating sexual intercourse should thus be considered when
designing in vitro methods for IVRs that contain ionizable compounds. Human vaginal fluid
contains various proteins [87]. Since biorelevant dissolution media are typically designed to reflect
essential properties of the physiological fluids available at the site of drug administration/release,
various simulated vaginal fluids contain proteins, for instance, albumin [7,84,88,89]. In drug release
experiments with media containing proteins, drug-protein binding, which is, e.g., well known for
steroids [30,90-93], should be properly addressed to capture the entire amount of drug released
from the IVR. In such cases, the extent of protein binding should be evaluated in preliminary
experiments by determining the recovery of different concentrations of an API dissolved in the
simulated vaginal medium of interest. The use of biorelevant media can also present with challenges
regarding microbial stability, since some biorelevant media provide excellent conditions for bacterial
growth. Consequently, the addition of a preservative can be necessary to prevent biorelevant media
from growth of undesired bacteria and molds. The selected preservative should be compatible with
the other components of the medium and with the respective API. Overall, if biorelevant media are
intended to be applied in in vitro drug release experiments of an IVR, the solubility and stability of
the respective API should be investigated prior to the release experiments.

Currently, an increasing interest in developing IVRs can be observed. Formulation
development of both generic IVRs and the design of novel IVR types would highly benefit from
biopredictive in vitro dissolution methods. Since primary in vivo studies are often performed in
animals such as rabbits [53,73,94], sheep [17,52,70], and macaques [10,17,24,37-40,45,71,74,79],
appropriate in vitro models simulating the physiological environment in these animal species might
also be required. McConville et al. tried to establish an IVIVC between in vivo data obtained in
macaques and in vitro drug release data obtained with the macaque-sized IVR, but failed due to the
lack of a predictive in vitro drug release method [38]. This is a clear indicator for the need of
developing physiological relevant in vitro dissolution methods for these dosage forms. Recently,
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Boyd et al. presented an approach to better address intravaginal conditions in an in vitro dissolution
experiment by applying a small volume of dissolution medium and mimicking vaginal tissue with a
latex balloon [46]. This was another step forward in terms of a biorelevant test design, however, the
proposed model is still far from a biopredictive in vitro model for IVRs.

Whereas most of the in vitro methods discussed in the present manuscript addressed a proper
use of an IVR, human factors might be another fact to consider in future method designs.
Independent of the IVR design and the drug(s) to be delivered, IVRs are designed to provide
controlled drug release over extended periods of time and should ensure a safe and effective drug
therapy and a good patient adherence. However, women’s use of a ring may deviate from perfect
use [95]. The IVR might, for instance, be intentionally removed or be expelled periodically. Recently,
Murphy et al. presented results of an in vitro study targeted on simulating the imperfect use of a
dapavirine-releasing IVR [95]. They addressed the impact of systematic deviations (removal and
storage of the IVR for different time periods) from a 28-day continuous-use protocol upon release
performance. Furthermore, they assessed the effect of ring exposure to a range of common
household chemicals and cosmetics, that in real-life conditions might be used for IVR cleansing or
vaginal hygiene, on drug load and stability [95]. Even though the in vitro release experiments
performed in the cited study were performed in a typical shake-flask setup and thus, cannot
necessarily be regarded as biorelevant, the human factors addressed in this study might also be a
facet to be considered in biorelevant test designs.

Particularly for drugs with limited solubility, the application of a biorelevant fluid volumes and
composition in an in vitro experiment might not necessarily be the key for a successful prediction of
the drug’s plasma level over the recommended time of use of the respective IVR. If typical vaginal
fluid volumes will be used in a closed dissolution setup, such as e.g., the shake-flask setup, many
drugs are likely to reach their saturation concentration within the first hours or days of the
experiment. This will either stop further release or result in drug precipitation. Since in vivo drugs
that had dissolved in vaginal fluid can be absorbed via the vaginal mucosa, drug concentration in
the vaginal fluid will typically be much lower than in the in vitro setup, and the total amount of drug
absorbed over the recommended time of IVR use is likely to be much higher than could be predicted
from dissolution experiments run in such a closed dissolution system. Consequently, besides
properly addressing vaginal fluid volume and composition, drug transport across the vaginal
mucosa should also be considered in a biorelevant test design. Consequently, it might be worthwhile
to evaluate dynamic or compartment models for this purpose. Based on these considerations, it will
hopefully be possible to establish more biorelevant in vitro models in the near future.

In vitro dissolution methods applied in QC of IVRs should enable to distinguish between
products/batches with the intended or undesired drug release. The use of a biorelevant test setup is,
thus, not an essential requirement for method design. By contrast, QC methods are often
characterized by a simple and robust test design with sufficient discriminatory power. Since IVRs
represent dosage forms that release the API over a time range of weeks or even months, accelerated
test methods can prove as a helpful tool in determining drug release and batch conformity of these
systems. For developing accelerated in vitro drug release methods media, temperature or
composition can be altered and elevated temperatures, the use of hydroalcoholic/hydro-organic
solvents, or combinations thereof, have already been successfully applied to accelerate drug release
from IVRs. A general prerequisite for applying such conditions is that they accelerate drug release,
but do not alter the release (diffusion) mechanism [34]. To assess the impact of media composition
on in vitro performance of the IVR, the swelling of an IVR should be recorded during the course of
an in vitro release experiment to check whether the diffusion mechanism is affected by media
composition or not. Moreover, for IVRs made of thermoplastic materials the temperature during in
vitro release experiments should be strictly controlled [49], since even a small increase in
temperature can increase the drug release rate. In QC, maintaining sink conditions is also of great
importance to ensure that drug release is determined by the dosage form rather than by the in vitro
test conditions. Sink conditions are a particular issue when assessing drug release from IVRs
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containing poorly soluble drugs, and can be achieved by either applying large volumes of
dissolution media, or by adding surfactants to the dissolution media.

Unexpectedly, some experiments performed in the recent past have shown that the media
volume can influence the drug release even when sink conditions are maintained [34]. Therefore,
when dissolution experiments are performed in a closed system, such as the shake-flask setup, drug
release should be determined in different media volumes to ensure the robustness and reliability of
the test method. In experiments run with fixed media volumes, the renewal rate (sampling time
points, sampling volumes) of the release medium can also have an impact on the drug release rate
[46]. This impact should also be addressed in method design. A higher sampling frequency during
the first day of the release experiment should be considered, when a burst release is expected to
properly capture the burst release in the in vitro drug release profile.

Drug release testing of IVR segments can be helpful in formulation development or batch
conformity testing when drug release of IVR segments is predictive for drug release of an entire ring.
However, for method validation, studies with entire rings and ring segments should be performed
to ensure the predictivity of release rates estimated from drug release experiments with ring
segments, with regard to drug release of an entire IVR [34,49,53,73].

Due to expiring patent protections of existing IVRs, and the need for novel IVR formulations for
HIV prevention and long-acting IVRs for contraception, hormone replacement therapy or treatment
of endometriosis, regulatory agencies will be confronted with a variety of new drug applications.
Currently, it does not seem to be clear what kind of in vitro data would be required for a successful
application for an IVR, i.e., if cumulative or daily release should be plotted, if it is legal to calculate
average daily release rates rather than providing detailed information on the variations in daily
release over time, or if the chance for a burst release should be screened in more detail.

The information provided in the present review will, hopefully, be a platform for a more
detailed discussion between academia, industry, and regulatory authorities on how robust and
predictive in vitro drug release methods for IVRs should be designed to ensure safety and efficacy of
these dosage forms.

Author contributions: Conceptualization: S.K.; writing — original draft preparation: K.T.; review and editing:
S.K.

Funding: This research received no external funding.

Acknowledgements: We would like to thank Frank Karkossa, a member of our research team, for drawing the
equipment of the shake-flask method and his assistance in drawing the different ring designs.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hussain, A.; Ahsan, F. The vagina as a route for systemic drug delivery. J. Control. Release 2005, 103,
301-313. doi:10.1016/j jconrel.2004.11.034.

2. Duncan, G.W. Medicated Devices and Methods. U.S. Patent 3,545,439, 8 December 1970.

3. Friend, D.R. Development of controlled release systems over the past 50 years in the area of
contraception. J. Control. Release 2016, 240, 235-241. doi:10.1016/j.jconrel.2015.12.043.

4.  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.

5. Sivin, I; Mishell, D.R.; Alvarez, F.; Brache, V.; Elomaa, K.; Lihteenmaki, P.; Massai, R.; Miranda, P.;
Croxatto, H.; Dean, C.; et al. Contraceptive vaginal rings releasing Nestorone and ethinylestradiol: A
1-year dose-finding trial. Contraception 2005, 71, 122-129. doi:10.1016/j.contraception.2004.08.010.

6. FDA Approves New Vaginal Ring for One Year of Birth Control. Available online:
http://www.fda.gov/news-events/press-announcements/fda-approves-new-vaginal-ring-one-year-birth-c
ontrol (accessed on 5 June 2019).

7. Vermani, K,; Garg, S.; Zaneveld, L.J.D. Assemblies for in vitro measurement of bioadhesive strength and
retention characteristics in simulated vaginal environment. Drug Dev. Ind. Pharm. 2002, 28, 1133-1146.
doi:10.1081/DDC-120014580.



Pharmaceutics 2019, 11, 538 18 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

Ferguson, L.M.; Rohan, L.C. The importance of the vaginal delivery route for antiretrovirals in HIV
prevention. Ther. Deliv. 2011, 2, 1535-1550. d0i:10.4155/tde.11.126.

Friend, D.R,; Doncel, G.F. Combining prevention of HIV-1, other sexually transmitted infections and
unintended pregnancies: Development of dual-protection technologies. Antivir. Res. 2010, 88, 47-54.
doi:10.1016/j.antiviral.2010.09.005.

Ugaonkar, S.R.; Wesenberg, A.; Wilk, J.; Seidor, S.; Mizenina, O.; Kizima, L.; Rodriguez, A.; Zhang, S.;
Levendosky, K.; Kenney, J.; et al. A novel intravaginal ring to prevent HIV-1, HSV-2, HPV, and
unintended pregnancy. J. Control. Release 2015, 213, 57-68. doi:10.1016/j.jconrel.2015.06.018.

Friend, D.R. Drug delivery in multiple indication (multipurpose) prevention technologies: Systems to
prevent HIV-1 transmission and unintended pregnancies or HSV-2 transmission. Expert Opin. Drug Deliv.
2012, 9, 417-427. doi:10.1517/17425247.2012.668183.

Friend, D.R. An update on multipurpose prevention technologies for the prevention of HIV transmission
and pregnancy. Expert Opin. Drug Deliv. 2016, 13, 533-545. d0i:10.1517/17425247.2016.1134485.

Ramjee, G.; Daniels, B. Women and HIV in Sub-Saharan Africa. AIDS Res. Ther. 2013, 10, 30.
doi:10.1186/1742-6405-10-30.

Dapivirine Vaginal Ring. Available online:
https://www.prepwatch.org/nextgen-prep/dapivirine-vaginal-ring/ (accessed on 2 May 2019).

Malcolm, R.K,; Boyd, P.J.; McCoy, C.F.; Murphy, D.]J. Microbicide vaginal rings: Technological challenges
and clinical development. Adv. Drug Deliv. Rev. 2016, 103, 33-56. d0i:10.1016/j.addr.2016.01.015.

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

Moss, J.A.; Malone, A.M.; Smith, T.J.; Kennedy, S.; Kopin, E.; Nguyen, C.; Gilman, ].; Butkyavichene, I.;
Vincent, K.L.; Motamedi, M.; et al. Simultaneous delivery of tenofovir and acyclovir via an intravaginal
ring. Antimicrob. Agents Chemother. 2012, 56, 875-882. doi:10.1128/AAC.05662-11.

Crowley, M.M.; Zhang, F.; Repka, M.A.; Thumma, S.; Upadhye, S.B.; Battu, S.K.; McGinity, ].W.; Martin,
C. Pharmaceutical applications of hot-melt extrusion: Part I. Drug Dev. Ind. Pharm. 2007, 33, 909-926.
doi:10.1080/03639040701498759.

Repka, M.A,; Battu, S.K.; Upadhye, S.B.; Thumma, S.; Crowley, M.M.; Zhang, F.; Martin, C.; McGinity,
J.W. Pharmaceutical applications of hot-melt extrusion: Part II. Drug Dev. Ind. Pharm. 2007, 33, 1043-1057.
doi:10.1080/03639040701525627.

Repka, M.A.; Majumdar, S.; Kumar Battu, S.; Srirangam, R.; Upadhye, S.B. Applications of hot-melt
extrusion for drug delivery. Expert Opin. Drug Deliv. 2008, 5, 1357-1376. d0i:10.1517/17425240802583421.
Asvadi, N.H.; Dang, N.T.T., Davis-Poynter, N.; Coombes, A.G.A. Evaluation of microporous
polycaprolactone matrices for controlled delivery of antiviral microbicides to the female genital tract. J.
Mater. Sci. Mater. Med. 2013, 24, 2719-2727. doi:10.1007/s10856-013-5010-6.

Pathak, M.; Turner, M.; Palmer, C.; Coombes, A.G.A. Evaluation of polycaprolactone matrices for the
intravaginal delivery of metronidazole in the treatment of bacterial vaginosis. J. Biomater. Appl. 2014, 29,
354-363. doi:10.1177/0885328214528256.

Fernando, H.V.; Chan, L.L.; Dang, N.; Santhanes, D.; Banneheke, H.; Nalliah, S.; Coombes, A.G.A.
Controlled delivery of the antiprotozoal agent (tinidazole) from intravaginal polymer matrices for
treatment of the sexually transmitted infection, trichomoniasis. Pharm. Dev. Technol. 2019, 24, 348-356.
doi:10.1080/10837450.2018.1481430.

Moss, J.A.; Malone, A.M.; Smith, T.J.; Butkyavichene, I.; Cortez, C.; Gilman, J.; Kennedy, S.; Kopin, E.;
Nguyen, C.; Sinha, P.; et al. Safety and pharmacokinetics of intravaginal rings delivering tenofovir in
pig-tailed macaques. Antimicrob. Agents Chemother. 2012, 56, 5952-5960. doi:10.1128/AAC.01198-12.

USP. United States Pharmacopoeia and National Formulary; USP42-NF37; United States Pharmacopoeia
Convention, Inc.: Rockville, MD, USA, 2018.

European Pharmacopoeia. European Pharmacopoeia, 9th ed.; Council of Europe: Strasbourg, France, 2018.
Japanese Pharmacopoeia. Japanese Pharmacopoeia, 17th ed.; Pharmaceuticals and Medical Devices Agency:
Tokyo, Japan, 2018.

WHO. The International Pharmacopoeia; WHO Department of Essential Medicines and Health Products:
Geneva, Switzerland, 2006.

Roumen, F.].M.E. Review of the combined contraceptive vaginal ring, NuvaRing®. Ther. Clin. Risk Manag.
2008, 4, 441-451. d0i:10.2147/tcrm.s1964.



Pharmaceutics 2019, 11, 538 19 of 22

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Timmer, C.J.; Mulders, T.M. Pharmacokinetics of etonogestrel and ethinylestradiol released from a
combined contraceptive vaginal ring. Clin. Pharm. 2000, 39, 233-242.
doi:10.2165/00003088-200039030-00005.

Malcolm, K.; Woolfson, D.; Russell, J.; Tallon, P.; McAuley, L.; Craig, D. Influence of silicone elastomer
solubility and diffusivity on the in vitro release of drugs from intravaginal rings. ]. Control. Release 2003,
90, 217-225. doi:10.1016/S0168-3659(03)00178-0.

Drugs@FDA: FDA Approved Drug Products. Available online:
https://www.accessdata.fda.gov/scripts/cder/dissolution/dsp_getallData.cfm (accessed on 11 February
2019).

Kraft, R. Method for Dissolution Testing of a Pharmaceutical Delivery Device. U.S. Patent No. 7,357,046,
15 April 2008.

Externbrink, A.; Eggenreich, K.; Eder, S.; Mohr, S.; Nickisch, K.; Klein, S. Development and evaluation of
accelerated drug release testing methods for a matrix-type intravaginal ring. Eur. . Pharm. Biopharm. 2017,
110, 1-12. doi:10.1016/j.ejpb.2016.10.012.

Wang, Y.; Boyd, P.; Hunter, A.; Malcolm, R.K. Intravaginal rings for continuous low-dose administration
of cervical ripening agents. Int. ]. Pharm. 2018, 549, 124-132. d0i:10.1016/j.ijpharm.2018.07.053.
McConville, C.; Major, I; Friend, D.R.; Clark, M.R.; Woolfson, A.D.; Malcolm, R.K. Development of
polylactide and polyethylene vinyl acetate blends for the manufacture of vaginal rings. J. Biomed. Mater.
Res. Part B Appl. Biomater. 2012, 100, 891-895. d0i:10.1002/jbm.b.31919.

Murphy, D.J.; Desjardins, D.; Dereuddre-Bosquet, N.; Brochard, P.; Perrot, L.; Pruvost, A.; Le Grand, R.;
Lagatie, O.; Vanhooren, L.; Feyaerts, M.; et al. Pre-clinical development of a combination microbicide
vaginal ring containing dapivirine and darunavir. J. Antimicrob. Chemother. 2014, 69, 2477-2488.
doi:10.1093/jac/dku160.

McConville, C.; Smith, ].M.; McCoy, C.F.; Srinivasan, P.; Mitchell, J.; Holder, A.; Otten, R.A.; Butera, S.;
Doncel, G.F.; Friend, D.R.; et al. Lack of in vitro-in vivo correlation for a UC781-releasing vaginal ring in
macaques. Drug Deliv. Transl. Res. 2015, 5, 27-37. d0i:10.1007/s13346-015-0216-4.

Moss, J.A.; Srinivasan, P.; Smith, T.J.; Butkyavichene, I.; Lopez, G.; Brooks, A.A.; Martin, A.; Dinh, C.T,;
Smith, J.M.; Baum, M.M. Pharmacokinetics and preliminary safety study of pod-intravaginal rings
delivering antiretroviral combinations for HIV prophylaxis in a macaque model. Antimicrob. Agents
Chemother. 2014, 58, 5125-5135. d0i:10.1128/AAC.02871-14.

Fetherston, S.M.; Geer, L.; Veazey, R.S.; Goldman, L.; Murphy, D.J.; Ketas, T.J.; Klasse, P.J.; Blois, S.; La
Colla, P.; Moore, ].P.; et al. Partial protection against multiple RT-SHIV162P3 vaginal challenge of rhesus
macaques by a silicone elastomer vaginal ring releasing the NNRTI MC1220. ]. Antimicrob. Chemother.
2013, 68, 394-403. doi:10.1093/jac/dks415.

Baum, M.M.; Butkyavichene, I.; Gilman, ].; Kennedy, S.; Kopin, E.; Malone, A.M.; Nguyen, C.; Smith, T.J.;
Friend, D.R,; Clark, M.R;; et al. An intravaginal ring for the simultaneous delivery of multiple drugs. J.
Pharm. Sci. 2012, 101, 2833-2843. d0i:10.1002/jps.23208.

Morrow, R.J.; Woolfson, A.D.; Donnelly, L.; Curran, R.; Andrews, G.; Katinger, D.; Malcolm, R.K.
Sustained release of proteins from a modified vaginal ring device. Eur. |. Pharm. Biopharm. 2011, 77, 3-10.
doi:10.1016/j.ejpb.2010.10.010.

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.
Boyd, P.; Fetherston, S.M.; McCoy, C.F.; Major, I.; Murphy, D.J.; Kumar, S.; Holt, J.; Brimer, A.; Blanda,
W.; Devlin, B.; et al. Matrix and reservoir-type multipurpose vaginal rings for controlled release of
dapivirine and levonorgestrel. Int. |. Pharm. 2016, 511, 619-629. doi:10.1016/j.ijpharm.2016.07.051.
Srinivasan, P.; Moss, J.A.; Gunawardana, M.; Churchman, S.A.; Yang, F.; Dinh, C.T.; Mitchell, ].M,;
Zhang, J.; Fanter, R.; Miller, CS.; et al. Topical Delivery of Tenofovir Disoproxil Fumarate and
Emtricitabine from Pod-Intravaginal Rings Protects Macaques from Multiple SHIV Exposures. PLoS ONE
2016, 11, e0157061. doi:10.1371/journal.pone.0157061.

Boyd, P.; Major, I.; Wang, W.; McConville, C. Development of disulfiram-loaded vaginal rings for the
localised treatment of cervical cancer. Eur. | Pharm. Biopharm. 2014, 88, 945-953.
doi:10.1016/j.ejpb.2014.08.002.



Pharmaceutics 2019, 11, 538 20 of 22

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Malcolm, R.K.; Woolfson, A.D.; Toner, C.F.; Morrow, R.J.; McCullagh, S.D. Long-term, controlled release
of the HIV microbicide TMC120 from silicone elastomer vaginal rings. J. Antimicrob. Chemother. 2005, 56,
954-956. doi:10.1093/jac/dki326.

McBride, J.W.; Boyd, P.; Dias, N.; Cameron, D.; Offord, R.E.; Hartley, O.; Kett, V.L.; Malcolm, RK.
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.jconrel.2019.02.003.

Externbrink, A.; Clark, M.R; Friend, D.R.; Klein, S. Investigating the feasibility of temperature-controlled
accelerated drug release testing for an intravaginal ring. Eur. . Pharm. Biopharm. 2013, 85, 966-973.
doi:10.1016/j.ejpb.2013.06.004.

Eder, S.; Beretta, M.; Witschnigg, A.; Koutsamanis, I.; Eggenreich, K.; Khinast, J.G.; Koscher, G.; Paudel,
A.; Nickisch, K,; Friedrich, M.; et al. Establishment of a Molding Procedure to Facilitate Formulation
Development  for  Co-extrudates. AAPS  Pharm.  Sci.  Tech. 2017, 18, 2971-2976.
d0i:10.1208/s12249-017-0788-z.

Clark, J.T.; Johnson, T.J.; Clark, M.R.; Nebeker, ].S.; Fabian, ].; Tuitupou, A.L.; Ponnapalli, S.; Smith, E.M.;
Friend, D.R.; Kiser, P.F. Quantitative evaluation of a hydrophilic matrix intravaginal ring for the
sustained delivery of tenofovir. |. Control. Release 2012, 163, 240-248. doi:10.1016/j.jconrel.2012.08.033.
Johnson, TJ.; Clark, M.R.; Albright, T.H.; Nebeker, ].S.; Tuitupou, A.L.; Clark, ]J.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.

Clark, M.R; Johnson, T.J.; McCabe, R.T.; Clark, J.T.; Tuitupou, A.; Elgendy, H.; Friend, D.R.; Kiser, P.F. A
hot-melt extruded intravaginal ring for the sustained delivery of the antiretroviral microbicide UC781. J.
Pharm. Sci. 2012, 101, 576-587. doi:10.1002/jps.22781.

Mesquita, P.M.M.; Rastogi, R.; Segarra, T.].; Teller, R.S.; Torres, N.M.; Huber, A.M.; Kiser, P.F.; Herold,
B.C. Intravaginal ring delivery of tenofovir disoproxil fumarate for prevention of HIV and herpes simplex
virus infection. J. Antimicrob. Chemother. 2012, 67, 1730-1738. doi:10.1093/jac/dks097.

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

Traore, Y.L.; Chen, Y.; Bernier, A.-M.; Ho, E.A. Impact of Hydroxychloroquine-Loaded Polyurethane
Intravaginal Rings on Lactobacilli. Antimicrob. Agents Chemother. 2015, 59, 7680-7686.
doi:10.1128/AAC.01819-15.

Chen, Y.; Traore, Y.L.; Li, A.; Fowke, K.R.; Ho, E.A. Development of polyether urethane intravaginal rings
for the sustained delivery of hydroxychloroquine. Drug Des. Dev. Ther. 2014, 8, 1801-1815.
doi:10.2147/DDDT.S71352.

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.

Gupta, KM.; Pearce, SM.; 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. J. Pharm. Sci. 2008, 97, 4228-4239. doi:10.1002/jps.21331.

van Laarhoven, H.; Veurink, J.; Kruft, M.-A.; Vromans, H. Influence of Spinline Stress on Release
Properties of a Coaxial Controlled Release Device Based on EVA Polymers. Pharm. Res. 2004, 21,
1811-1817. doi:10.1023/B:PHAM.0000045234.70538.29.

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. ]. Control.
Release 2002, 82, 309-317. d0i:10.1016/50168-3659(02)00139-6.

van Laarhoven, J.A.H.; Kruft, M.A.B.; Vromans, H. In vitro release properties of etonogestrel and ethinyl
estradiol from a contraceptive vaginal ring. Int. ]J. Pharm. 2002, 232, 163-173.
doi:10.1016/50378-5173(01)00900-0.

Helbling, I.M.; Ibarra, J.C.D.; Luna, J.A. The optimization of an intravaginal ring releasing progesterone
using a mathematical model. Pharm. Res. 2014, 31, 795-808. d0i:10.1007/s11095-013-1201-6.

Helbling, LM.; Ibarra, J.C.D.; Luna, J.A. Evaluation and optimization of progesterone release from
intravaginal rings using response surface methodology. J. Drug Deliv. Sci. Technol. 2015, 29, 218-225.
doi:10.1016/j.jddst.2015.08.002.



Pharmaceutics 2019, 11, 538 21 of 22

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81

Helbling, I.M,; Ibarra, J.C.D.; Luna, J.A. The Use of Cellulose Membrane to Eliminate Burst Release from
Intravaginal Rings. AAPS J. 2016, 18, 960-971. d0i:10.1208/s12248-016-9914-1.

Verstraelen, H.; Vervaet, C.; Remon, J.-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, e0153441. doi:10.1371/journal.pone.0153441.

Xia, L.; Qiu, S.; Liu, Z.; Ning, M. Preparation and in vitro/in vivo evaluation of anastrozole reservoir-type
intravaginal ring. Biomed. Chromatogr. 2019, 33, e4459. doi:10.1002/bmc.4459.

Pathak, M.; Coombes, A.G.A.; Turner, M.S.; Palmer, C.; Wang, D.; Steadman, K]J. Investigation of
Polycaprolactone Matrices for Intravaginal Delivery of Doxycycline. |. Pharm. Sci. 2015, 104, 4217-4222.
doi:10.1002/jps.24652.

Dang, N.T.T.; Turner, M.S; Coombes, A.G.A. Development of intra-vaginal matrices from
polycaprolactone for sustained release of antimicrobial agents. ]. Biomater. Appl. 2013, 28, 74-83.
doi:10.1177/0885328212437393.

Moss, J.A.; Butkyavichene, I.; Churchman, S.A.; Gunawardana, M.; Fanter, R.; Miller, C.S.; Yang, F.;
Easley, ].T.; Marzinke, M.A.; Hendrix, C.W.; et al. Combination Pod-Intravaginal Ring Delivers
Antiretroviral Agents for HIV Prophylaxis: Pharmacokinetic Evaluation in an Ovine Model. Antimicrob.
Agents Chemother. 2016, 60, 3759-3766. d0i:10.1128/AAC.00391-16.

Rotgeri, A.; Korolainen, H.; Sundholm, O.; Schmitz, H.; Fuhrmann, U.; Prelle, K. Sacher, F.
Characterization of anastrozole effects, delivered by an intravaginal ring in cynomolgus monkeys. Hum.
Reprod. 2015, 30, 308-314. doi:10.1093/humrep/deu315.

Reinecke, I.; Schultze-Mosgau, M.-H.; Nave, R.; Schmitz, H.; Ploeger, B.A. Model-Based Dose Selection
for Intravaginal Ring Formulations Releasing Anastrozole and Levonorgestrel Intended for the Treatment
of Endometriosis Symptoms. ]. Clin. Pharmacol. 2017, 57, 640-651. doi:10.1002/jcph.846.

Clark, J.T.; Clark, M.R.; Shelke, N.B.; Johnson, T.J.; Smith, E.M.; Andreasen, A.K.; Nebeker, J.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.

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.

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. J. Control. Release 2016, 226, 138-147. d0i:10.1016/j.jconrel.2016.02.020.

Johnson, T.J.; Gupta, K.M.; Fabian, ].; Albright, T.H.; Kiser, P.F. Segmented polyurethane intravaginal
rings for the sustained combined delivery of antiretroviral agents dapivirine and tenofovir. Eur. J. Pharm.
Sci. 2010, 39, 203-212. d0i:10.1016/j.ejps.2009.11.007.

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

Fetherston, S.M.; Boyd, P.; McCoy, C.F.; McBride, M.C.; Edwards, K.-L.; Ampofo, S.; Malcolm, RK. A
silicone elastomer vaginal ring for HIV prevention containing two microbicides with different
mechanisms of action. Eur. |. Pharm. Sci. 2013, 48, 406—415. doi:10.1016/j.ejps.2012.12.002.

Murphy, D.J.; Desjardins, D.; Boyd, P.; Dereuddre-Bosquet, N.; Stimmer, L.; Caldwell, A.; Le Grand, R.;
Kelly, C.; van Roey, J.; Malcolm, R.K. Impact of ring size and drug loading on the pharmacokinetics of a
combination dapivirine-darunavir vaginal ring in cynomolgus macaques. Int. |. Pharm. 2018, 550, 300-308.
doi:10.1016/j.ijpharm.2018.08.051.

McCoy, CF.; Murphy, D]J.,; Boyd, P, Derrick, T.; Spence, P.; Devlin, B.; Malcolm, R.K. Packing
Polymorphism of Dapivirine and Its Impact on the Performance of a Dapivirine-Releasing Silicone
Elastomer Vaginal Ring. ]. Pharm. Sci. 2017, 106, 20152025, d0i:10.1016/j.xphs.2017.04.026.

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 progesterone intravaginal ring in sheep. Drug Deliv. Transl.
Res. 2019, 9, 1008-1016. doi:10.1007/s13346-019-00646-x.



Pharmaceutics 2019, 11, 538 22 of 22

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

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 173-Estradiol and Progesterone Intravaginal Ring in Sheep.
J. Pharm. Sci. 2019, 108, 2677-2684. d0i:10.1016/j.xphs.2019.03.032.

Nave, R.; Jalkanen, T.; Talling, C.; Kaneko, M.; Matsuki, S.; Hochel, J. The Effect of Drug Content
Reduction on the in Vitro and in Vivo Properties of Levonorgestrel-Releasing Intravaginal Rings. J.
Pharm. Sci. 2018, 107, 1020-1027. d0i:10.1016/j.xphs.2017.11.009.

Owen, D.H,; Katzz, DF. A vaginal fluid simulant. Contraception 1999, 59, 91-95.
doi:10.1016/S0010-7824(99)00010-4.

Tietz, K.; Klein, S. Simulated Genital Tract Fluids and Their Applicability in Drug Release/Dissolution
Testing of Vaginal Dosage Forms. Dissolut. Technol. 2018, 25, 40-51. doi:10.14227/DT250318P40.

Owen, D.H.; Katz, D.F. A review of the physical and chemical properties of human semen and the
formulation of a semen simulant. |. Androl. 2005, 26, 459-469. doi:10.2164/jandrol.04104.

Raffi, R.O.; Moghissi, K.S.; Sacco, A.G. Proteins of human vaginal fluid. Fertil. Steril. 1977, 28, 1345-1348.
Tomas, M.SJ.; Nader-Macias, M.E. Effect of a medium simulating vaginal fluid on the growth and
expression of beneficial characteristics of potentially probiotic lactobacilli. Commun. Curr. Res. Educ. Top.
Trends Appl. Microbiol. 2007, 2, 732-739.

Dorr, R.T.; Surwit, E.A.; Droegemueller, W.; Alberts, D.S.; Meyskens, FE.L.; Chvapil, M. In vitro retinoid
binding and release from a collagen sponge material in a simulated intravaginal environment. ]. Biomed.
Mater. Res. 1982, 16, 839-850. d0i:10.1002/jbm.820160609.

Timmer, C.J.; Apter, D.; Voortman, G. Pharmacokinetics of 3-keto-desogestrel and ethinylestradiol
released from different types of contraceptive vaginal rings. Contraception 1990, 42, 629-642.
doi:10.1016/0010-7824(90)90004-F.

Shanbhag, V.P.; Sodergard, R. The temperature dependence of the binding of 5a-dihydrotestosterone,
testosterone and estradiol to the sex hormone globulin (SHBG) of human plasma. ]. Steroid Biochem. 1986,
24, 549-555. d0i:10.1016/0022-4731(86)90118-4.

Kuhnz, W.; Pfeffer, M.; Al-Yacoub, G. Protein binding of the contraceptive steroids gestodene,
3-keto-desogestrel and ethinylestradiol in human serum. ]. Steroid Biochem. 1990, 35, 313-318.
doi:10.1016/0022-4731(90)90290-9.

Hammond, G.L.; Bocchinfuso, W.P.; Orava, M.; Smith, C.L.; van den Ende, A.; van Enk, A. Serum
distribution of two contraceptive progestins: 3-ketodesogestrel and gestodene. Contraception 1994, 50,
301-318. doi:10.1016/0010-7824(94)90018-3.

Clark, M.R,; Kiser, P.F.; Loxley, A.; McConville, C.; Malcolm, R.K.; Friend, D.R. Pharmacokinetics of
UC781-loaded intravaginal ring segments in rabbits: A comparison of polymer matrices. Drug Deliv.
Transl. Res. 2011, 1, 238-246. d0i:10.1007/s13346-011-0032-4.

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. J. Pharm. 2019, 565, 351-357. d0i:10.1016/j.ijpharm.2019.05.027.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access

‘@ ® article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



