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Vaginal pre-exposure prophylaxis has focused heavily on gel formulations. Low adherence linked with
frequent dosing and short therapeutic duration has emerged as the major reason for inconsistent efficacy
outcomes with gels in clinical trials. Osmotic pumps can achieve versatile drug release profiles however,
have not been explored for vaginal delivery. In this report, we describe an osmotic pump tablet (OPT) that
can deliver antiretrovirals for several days. We also describe configuring the OPT for pH sensitive delivery
where the drug delivery system consistently delivers an antiretroviral at vaginal pH and then gives a
burst release triggered by a coitally associated pH increase. We have investigated the vaginal OPT for
multiple day delivery of a potent antiretroviral, IQP-0528 in a sheep model. To effectively register spatial
drug distribution we also engineered a tool to precisely collect multiple vaginal fluid samples. In a 10-day
duration post single application, high micromolar mucosal levels were obtained with peak concentration
more than 6 logs higher than the EC50 of IQP-0528. Overall, our results show successful implementation
of the osmotic pump technology for vaginal antiretroviral delivery.

� 2013 Elsevier B.V. All rights reserved.
The pre-exposure prophylaxis (PrEP) drug delivery system
(DDS) portfolio is dominated by short-acting coitally associated
gel formulations and long-acting intravaginal rings. Currently the
field lacks antiretroviral (ARV) delivery systems that can be used
‘on-demand’ and with durations between that of gels and intrava-
ginal rings. While ‘on demand’ vaginal tablets can be an alternative
with higher user acceptance compared to gels (Minkin et al., 2013;
Rioux et al., 2000), they have been less explored as HIV prevention
technology platforms. Vaginal tablets can be manufactured easily
using standard tabletting equipment, are suitable for formulation
of water-sensitive drugs and can have long term stability without
cold-chain storage requirements (Adams and Kashuba, 2012).
However, a common problem among conventional vaginal tablets
and gels is the short duration of pharmacokinetics (PK) for most
drugs (an exception is Class I drugs (Amidon et al., 1995) with high
intracellular half-lives); therefore, they require repeated dosing to
ensure consistently protective drug levels. Frequent administration
and the potentially associated low adherence ultimately may im-
pact the performance of topical PrEP agents in clinical trials (Mar-
razzo et al., 2013). Therefore, we investigated the use of a medium-
duration elementary osmotic pump tablet (OPT) that can actively
and in a controlled manner deliver topical AVR for one to multiple
days after a single intravaginal application. This, to our knowledge,
is the first reported work on the use of an osmotic pump for topical
vaginal drug delivery.

The underlying mechanism behind osmotic pump technology
has not changed despite the large amount of work on the design
and application in oral and implantable drug delivery (Theeuwes,
1975). Drug release rate from these systems is typically a function
of rate of water entry into the device due to an osmotic pressure
gradient between the device core and the environment (Theeuwes
and Yum, 1976). The osmotic pressure difference can be controlled
by the nature and concentration of the osmotic agent, the water
vapor transmission rate (P) of the semipermeable membrane
(SPM) and geometry of the drug delivery orifices (Fig. 1a). The
interplay between these properties aids in achieving controlled
zero order drug release for timed durations. Unless inserted as im-
plants, osmotic pumps are currently utilized for 24-h controlled
oral delivery (Herrlich et al., 2012; Malaterre et al., 2009). We
are uncertain why there are no reports on osmotic tablets for vag-
inal delivery but perhaps researchers assumed there was limited
fluid to drive the drug release. Therefore, to achieve multiple day
drug delivery, we modified the OPT to ensure retention in the vag-
inal tract for extended durations by designing an OPT, coated with
a bioadhesive polymer (Grabovac et al., 2005), that delivers a vis-
cous gel. The gel, we hypothesized, might aid in retaining the for-
mulation in the vaginal canal and may improve drug distribution in
the vaginal tract. Our approach utilized a semi-solid gel forming
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polymer, hydroxypropyl cellulose (HPC) as the osmoattractant core
instead of NaCl or polyethylene glycol. The high molecular weight
of this gel-forming polymer is unlikely to cause osmotic stresses to
mucosal tissues unlike other systems that have high salt concen-
trations. Water is driven into the HPC core resulting in polymer
swelling and extrusion of a vaginal gel through the orifice and
delivery of drug in the vaginal canal (Fig. 1a).

In this report we describe the fabrication of a multi-day intrav-
aginal OPT for delivery of IQP-0528, a pyrimidinedione, with po-
tent nanomolar non-nucleoside reverse transcriptase and entry
inhibition activity (Buckheit et al., 2008; Johnson et al., 2012),
and its evaluation in the sheep vaginal model. Vaginal fluid sam-
ples were collected using a multiswab device to determine spatial
drug distribution by placing several circular sponges at precise
positions along a penis shaped rod. This allowed us to map the
drug distribution in the vaginal tract as a function of time and dis-
tance. In addition, the ability of IQP-0528 present in vaginal swabs
to inhibit HIV-1 infection was evaluated in vitro.

Vaginal tablets with 10 wt.% IQP-0528 in HPC matrix were fab-
ricated using a standard pellet press, spray-coated with SPM form-
ing polymers, cellulose acetate phthalate (CAP) (Daugherity and
Nause, 2009b) or cellulose acetate (CA) (Daugherity and Nause,
2009a) and a drug delivery orifice was manually drilled (S.
Fig. 1). CAP, an enteric coating polymer is insoluble at the approx-
imate vaginal pH 4, but is soluble at seminal pH of 6–8 (Daugherity
and Nause, 2009b), a feature we utilized for engineering a semen-
triggered burst drug release system. Samples were tested for
in vitro drug elution under simulated vaginal conditions. Next,
two uncoated tablets (N = 3) or CA-OPT (N = 5) were administered
in adult female sheep using a custom-designed applicator (Supple-
mentary methods). To study vaginal drug distribution, we engi-
neered a multiswab device (S. Fig. 2) to allow us to collect
spatially registered vaginal fluid samples at varying time-points
up to 10 days. Vaginal swabs were tested for drug levels and anti-
viral activity (Supplementary methods).
Fig. 1. In vitro IQP-0528 release from OPT. (a) Diagram showing working of an OPT
(HPC + Drug) due to osmotic pressure difference, causing polymer swelling and extrusion
OPT in release media at pH 4.2 (upper panel) and >6 (lower panel). Extrusion of a dye-lo
was instantaneously seen to dissolve leaving a gelled core. (c) Daily and (d) cumulative re
vaginal conditions) followed by mimicking pH increase by changing release media to se
To study the advantage of an OPT over conventional tablet for-
mulations, we maintained an identical core composition (S. Fig. 1;
8.4 ± 0.6 wt.%, N = 10). As expected, uncoated tablets exhibited fas-
ter swelling with almost complete drug dissolution (91.8 ± 4.1%
(N = 5) in 48 h; S. Fig. 3a). In contrast, OPTs showed multi-day
IQP-0528 release in vitro. Slow drug release was noted early on
with 0.9 ± 0.06 mg (10.7 ± 0.7%) and 0.4 ± 0.09 mg (4.6 ± 1%) drug
released on day 1 from CA- and CAP-OPTs respectively. A total of
29.5 ± 8.4% (N = 4) and 47.1 ± 3.3% (N = 6) [P = 0.0015] of the drug
load was delivered by day 10 from CA- and CAP-OPTs, respectively.
(Fig. 1c and d) The variation in the amount of drug released was
significantly different and can be attributed to the difference in
the water vapor transmission rate (P) of the two membranes. Since
membrane thickness and area, and orifice area were constant for
both the OPTs, the membrane permeability will control water up-
take by the core and resulting drug release (PCAP = 0.52 g m�2/24 h
or 0.002 mg cm�2h�1 and PCA = 5 mg cm�2h�1 (Crawford and
Esmerian, 1971; Sprockel et al., 1990). Although the data indicated
that release could have continued for more than 10 days we be-
lieve that short to medium duration delivery systems that last on
the order of 2–5 days will be of the most utility in the HIV preven-
tion field.

Semen can cause a large pH change in the vaginal canal that can
be used to design semen triggered release of drugs (Clark et al.,
2011; Gupta et al., 2007; Zhang et al., 2013). To test the suitability
of the CAP-OPT as a semen-triggered DDS we changed the release
media from acetate buffer pH 4.2 (simulated vaginal conditions) to
seminal fluid simulant pH 7.6 on day 10. Dissolution of the CAP
coating occurred within minutes of the pH change, exposing a
gel core followed by 49% of the drug load being delivered in the
next 2.5 days amounting to 97% total drug release (Fig. 1d). To
visualize the working of the CAP-OPT, we formulated a yellow
dye-loaded HPC core with a rhodamine B-CAP coating (Fig. 1b). A
bright yellow gel labeled with the dye was seen to extrude out of
the drug delivery orifice under osmotic forces when the system
. Water is driven through the semipermeable membrane (CA/CAP) into the core
of a drug loaded gel though the orifice. (b) Photograph showing a dye loaded CAP-

aded gel can be seen within the first hour. Upon increase in pH > 6, the CAP coating
lease of IQP-0528 from CAP- and CA-OPT in 25 mM acetate buffer pH 4.2 (simulated
minal fluid simulant (SFS) pH 7.6 (N = 3; Mean ± SD).



Fig. 2. IQP-0528 release from CA-OPT in vivo. (a) IQP-0528 concentrations in sheep vaginal fluid collected using multiswab device (S. Fig. 2) at two locations, 11 and 5 cm
from the introitus (N = 5). The bars represent the mean and the dotted line represents the LLOQ (0.1 lg/mL). Drug concentrations below the LLOQ was plotted as 1/10th the
calculated LLOQ for that sample. (b) The ability of vaginal swabs from 3 animals treated with CA-OPTs to inhibit HIV-1BaL infection was assessed in TZM-bl cells. Results are
presented as percentage inhibition of infection relative to control wells and each data point represents the average of 2 experiments conducted in triplicate (N = 3 animals and
2 swabs/animal).
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was placed in media (pH 4.2; Fig. 1b upper panel). Change in pH to
>6 resulted in rapid dissolution of the CAP SPM, exposing the hy-
drated gel core (Fig. 1b lower panel).

We further evaluated IQP-0528 vaginal distribution from un-
coated tablets (N = 3) and CA-OPT (N = 5) in the sheep model.
Due to lack of a convenient animal model where vaginal pH is in
the acidic range, we were unable to study pH triggered release
from the CAP-OPT in vivo. Spatially registered swabs were col-
lected at 11 and 5 cm from the introitus using the multiswab de-
vice. (S. Fig. 2) Intravaginal administration of 2 uncoated tablets
per animal resulted in Cmax of 3.5 lg/mL (mean; range 12–
0.04 lg/mL) and 0.6 lg/mL (mean; range 2.9–0.02 lg/mL) distal
and proximal to the introitus respectively, at 6 h (N = 3) with no
drug detected by 48 h (S. Fig. 3b). In the first CA-OPT study
(N = 3), only 1/6 OPTs inserted were retained in the first 6 h. We
attribute this finding to the small amounts of gel released early
on being insufficient to retain these systems in the canal. Thus to
increase retention, we asymmetrically dip-coated the face of the
OPT opposite to the orifice with Carbopol 974P (3 wt.% in metha-
nol) followed by 24-h vacuum drying and wetted the OPTs before
insertion. This CA-OPT formulation resulted in an average IQP-
0528 concentration of 145 lg/mL in a 10-day application (N = 5).
The drug was well distributed in the vaginal tract with 152 lg/
mL (mean, range 1176.3–0.001 lg/mL) at 11 cm and 137.2 lg/mL
(mean, range 1404–0.003 lg/mL) at 5 cm from the introitus. Peak
drug levels were noted on day 1, 309.3 lg/mL (mean, range
1087.3–0.3 lg/mL) distal and 420 lg/mL (mean, range 1404–
0.05 lg/mL) proximal to the introitus. (Fig. 2a) Similar to drug lev-
els, the antiviral activity of the material eluted from the swabs
showed high variability, but except for 1 swab collected at 11 cm
on day 2, all samples were above the EC50 (range 105–2 � EC50)
with the Cmax greater than 106 � EC50 (Fig. 2b). Vaginal secretions
from 2/3 animals showed greater than 50% inhibition for the first
3 days of OPT administration with samples from animal 2 resulting
in HIV-1BaL inhibition for the complete 10-day duration. Overall,
samples with high drug concentrations showed potent antiviral
activity.

Overall, we present a medium duration vaginal DDS that can be
tailored for topical PrEP. This is exemplified by the CA-OPT that
provides continuous protective mucosal drug concentrations. Since
infected semen is a major source of HIV-1 sexual transmission
(Royce et al., 1997), we also present the concept of semen-trig-
gered drug delivery by utilizing a pH sensitive coating; the CAP-
OPT generated sustained vaginal drug levels followed by high
IQP-0528 concentrations upon a simulated coitally-associated pH
change. We have shown extended drug PK from the CA-OPT over
uncoated tablet formulations. Furthermore, this gel delivering
OPT assists in drug distribution in the vaginal canal resulting in
high AVR concentrations all throughout the reproductive tract.

Topical PrEP needs practical ARV eluting delivery systems that
increase adherence and generate protective drug PK. This is the
first proof-of-concept study exploring the potential of osmotic
pump technology for drug delivery to the reproductive tract for ex-
tended durations. We have shown the tunability of this technology
for designing ‘on-demand’ vaginal antiretroviral delivery. Nonethe-
less this platform can also replace gels for other conditions, exam-
ple, cervical ripening (Swamy, 2012) where high drug
concentrations have to be achieved locally for short to moderate
durations. Our further OPT designs will be directed at modeling
and modifying these systems to deliver ARV for 2–5 days by chang-
ing parameters such as SPM thickness, orifice area, tablet geometry
and ARV identity and loading. Further, we will explore approaches
to improve vaginal retention, for example, tablet convexity to in-
crease contact area and alternate mucoadhesive SPM coatings. Fi-
nally, a priority is to conduct more detailed studies to determine
PK and safety in non-human primates that include both fluid and
tissue sampling.

Acknowledgements

The work was supported by grant funded by National Institutes
of Health Grant U19 AI076980. We want to thank Drs. D.R. Friend
and M.R. Clark for organizing the 2013 CONRAD MPT workshop
where this work was first presented.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.antiviral.2013.
08.007.
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