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Abstract
Intravaginal delivery of microbicide combinations is a promising approach for the prevention of
sexually transmitted infections, but requires a method of providing simultaneous, independent
release of multiple agents into the vaginal compartment. A novel intravaginal ring (IVR) platform
has been developed for simultaneous delivery of the reverse-transcriptase inhibitor tenofovir
(TFV) and the guanosine analogue antiviral acyclovir (ACV) with independent control of release
rate for each drug. The IVR is based on a pod design, with up to 10 individual polymer-coated
drug cores embedded in the ring releasing through preformed delivery channels. The release rate
from each pod is controlled independently of the others by the drug properties, polymer coating,
and size and number of delivery channels. Pseudo-zero-order in vitro release of TFV (144 ± 10 µg
day) and ACV (120 ± 19 µg day−1) from an IVR containing both drugs was sustained for 28 days.
The mechanical properties of the pod IVR were evaluated and compared with the commercially
available Estring® (Pfizer, NY, NY). The pod-IVR design enables the vaginal delivery of multiple
microbicides with differing physicochemical properties, and is an attractive approach for the
sustained intravaginal delivery of relatively hydrophilic drugs that are difficult to deliver using
conventional matrix IVR technology.
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INTRODUCTION
As the HIV/AIDS pandemic nears the end of its third decade, worldwide infection rates
remain high, with an estimated global HIV incidence of 34 million, and 2.7 million new
infections in 2010.1 Until recently, attempts to develop a pre-exposure prophylaxis strategy
for the prevention of HIV transmission have failed,2,3 but two large-scale clinical trials have
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demonstrated that microbicides may be effective in preventing infection in a significant
proportion of individuals. In the CAPRISA 004 trial, a double-blind study of 889 uninfected
women in South Africa, participants using a pericoital 1% tenofovir (TFV) gel showed a
39% reduction in HIV transmission compared with those receiving a placebo gel, with a
54% reduction for women with high adherence rates.4 In the iPrEx trial, a once-daily oral
combination of emtricitabine (FTC) and tenofovir disoproxil fumarate was compared with
placebo for the prevention of HIV acquisition among nearly 2500 men and transgender
women who have sex with men.5 Over the following median period of 1.2 years, a 44%
reduction in HIV acquisition was observed in the experimental group compared with
subjects receiving a placebo. Both of these trials demonstrate that microbicides can prevent
HIV transmission, and the iPrEx trial suggests that a combination of two or more
microbicides delivered simultaneously may be even more effective. Combinations provide
potential advantages over single-microbicide approaches by maximizing activity through
synergistic effects and potentially allowing for lower effective microbicide concentrations,
reducing toxicity and other harmful side effects.6–10 Combinations are currently the standard
in HIV treatment by highly active antiretroviral therapy (HAART), and the resulting
suppression of HIV replication leads to low viral levels and a decrease in formation of
resistance. Typical HAART regimens use at least three antiretroviral drugs, two nucleoside
reverse transcriptase inhibitors (NRTI) and either a protease inhibitor (PI), non-NRTI
(NNRTI), or an integrase inhibitor.

Microbicide combinations may also be used to target two diseases simultaneously. The
herpes simplex virus type 2 (HSV-2) and HIV are responsible for two intersecting
epidemics, wherein the disease caused by one virus may facilitate the transmission of and
pathogenesis by the other. Epidemiological studies demonstrate that HSV infection increases
the risk of HIV-1 acquisition,11–14 and HSV-2 infection leads to a threefold increase in risk
of HIV acquisition among men and women. These results suggest that, in areas of high
HSV-2 prevalence, a substantial proportion of HIV infection is linked to HSV-2 infection.14

Forty-five million Americans are infected with HSV-2,15 and studies in developing
countries reveal seroprevalence rates ranging from 60% to 80% in young adults.16 In the
United States, HSV-2 seropositivity is higher among women (23.1%) than men (11.2%).17

Daily oral valacyclovir [the prodrug of acyclovir (ACV)] has been shown to prevent or
delay genital HSV-2 recurrences by 85%18 and to reduce the risk of transmission among
HSV-2 discordant couples by 48%.19 Local ACV delivery at comparable genital tract levels
may suppress genital HSV shedding and prevent HSV transmission through sexual contact.
These studies suggest that interventions against HSV-2 may have a key role in HIV
prevention.20

Intravaginal methods for microbicide delivery include semisolid gels, fast-dissolving films,
and intravaginal rings (IVRs).21,22 A number of IVR designs have been developed that
deliver microbicides, and they are the subject of a recent extensive review by Malcolm et
al.21 Kiser and coworkers have reported a polyurethane matrix ring delivering the NNRTI
dapivirine23 and a segmented polyurethane matrix ring delivering dapivirine and TFV
simultaneously.24 Both exhibit sustained release over 30 days in vitro. Three different
matrix IVRs (polyurethane, ethylene vinyl acetate, and silicone) containing the antiretroviral
drug UC781 were evaluated in vitro and in a rabbit model,25 and ethylene-vinyl acetate
(EVA) matrix IVRs delivering UC781 in combination with the contraceptive hormone
levonorgestrel were investigated in vitro.26 Degradation of UC781 during the fabrication
process, however, has made further development difficult. Matrix IVRs composed of
biosoluble acacia gum and a non-biodegradable hydrogel copolymer of 2-hydroxyethyl
methacrylate and sodium methacrylate were shown to release in vitro 3-azido-3-
deoxythymidine (AZT) over 10 and 28 days, respectively, at levels well above the AZT half
maximal inhibitory concentration (IC50).27 Silicone elastomer IVRs releasing dapivirine are
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the most extensively developed microbicide vaginal rings, with a sustained release of 140 µg
day−1 obtained in vitro.28,29 Currently, the dapivirine ring is the only IVR microbicide
formulation to undergo phase I clinical trials,30–32 and no efficacy studies of an IVR
delivering a microbicide for the prevention of HIV infection have been carried out in
humans.

This report describes a novel ring design based on drug pods, cores of compressed drug
substance coated with a “release polymer” that controls diffusion across the polymer
membrane. The pods are embedded in an elastomeric vaginal ring with one or more delivery
channels at each pod providing the primary release rate control. The pod-IVR technology
described here has its origins in ophthalmology, specifically in a 5-month sustained-release
ganciclovir implant for the treatment of cytomegalovirus retinitis in immunocompromised
patients.33 The pharmacokinetics of the device was investigated in rabbits and humans,34

and it was shown to be safe and efficacious.35–37 These developments led to several US
Food and Drug Administration-approved drug delivery devices, including the first and only
sustained-release antiviral.38 The technological and regulatory experience gained from these
implants has been applied to the development of IVRs delivering antivirals, resulting in the
first clinical study involving delivery of the guanosine analog antiherpetic drug ACV from
an IVR.39 Simultaneous delivery of TFV and ACV from a silicone pod-IVR platform has
been demonstrated in vivo in a sheep model.40 In this work, the design, fabrication, and in
vitro release characteristics are reported for the pod-IVR platform delivering TFV and ACV
simultaneously and at a wide range of independently controlled-release rates. This dual-
protection IVR is primarily intended for the prevention of sexual HIV transmission through
both the direct microbicide activity of TFV against HIV, and through the reduction of
HSV-2 outbreak and recurrence, and potentially a decrease in HSV-2 transmission by ACV.

MATERIALS AND METHODS
Materials

Acyclovir [2-amino-9-((2-hydroxyethoxy)methyl)-1H-purin-6(9H)-one] was obtained from
Comfortcomms Group Company, Ltd. (Shenzhen, Guangdong, China). TFV [((((2R)-1-(6-
amino-9H-purin-9-yl)propan-2-yl) oxy)methyl)phosphonic acid] was obtained from
Sinoway International (Jiangsu, China). Polylactic acid (Resomer R 202 S: poly-D,L-lactide)
was obtained from Boehringer Ingelheim Pharma GmbH & Company KG (Ingelheim,
Germany). Liquid silicone resin (LSR) MED-4830 and MED-4840 for injection molding
and MED1-4213 for pod backfilling were obtained from Nusil (Carpinteria, California).
Dichloromethane and sodium acetate were purchased from Sigma –Aldrich (St. Louis, MO).
Ethyl acetate [American Chemical Society (ACS) grade], Ca(OH)2 (98%), H3PO4 (ACS
grade), NaH2PO4 (99+%), and Na2HPO4 (99+%) were obtained from Acros (Morris Plains,
New Jersey). Methanol [ultrapure high-performance liquid chromatography (HPLC) grade]
and water (Ultrapure HPLC grade) for chromatographic analyses were received from Alfa
Aesar (Ward Hill, New Jersey). Deionized water was prepared with an ion-exchange system
(Siemens Water Technologies, Barsbuttel, Germany). All other reagents were ACS reagent
grade or better and used as received.

Preparation of TFV and ACV Pods
Pods of TFV and ACV were prepared by compaction of drug powder with no added
excipients in a pellet press to form a drug core that is subsequently coated with release
polymer. A 19–20 mg sample of either drug was placed in a manual pellet press with a 0.125
in. diameter pin and die (2810 Pellet Press; Parr Instruments, Moline, Illinois) and
compressed to yield a solid, cylindrical drug core (16 ± 0.1 mg, 3.2 mm diameter × 2.0 mm
height). Drug cores were coated with two layers of polylactic acid (PLA) by drop coating
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with a 5% PLA solution in 1:1 dichloromethane–ethyl acetate. Each layer is delivered as one
6 µL aliquot from an automatic pipette on each side of the drug core (12 µL total per layer).

Empty Silicone IVR Fabrication
Silicone IVRs and IVR segments containing cavities for ACV and TFV pods were
fabricated using a standard LSR injection molding process. All rings and ring segments were
manufactured from a two-part Pt-cured LSR (MED-4830 for all work except mechanical
testing for which MED-4840 was used; Nusil). Rings and segments were fabricated using
single-cavity molds and a laboratory-scale injection molding apparatus designed and built in
house. The two-component silicone was mixed during injection into the heated mold under
vacuum and cured at 150° C for 10 min. Following demolding, delivery channels of 0.35–
2.5 mm diameter were created by mechanical punching in the bottom of each pod cavity. All
delivery channels were of 1.8 mm in length, extending from the bottom of the pod cavity
through the silicone material to the ring surface. The delivery channel diameter for each
cavity was determined by the drug and desired release rate. Sprue material and any flashing
were trimmed with a razor knife, and the silicone cleaned with ethanol to remove debris
from the molding process.

IVR Assembly
Completed rings and ring segments were assembled from pods and an empty silicone ring or
segment as illustrated in Figure 1. Each delivery channel was photographically imaged at
40× magnification using a Nikon BH-2 microscope (Nikon USA, Melville, NY) with a
digital camera (Nikon Coolpix 995), and the delivery channel area determined from the
image using the ImageJ (National Institutes of Health, Bethesda, MD)41,42 software
package. All images were acquired under the same magnification, and an image of a
precision ruled slide (Edmund Optics, Barrington, New Jersey) was identically acquired for
calibration of pixel size in the image. Drug pods were placed in each cavity, flush against
the delivery channel, and sealed in place by backfilling the pod cavity with a small amount
of room temperature cure silicone (MED1-4213; Nusil). Unused pod cavities were filled
with a solid silicone plug (3.2 mm diameter × 4 mm high) and sealed with a backfill as
described above.

In Vitro Dissolution
Dissolution studies to measure the in vitro release of TFV and ACV from single-drug and
multidrug systems were carried out on both ring segments and full rings. A simplified
vaginal fluid simulant (VFS) recipe was adapted from Owen,43 and consisted of 25 mM
acetate buffer (pH 4.2) with NaCl added to 220 mOs. For all in vitro release studies, the
rings or segments were placed in glass jars containing 100 mL VFS at 25 ± 2°C and with
shaking at 60 rpm on an orbital shaker. The concentration of TFV or ACV in the release
medium was measured as a function of time by HPLC for cumulative release experiments of
single drug and TFV–ACV IVRs and by UV–visible absorption spectroscopy for studies of
release rate versus delivery channel size and number of pods. Chromatographic analysis was
carried out on a 1050 HPLC (Agilent, Santa Clara, CA) with diode-array detection, using an
Agilent Zorbax Eclipse XDB C-18 column (4.6 × 150 mm2, 5 µm packing). A gradient
method of from 90:10 A–B to 50:50 A–B (A, 20 mM pH 2.5 phosphate buffer; B, methanol)
at 1 mL min−1 flow and 10 µL injection volume was used. Concentration was determined
from integrated peak area using a calibration curve obtained with five standards of known
concentration of TFV or ACV in vSF. Absorption spectrophotometric measurements were
carried out using a UV-2401PC dual-beam spectrophotometer (Shimadzu, Columbia, MD).
The concentration of active pharmaceutical ingredient (API) in the release solution was
calculated using the Beer–Lambert law. The absorption coefficients were obtained from
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spectra of five standard TFV or ACV solutions of known concentration spanning the range
encountered during dissolution experiments.

Mechanical Testing
The tensile strength, elongation, compression strength, and twisting during compression
were determined using methods adapted from ASTM D224044 and ISO 8009,45 with
modifications based on the differences between IVRs and diaphragms. Mechanical testing
methods and results are given in the Supporting Information.

RESULTS
IVR Fabrication

The ring platform for delivery of TFV and ACV is of a “pod” design. A core of TFV or
ACV is coated with a layer of semipermeable PLA polymer to form a drug pod. Drug pods
are incorporated into a silicone IVR or IVR segment with a delivery channel exposing a
portion of the pod to the vaginal fluid. Three different IVR configurations have been
prepared: human rings, macaque rings, and ring segments suitable for rabbit in vivo studies.
The dimensions of each are given in Table 1 along with the range of possible drug loadings.
Pods in an IVR or IVR segment may be identical or composed of different drugs. Figure 1
shows photographs of a rabbit-sized IVR segment with one TFV and one ACV pod, a
macaque-sized IVR with four TFV pods, and a human-sized IVR with two TFV pods and
two ACV pods.

Solid cores of TFV and ACV in the mass range 8–40 mg were produced using a hand press
method, with 16 mg chosen as the TFV and ACV core size for the studies reported here. For
a sample of 10 TFV and 10 ACV cores, the mass was consistent (16 ± 0.1 mg) for 3.2 mm
diameter × 2 mm height cores. Cores were coated with a PLA “release polymer” that serves
as a membrane to control the diffusion of dissolved drug from the core into the delivery
channel. Manufacturing of the empty silicone IVR was carried out using a custom-made,
laboratory-scale injection molding system.

Pods and empty silicone rings are assembled as illustrated in Figures 1 and 2. Delivery
channels are formed with a mechanical punch, and are located in the center of the pod cavity
as shown in Figure 1d. Delivery channels were of uniform and reproducible size. Delivery
channel size is described either as a channel diameter or as a cross-sectional area. All
delivery channels are of 1.8 mm in length. For a 1 mm diameter target channel size, the
delivery channel area for a set of 20 ring segments calculated from a 40× magnification
digital image of the channel was 0.736 ± 0.031 mm2. This corresponds to an actual delivery
channel diameter of 0.96 mm.

In Vitro Release
in vitro release for single-drug IVRs was obtained for both TFV and ACV as shown in
Figure 3. Pseudo-zero-order release rates of 115 ± 14 µg day−1 for TFV (mean ± SD, N = 4)
and 133 ± 15 µg day−1 for ACV (mean ± SD, N = 3) were obtained over 28 days. All release
rates were calculated from the slope of a linear fit to the cumulative release plot. The IVRs
each contained five identical PLA-coated pods with 1.0 mm delivery channels for TFV and
1.5 mm delivery channels for ACV, and were designed to release either TFV or ACV at the
same rate. Figure 4 shows simultaneous release over 25 days of TFV and ACV from an IVR
containing five pods of each drug. The target release rate for each drug was the same as the
rate for the single-drug IVRs given above. Release rates of 144 ± 10 µg day−1 for TFV and
120 ± 19 µg day−1 for ACV were obtained (mean ± SD, N = 4), and release was pseudo-
zero-order over the 25 days. The day 0 concentration was obtained 1 h following placement
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of the IVR in the release medium. For TFV in Figure 4, the non-zero day 0 TFV value is
from one IVR of the lot exhibiting a TFV release of 500 µg after 1 hour. This is most likely
due to rapid dissolution of residual TFV powder in one or more of the IVR pod cavities,
possibly from an incomplete or damaged PLA coating. A lag in initial in vitro release of up
to 3 days was observed for both the single-drug pod IVRs and the TFV–ACV pod IVR. This
lag is typically observed for in vitro release studies in vFS and water, but is not observed
during in vivo studies of pod IVRs releasing TFV in sheep46 and ACV in rabbits40 and
humans39 where levels of TFV and ACV, respectively, were established in cervi- covaginal
fluid on day 1 following IVR insertion (the first postinsertion measurement point).

The release rate for a given drug from the pod-IVR design is determined by the size of the
delivery channels, the number of pods per ring, and the pod coating material and thickness.
Figure 5 shows the daily release rate of TFV and ACV as a function of delivery channel area
for ring segments containing a single drug pod with one delivery channel of varying size.
These are the measured areas that correspond to delivery channels of diameter 0.35–2.0 mm.
For TFV, a release rate range of 1.7–334 :g day−1 is obtained by varying the delivery
channel size; for ACV, a range of 6.4–81 µg day−1 is obtained. The total drug release rate
from pod IVRs may also be modulated by changing the number of pods per ring. Figure 6
shows daily release rate of TFV from a set of IVRs as a function of the number of TFV
pods. For a human-sized IVR with a maximum of 10 pods per ring, this allows incremental
variation of the release rate of a single drug over a one log range simply by changing the
number of pods in the ring.

DISCUSSION
Pod-IVR Design

Conventional IVR designs have typically followed one of two formats. Matrix IVRs contain
the drug either dissolved in or homogeneously dispersed as amorphous or crystalline solids
throughout the polymeric matrix. Reservoir IVRs consist of a drug-loaded polymer “core”
layer similar to a matrix ring covered by an outer nonmedicated polymer layer or layers to
control drug release.21 The “pod IVR” design described here is novel as it consists of
polymer-coated solid drug cores, referred to as pods, positioned in the unmedicated ring. In
the current iteration, one to 10 pods of up to 40 mg each can be loaded into a single pod
IVR, enabling total drug loadings of up to 400 mg per ring. The drug release rates from the
IVRs are de- termined by the pods’ nonmedicated, biocompatible polymer membrane and by
the characteristics of the delivery channels in the impermeable IVR structure. These
parameters allow sustained drug release from each pod in the IVR to be independently
controlled with pseudo-zero-order kinetics. The modular design features have three
important implications: (a) the release rate from each pod can be titrated over a wide
dynamic range as needed for a particular indication (Table 1); (b) drugs with high water
solubility (e.g., TFV and ACV) can be released with linear daily rates and no initial burst,
something that has proven to be challenging using conventional designs21; and (c) up to 10
different drugs can be released from a single IVR, each with independently controlled, linear
release rates. Additionally, the sustained release is independent of the ring material, offering
flexibility in polymer choice that may be important for future large-scale production.

In Vitro Release
The in vitro release studies suggest that the relatively hydrophilic drug substances TFV (log
P = −2.3)24 and ACV (log P = −1.59)47 may be delivered intravaginally from pod IVRs.
Most IVRs delivering microbicides are of the matrix design and have a uniform drug
loading throughout the entire ring. This approach has been successful for the in-travaginal
delivery of hydrophobic microbicides such as dapivirine23,28–31 and hormones for
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contraception and treatment of postmenopausal conditions,48 but has been mostly
unsuccessful in the delivery of hydrophilic compounds. Han et al.27 reported acacia gum and
methacrylate IVRs that release the antiretroviral AZT over 28 days in vitro. Johnson et al.24

developed a dual-segment polyurethane IVR that delivers both TFV and dapivirine in vitro,
but the release of TFV is nonlinear, and only limited control of the release rate is possible
through varying the drug loading in the polyurethane. An alternative approach wherein the
release characteristics are independent of the ring itself is delivery of hydrophilic peptide-
based microbicides from a rod and tablet insert ring design (InVR).49 In the InVR, the ring
serves only as a carrier, and the microbicides are released from rods or tablets containing
directly compressed or lyophilized peptide, potentially either solid or in a matrix. Because
release is accomplished by diffusion out of a matrix or solid rod, sustained linear release is
not observed. Furthermore, drug loading is a principal determinant of release rate,
diminishing the dosing flexibility of the InVR.

The pod IVRs described here allow extensive tuning of the release rate of multiple drugs in
an independent fashion. Numerous parameters contribute to the final release rate: drug
properties (solubility and hydrophobicity), polymer coating material and thickness, delivery
channel size and number of channels per pod, and number of drug pods. In the development
of a pod IVR, an initial release rate target is selected based on known efficacy, if available.
For TFV, the initial target is a release rate expected to provide more than 1000 ng mL−1 in
cervicovaginal fluids, the level demonstrating effectiveness in prevention of HIV
transmission for 1% TFV gel.50 For ACV, an initial target release rate to provide 500–1000
ng mL−1 in cervicovaginal lavage was chosen to be similar to those obtained with oral
dosing of the ACV prodrug valacyclovir.39 The polymer coating material is selected based
on the solubility and hydrophilicity of the drug to allow access to a range of release rates
about the initial target. In the case of relatively hydrophilic TFV and ACV, PLA was found
to be a suitable release polymer. Next, the delivery channel size and number of channels are
chosen to obtain a desired release rate per pod, and the number of pods per ring selected to
achieve the final desired in vitro release rate. The release rate dependence on delivery
channel size is illustrated in Figure 5 for single-pod ring segments containing PLA-coated
TFV and ACV. The release can be varied from 3 to 81 µg day−1 for ACV and from 2 to 334
µg day−1 for TFV for single pods. Combinations of delivery channel size (Figure 5) and total
number of pods (Figure 6) allow a wide range of release rates to be achieved. Because the
delivery window size, number of pods of each drug, and PLA polymer coatings are the same
for the single-drug rings and the TFV–ACV combination ring, the release rate of each drug
theoretically should be identical. The difference in the release rates observed in Figures 3
and 4 is due to variability in tablet compression and polymer thickness from the manual-
press tableting and hand-coating procedures. Variation in the dissolution rates within
batches of pods fabricated using the scaled-up production methods described below is
significantly less than that observed for variation between pods prepared as described here,
and this improvement will lead to more consistent release rates for batches of manufactured
pod IVRs. The ability to easily modulate the release rate from pod IVRs simply by changing
the delivery channel size and number of pods is of particular importance to the development
of IVR delivery of microbicides. Currently, no efficacy data in either clinical trials or animal
models exist for IVR-delivered microbicides for HIV or HSV-2 prophylaxis, and necessary
microbicide doses have yet to be determined.21

The pod IVR was designed specifically to allow the simultaneous delivery of multiple drugs
with independent control of release rate. The Nuvaring® (Merck, Whitehouse Station, NJ) is
a commercially available multidrug ring of the reservoir design that delivers two
contraceptive hormones: ethinyl estradiol at 15 µg day−1 and etonogestrel at 120 µg day−1.51

Simultaneous in vitro release of the antiretroviral UC781 and contraceptive hormone
levonorgestrel from an EVA matrix ring has also been reported.26 The release rates of the
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two drugs in each of these IVRs are not independently controlled, but rely on the relative
diffusion rates of each hormone through the drug-loaded EVA matrix and, for the
Nuvaring®, across the outer nonloaded EVA sheath. Any change in the ring to modify the
release rate of one drug will affect the other drug as well; thus, this approach is only
applicable to combinations of chemically similar compounds that are to be delivered at
similar rates, or to differing compounds whose relative diffusion rates through the matrix
material happen to correspond to the desired release rates. An alternative approach by
Johnson et al.24 was to fabricate a polyurethane matrix IVR composed of two separate
segments joined together to form a ring. Each segment delivers a different drug, with one
hydrophilic polyurethane segment releasing TFV and one hydrophobic polyurethane
segment releasing dapivirine. Release from each segment is independent of the other(s), and
release rate may be controlled by the loading of the drug in the polyurethane matrix and the
polymer composition. The ability to tune release rates in this system, however, is limited and
requires modification of the chemical and physical composition of the matrix polymer. For
pod IVRs as described here, the release rate from each pod is controlled independently,
theoretically allowing for as many as 10 different drugs to be released, each at its own
predetermined rate. The release rate is not dependent on diffusion of the drug through the
silicone ring material, but only on diffusion through physical channels in the ring and on the
thickness and material characteristics of the polymer coating on the pod. Modification of the
release rate on a per-pod basis is accomplished simply by changing the delivery channel size
and number of channels, providing precise dose selection.

IVR Manufacturability
Advancement of IVR devices from the research phase to clinical phase III trials is crucially
dependent on the IVR manufacturability. Contract manufacturers of IVR formulations are
not readily available, and existing organizations for injection molding or extrusion typically
do not have the capability for handling API as required for fabrication of these IVR
designs.21 The pod-IVR fabrication method described here has been developed specifically
to allow facile scale-up of production from research-scale lots (20–100 rings) to Good
Manufacturing Practice (GMP)-manufactured clinical trial quantities (1000–50,000 rings),
and ultimately to GMP production quantities (1,000,000+ rings). This is accomplished by
separating the ring fabrication process into three distinct steps: fabrication of pods, injection
molding of empty rings, and final ring assembly. The pod fabrication described here
involves tableting using a manual press and individual hand coating of each tablet, and both
of these processes may be directly transferred to traditional pharmaceutical production
processes: tableting using wet or dry granulation and a tablet press to produce drug cores,
and pan or fluidized-bed coating to apply the PLA polymer. Similarly, the empty silicone
rings are manufactured by a standard injection-molding process. Both of these steps utilize
mature technology that is routinely applied to manufacture of oral-dosage pills and silicone
medical devices. A large number of contract GMP manufacturers are available for both pod
fabrication and injection molding. The assembly step requires more development, but is
amenable to technology commonly used in medical device industries including mechanical
punching (for delivery channel production), pick-and-place assembly (for pod insertion into
the ring), and machine vision and inspection. Initial scale-up of assembly to clinical trial lots
of approximately 1000 rings will use primarily hand assembly with 100% inspection.
Automation of delivery channel punching, pod insertion, and silicone backfilling should
allow production quantities in the hundreds of thousands to millions. Pod production and
ring molding on a clinical-lot scale is currently being carried out in partnership with two
contract manufacturers, and the development of the scaled-up assembly process is underway
with a contract medical device manufacturer.

Baum et al. Page 8

J Pharm Sci. Author manuscript; available in PMC 2013 December 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



An additional advantage to the pod-IVR fabrication is that, unlike the manufacturing process
for matrix rings wherein the API is dispersed in the ring material prior to the injection
molding or extrusion process, this method avoids the need to carry out an injection molding
step with API present in the molds. This is important for the following two reasons: (1) API
is not subjected to the elevated (120–17°C) temperatures of the injection molding process
and (2) this method greatly simplifies the scale-up of ring production as standard GMP
injection molding processes may be employed, alleviating the need for the injection molding
facility to work with the drug substance.

Mechanical Properties
Tests of mechanical properties were derived from ISO 8009, “Mechanical contraceptives—
Reusable natural and silicone contraceptive diaphragms,” with modifications based on the
differences between IVRs and diaphragms. Where acceptance criteria from ISO 8009 were
not applicable to IVRs, an identical set of tests were carried out on one sample of the
Estring© (Pfizer, New York, NY), an approved and commercially available silicone-based
IVR product of similar shape and size, as a direct comparison with the pod IVR. Mechanical
tests were carried out using IVRs molded from Nusil MED-4840 LSR to directly compare
results with the Estring©. Durometer, measured according to ASTM D2240-05, for all rings
was 40 ± 1.7, well within the acceptance criteria of 40 ± 5. This is typical for LSR injection
molded parts. Consistency in durometer is important as this determines the amount of
tension provided by the compressed ring, and hence, dictates both how well the ring is held
in place and the comfort of the ring. Compression resistance was determined by
compressing the ring vertically using a 128 g mass and measuring the amount of
compression (in mm) of the ring diameter under load. The mass 128 g was chosen so as to
compress the ring between 55% and 85% of its original diameter, the same amount of
compression specified in ISO 8009 for diaphragms. Because diaphragms contain a wire
spring in the ring, they are much harder to compress than pure silicone rings. Accordingly,
the ISO 8009 guideline of 290 g load mass was reduced to 128 g for these tests to yield the
same percentage of compression.

The ISO guidelines for diaphragms recommend no more than 20° twist; however, this
guideline is not applicable to vaginal rings because they do not have the “cap” portion of the
diaphragm, which limits rotation. The twist angle of pod IVRs was compared with the
Estring©, noting that the Estring© rotation of 55° is ∼3× the rotation allowed for a
diaphragm by ISO 8009. The average twist angle for pod IVRs is 62%. The primary concern
with IVR retention and comfort is that the ring maintains its elasticity (resistance to
compression) throughout the period of use so that it can maintain appropriate pressure on the
vaginal walls to be retained, yet not be so stiff as to be uncomfortable. This twisting
evaluation was designed for a diaphragm that has a small diameter silicone ring containing a
wire for compression stiffness. In this case, twisting can cause a permanent buckling of the
wire, deforming the diaphragm and causing loss of effectiveness as a barrier contraceptive.
For IVRs, this is not a concern. In the IVR case, the return to original diameter under
repeated compression, twisting, and compression under load are the critical parameters, and
these tests show for pod IVRs that they remain intact and retain their original dimensions
and elasticity under all test conditions.

CONCLUSIONS
The novel pod-IVR design presented here provides a platform for the intravaginal delivery
of multiple microbicide compounds for HIV and HSV prophylaxis. in vitro release studies
demonstrate the sustained release of two candidate microbicides, TFV and ACV, at
predetermined rates that are controlled over more than three orders of magnitude.
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Simultaneous release of TFV and ACV from a single IVR was demonstrated over 25 days in
vitro, with independent control of the release rate of each drug. The pod-IVR design allows
selection of release rate through modification of multiple IVR parameters, and the platform
is easily adapted to release different drugs with varying physicochemical properties. The
ability to deliver multiple microbicides is important both in terms of efficacy of prophylaxis
and in reducing the emergence of drug resistance.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Photographs of (a) human ring with two TFV and two ACV pods and one delivery channel
per pod; (b) macaque ring with four TFV pods and three delivery channels per pod (arrows
denote the three delivery windows for one of the four pods); (c) rabbit ring segment with
one TFV and one ACV pod, one delivery channel per pod; and (d) close-up of delivery
channel and ACV pod in human ring.
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Figure 2.
(a) Cross-sectional view of a blank silicone pod-IVR, 1, showing an empty pod cavity, 2,
and delivery channel, 3. The delivery channel length is 1.8 mm and the diameter, d, can be
varied from 0.3 to 2.0 mm; (b) Cross-sectional view of assembled pod IVR showing
polymer-coated pod, 4, placed in the pod cavity and abutting the delivery channel. The pod
is sealed in place with a silicone backfill, 5.
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Figure 3.
Plot of average cumulative release of TFV (circles) and ACV (squares) into VFS from
single-drug IVRs containing five drug pods each. The pods were PLA coated, and the
delivery channels for TFV are 1.0 mm and for ACV 1.5 mm. The daily release rate (mean ±
SD) for the TFV rings is 115 ± 14 µg day−1 (N= 4, linear fit R2= 0.999) and for ACV is 133
± 15 µg day−1(N= 3, linear fit R2= 0.998).
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Figure 4.
Plot of average cumulative release of TFV (circles) and ACV (squares) into VFS from
multiple-drug IVRs containing five pods of ACV and five pods of TFV in a single ring. The
pods were PLA coated, and the delivery channels for TFV are 1.0 mm and for ACV 1.5 mm.
The daily release rate (mean ± SD) for TFV is 144 ± 10 µg day−1 (N= 4, linear fit R2=
0.999) and for ACV is 120 ± 19 µg day−1 (N= 4, linear fit R2= 0.998).
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Figure 5.
Average daily release rate versus delivery channel area for TFV (circles) and ACV
(squares). Release of TFV or ACV from IVR segments containing a single PLA-coated pod
per ring and single delivery channel per pod into VFS was measured over 14 days, and the
release rate calculated from the slope of the linear fit to the cumulative release data (N = 4
IVRs per delivery channel size).
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Figure 6.
Daily in vitro release rate as a function of number of TFV pods per ring. For all rings, 16 mg
TFV drug cores were coated with PLA and had a single 1.0 mm delivery channel per pod.
Release of TFV into VFS was measured over 15 days (one, three, and 10 pods per ring) or
28 days (five pods per ring), and the release rate calculated from the slope of the linear fit to
the cumulative release data (N = 5 IVRs per # pods per ring).
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