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Abstract Dapivirine, a non-nucleoside reverse transcriptase
inhibitor, is a potent and promising anti-HIV molecule. It is
currently being investigated for use as a vaginal microbicide
in two-dosage forms, a semi-solid gel and a silicone elastomer
ring. Quick-dissolving films are promising and attractive
dosage forms that may provide an alternative platform for the
vaginal delivery ofmicrobicide drug candidates. Vaginal films
may provide advantages such as discreet use, no product
leakage during use, lack of requirement for an applicator for
insertion, rapid drug release, and minimal packaging and
reduced wastage. Within this study, the in vitro bioactivity of
dapivirine as compared with the non-nucleoside reverse
transcriptase inhibitor UC781 was further established, and a
quick dissolve film was developed for vaginal application of
dapivirine for prevention of HIV infection. The developed

film was characterized with respect to its physical and
chemical attributes including water content, mechanical
strength, drug release profile, permeability, compatibility with
lactobacilli, and bioactivity. The anti-HIV activity of the
formulated dapivirine film was confirmed in in vitro and ex
vivo models. Importantly, the physical and chemical proper-
ties of the film as well as its bioactivity were maintained for a
period of 18 months. In conclusion, a vaginal film containing
dapivirine was developed and characterized. The film was
shown to prevent HIV-1 infection in vitro and ex vivo and
have acceptable characteristics which make this film a
promising candidate for testing as vaginal microbicide.
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Introduction

During 2009, 2.6 million people became infected with HIV
with 1.8 million deaths resulting in that year from AIDS-
related cases [1]. Prevention strategies of HIV infection,
such as condom use, were not proven to be effective as
their use may be restricted by social and cultural normality.
Thus, a method for prevention of HIV transmission is
required to alter the negative impact of this epidemic. Since
heterosexual transmission is the major pathway of HIV
transmission, prevention methods such as microbicide
products may provide an important tool in combating the
spread of infection. Microbicide products are being devel-
oped for use vaginally or rectally to prevent sexual
transmission of HIV-1 [2].

Microbicides can be classified by their mode of action
into non-specific and HIV-specific. The HIV-specific
microbicides include entry, fusion, integrase, and reverse
transcriptase inhibitors [3, 4]. In clinical trials, microbicide
candidate products such as nonoxynol-9, Carraguard, and
PRO2000 failed either due to damage to the vaginal
epithelium resulting in increased infection in women using
the product or lack of efficacy [5–7]. In 2010, the Center
for AIDS Program of Research in South Africa (CAPRISA)
004 trial evaluated the effectiveness and safety of a 1%
tenofovir vaginal gel product for the prevention of HIV-1
sexual transmission in women [8]. Tenofovir is an
adenosine nucleotide reverse transcriptase inhibitor (NRTI)
that blocks HIV-1 transmission by inhibiting the reverse
transcription of the viral RNA. It was shown by in vitro and
ex vivo testing that 1% tenofovir vaginal gel has the
potential to be a topical microbicide [9]. The results from
the CAPRISA 004 trial showed that 1% tenofovir gel
administered in a coitally related fashion reduced HIV-1
infection incidents by an estimated 39% [8]. The success of
tenofovir gel underscores the potential use of antiretroviral
agents (ARVs) as topical microbicides.

One class of ARVs is the non-nucleoside reverse
transcriptase inhibitors (NNRTI). NNRTIs are being eval-
uated as microbicide drug candidates. The first example of
protection using in vitro models with NNRTIs was with
UC781, a potent anti-HIV drug candidate that is hydrophobic
in nature [10–13]. Another NNRTI being developed as a
topical microbicide product is dapivirine (4[4-[(2,4,6-
trimethylphenyl)amino-2-pyrimidinyl]amino]benzonitrile).
Data show that dapivirine has a favorable toxicity profile
and potent anti-HIV activity against a panel of HIV-1
isolates and a wide range of NNRTI-resistant isolates [14].
Dapivirine has been evaluated in vaginal gel and intra-
vaginal ring (IVR) dosage forms [15–20]. A dual chamber
model of female cervical mucosa was used to test the ability
of dapivirine gel to block HIV-1 infection of sub-epithelial
targets and confirmed activity at sub-micromolar concen-

trations [21]. In addition, dapivirine gel was shown to be
successful in preventing HIV-1 vaginal transmission by cell-
associated HIV in a humanized severe combined immuno-
deficient mouse model [20]. A study by Nuttall et al.
showed the tendency of dapivirine to accumulate in vaginal
and cervical tissues for >24 h which supports its develop-
ment as a microbicide for once daily application. On the
other hand, for non-daily applications, IVRs have become
the focus as controlled drug delivery systems. Both
reservoir and matrix-type rings containing dapivirine were
developed. A study conducted by Malcolm et al. [19] using
the core-type silicone elastomer demonstrated in in vitro
drug release studies zero-order release of dapivirine from
the ring for 71 days with about 140 μg dapivirine released
daily.

Clinically, several phases I and I/II studies evaluated
safety and pharmacokinetics (PK) of dapivirine gel and
ring products. PK studies conducted for dapivirine
vaginal gel formulation indicated safety and showed a
low systemic absorption of dapivirine [22–25]. Intra-
vaginal rings containing dapivirine were evaluated in two
phase 1 studies for safety and PK over a 7-day application
period and showed safety and effective delivery of
dapivirine to the lower genital tract. Systemic absorption
of dapivirine delivered from the ring was found to be low
with plasma levels <50 pg/ml [26]. In a separate phase I
study which compared the two types of dapivirine IVRs,
reservoir and matrix rings, 28-day use was well tolerated
and did not induce any serious or severe adverse events
[27]. Collectively, the clinical data presented to date for
dapivirine in these two-dosage forms show dapivirine to
be safe with adequate pharmacokinetics.

As microbicides are intended to prevent HIV-1 sexual
transmission, user acceptability and compliance become
important for the success of microbicides to prevent
infection. Therefore, it is likely that several dosage forms
with different attributes will be needed to provide women
with more choices which will likely result in improved
adherence. In turn, this will ultimately lead to greater
efficacy. The use of quick-dissolving thin films for drug
delivery has become widely implemented for oral drug
delivery. Thin films offer an alternative dosage form for
delivery of microbicide drug candidates to the vagina. A
thin film is a polymeric solid dosage form. The advance-
ment in polymer science has provided thin films with the
flexibility to meet the demands and requirements for use as
drug delivery systems. Thin films dissolve when placed on
a mucosal surface to release the active agent. These films
offer fast and accurate dose administration and can be
administered without an applicator. Additionally, their rapid
dissolving nature ensures quick release once applied. Other
advantages of vaginal films include discreet use and
decreased product volume [28, 29]. There is no introduction
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of extra fluids with administration of vaginal films, which
means no product leakage upon use. Additionally, from a
product development stand point, thin films are reproduc-
ible dosage forms that can be used to stabilize drugs that are
susceptible to degradation in aqueous environments. Finally,
several published acceptability studies that incorporated
vaginal films showed that films are preferred by women
over other vaginal formulations, such as gels, foams, and
suppositories [30–32].

Vaginal films currently marketed include the vaginal
contraceptive film (VCF) products, the VCF, and the
vaginal lubricating film. Vaginal films have also been
evaluated as delivery system for other drugs such as
itraconazole for treatment of vaginal candidiasis [33] and
clindamycin phosphate for treatment of bacterial vaginosis
[34]. In the microbicide field, vaginal films have been used
as a delivery system for nonoxynol-9 which was the first
microbicide candidate evaluated in clinical trials [35]. Other
examples for vaginal films used in microbicide research
include cellulose acetate 1,2-benzenedicarboxylate [36] and
polystyrene sulfonate [37]. The aim of this study was to
develop, characterize, and assess lactobacilli compatibility
and the potential for efficacy of a vaginal film containing
the NNRTI dapivirine for vaginal use to prevent HIV-1
sexual transmission. Comparative studies were carried out
with drug substance and film formulation to demonstrate
that the formulation process did not result in significant loss
of antiviral activity, a factor of significant importance in
microbicide development.

Materials and methods

Dapivirine was provided by the International Partnership
for Microbicides. Dapivirine is a white micronized powder
with molecular weight of 329.4 and pKa of 5.8. It is water
insoluble (LogP=5.27 at pH 9) and has a 2.5 mg/ml
solubility in propylene glycol. UC781 is also a water-
insoluble NNRTI. Given that the potent anti-HIV activity of
UC781 has been well established [12, 38], it was used as a
control in in vitro bioactivity studies.

Dapivirine in vitro anti-HIV activity

Single HIV-1 replication cycle assays using P4R5
indicator cells

Single HIV-1 replication cycle assays were carried out
using P4R5 indicator cells (obtained from Dr. J. Mellors,
University of Pittsburgh). P4R5 cells express CD4,
CXCR4, and CCR5 as well as a β-galactosidase reporter
gene under the control of the HIV LTR promoter. Cells
were seeded in 96-well microplates (5×103 cells per well)

and maintained in DMEM/10% FBS supplemented with
puromycin (0.5 μg/ml). To assess direct antiviral activity of
UC781 and dapivirine, P4R5 cells were exposed to varying
concentrations of the drug or drug formulation and then
immediately inoculated with HIV-1 in the continued
presence of the drug. The extent of infection was assessed
after 48 h using a fluorescence-based β-galactosidase
detection assay using 4-methylumbelliferyl-β-D-galactopyr-
anoside as previously described [39].

To assess the protective effect of the drugs, P4R5 cells
were exposed to varying concentrations of the drug or drug
formulation for 18 h. The medium was removed and then
the cells were extensively washed and inoculated with virus
in the absence of exogenous drug. The extent of infection
was assessed after 48 h as described above.

Multiple round HIV-1 infection (virus spread) assays
using MT-2 cell lymphoblastoid cells

Multiple-round viral replication (virus spread) was assessed
using MT-2 cells cultured in 96-well microplates (6.5×
104 cells/well). To assess direct antiviral activity of test
substances, cells were exposed to varying concentrations of
the drug or drug formulation and then immediately
inoculated with HIV-1 (25 ng HIV-1 p24/well) in the
continued presence of the drug. The extent of infection was
evaluated 4 days after virus addition by microscopic
observation of HIV-1-induced syncytium formation as
described [12, 39].

To assess the protective effect of the drugs or drug
formulations, uninfected MT-2 cells were incubated with
various concentrations of UC781 or dapivirine for 18 h.
Exogenous drug was then removed by extensive washing of
the cells with culture medium. The washed cells were
infected with equivalent infectious doses of HIV-1 (25 ng
HIV-1 p24/well). The extent of viral infection was
determined 4 days later by microscopic observation of
HIV-1-induced syncytium formation and validated by
measuring the level of HIV-1 p24 antigen in the cell-free
culture supernatants [12, 39].

H9+ human T cell line

H9+ cells are cells that are persistently infected with HIV-1
(contain stably integrated HIV-1 proviral DNA) but which
do not undergo HIV-induced cytopathic effects (CPE) [12].
Test compounds were dissolved in DMSO (10 mM stock
solution). For experiments, a small volume of the DMSO
stock was rapidly mixed with a large volume (1,000×) of
the aqueous medium to provide adequate dispersion of the
drug in aqueous medium which was then used in the
experiments. To evaluate the ability of the compounds to
prevent cell-to-cell transmission of HIV-1, H9+ cells were
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incubated for 18 h in the absence or presence of 1 or 10 μM
of test compound. The cells were then washed extensively
with culture medium to remove exogenous drug and then
were co-cultured with uninfected MT-2 cells at a ratio of
300:1 MT-2 to H9+ cells. The extent of viral infection of
the MT-2 cells was determined after 3 days of co-culture by
visual comparison of CPE relative to cells that were not
treated with either compound.

To determine the ability of test compound to attenuate
the infectivity of the virus produced by H9+ cells, the cells
were incubated in the absence or the presence of the drug
for 18 h and then washed extensively as described above.
The washed cells were then cultured in drug-free medium
for 24 h, and the virus produced during this period was
isolated by centrifugal removal of the cells. Aliquots of the
cell-free culture supernatants containing equal amounts of
virus (based on p24) were used to infect MT-2 cells, and the
level of infection was determined by visual examination of
CPE at day 4 post-infection.

Dapivirine-excipient compatibility

As part of film formulation manufacturing, dapivirine was
mixed with the polymer solution (which contains all
excipients). So it was necessary to establish a profile of
dapivirine compatibility with the excipient mixture.
Weighed amounts of dapivirine were placed in glass vials.
Three hundred twenty microliters of propylene glycol was
added to each vial. Polymer solution (1.68 ml) composed of
0.0567 g polyvinyl alcohol (PVA), 0.024 g hydroxypropyl
methyl cellulose (HPMC) 4000, and 0.0384 g polyethylene
glycol (PEG) 8000 was added to each vial and vortexed to
mix dapivirine well with the excipients. The vials were
sealed under nitrogen and protected from light using
aluminum foil. The vials were placed in conditions of
30°C/65% relative humidity (RH), 40°C/75% RH, or 50°C.
At predetermined time points, two vials were removed from
each storage condition for drug quantitation. Dapivirine drug
content was determined using an ultra-performance liquid
chromatography (UPLC) method. The method utilizes a
Waters Acquity BEH C18 1.7 μ 2.1×50 mm. The mobile
phase used was (a) 0.08% TFA in water and (b) 0.05% TFA
in acetonitrile (ACN).

Dapivirine film formulation

The film formulation was composed of PVA, HPMC 4000,
PEG 8000, propylene glycol, and glycerin. Solvent casting
method was used for film manufacture. Briefly, an aqueous
film solution containing the excipients and dapivirine (in a
dispersed state) was prepared. The solution was cast onto a
polyester substrate attached to the hot surface of an
automatic film applicator (Elcometer® 4340) using either

a 4- or 8-in. doctor blade. The film sheet was allowed to dry
for 20 min before it was removed from the substrate. Once
film sheets were obtained, they were cut using a die press
into 1×2-in. individual unit doses.

Physical and chemical characterization

Dapivirine film weight, thickness, and appearance were
recorded. Tensile strength as a measure of film strength
was assessed using a texture analyzer (TA-XT.Plus)
connected to a data acquisition and analysis software.
Tensile strength was calculated using the following equation:
Tensile strength=Force (N)/Cross-sectional area of the film
(cm2). Residual water content of the films was measured
using Karl-Fisher apparatus (Metrohm, 758 KFD Titrino).
Film disintegration testing was conducted by submerging a
film in 3 ml water and mixing by rotation using an orbital
shaker. Disintegration was monitored visually as the time for
complete film structural loss. For determination of dapivirine
drug content, films were dissolved in a 50% ACN solution
and heated for 5 min at 50°C. An aliquot was taken from the
solution and analyzed using the previously described UPLC
method. Dissolution of dapivirine films was evaluated using
a USP 4 apparatus (SOTAX CE7 smart) using a 60 ml
reservoir and a flow rate of 16 ml/min. The dissolution
media used was distilled water containing 1% Cremophor.
Dapivirine solubility in the dissolution media is 40 μg/ml.
Film dissolution was monitored under sink conditions for
60 min, and dapivirine was detected by UV spectrometer at
290 nm.

Stability assessment

Dapivirine films were held for 18 months at 30°C/65% RH
and for 6 months at 40°C/75% RH. Testing of the films was
conducted at predetermined time points. At each time
points weight, thickness, appearance, tensile strength, water
content, and drug content were tested. In addition,
disintegration, dissolution, lactobacilli compatibility, and
in vitro anti-HIV activity (TZM-bl cell-based model) were
tested at specific time points throughout the stability
protocol.

Compatibility with lactobacilli

The standard microbicide safety test was used as previously
described [40, 41] to assess lactobacilli compatibility with
dapivirine vaginal film. Briefly, bacterial suspensions were
prepared in N-(2-acetamido)-2-aminoethanesulfonic acid
buffer, and the films were then dissolved and mixed in the
suspensions. The suspensions were then incubated for
30 min at 37°C. Samples were taken at zero time and
again after 30 min. Viability was determined by standard
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plate count. A sample passes if the reduction in viability
was <log10.

Dapivirine tissue permeability

Human excised cervical tissue was obtained from University
of Pittsburgh Health Sciences Tissue Bank under IRB
Protocol PRO09110431. Tissue samples were from healthy
volunteers undergoing routine hysterectomy for non-cervical
issues. A section of each tissue was retained for histological
evaluation. Excess stromal tissue was removed and the
epithelial layer isolated using a Thomas-Stadie Riggs tissue
slicer by a longitudinal slice through the entire tissue. Tissue
thickness was measured by placing the tissue between two
pre-measured slides. Tissue permeability studies were pre-
formed in a Franz-cell system (PermeGear, Nazareth, PA,
USA). Isolated epithelial sections of the tissue were placed
between the donor and receptor compartments of the Franz
cell with the epithelial side of the tissue oriented toward the
donor compartment. The tissue-loaded Franz cells are main-
tained in an environment at 37°C throughout the experiment.
The receptor was filled with 10% PEG 300 in Krebs buffer
(pH 4.0). Dapivirine solubilized in the receptor medium
(100 μg/ml) or dapivirine film (sufficient weight of film to
obtain 100 μg/ml) solubilized in receptor medium (400 μl)
was added to the donor chamber. At predetermined time
points, 200 μl was removed from the receptor chamber and
replaced with the same volume of fresh medium. The
collected samples were analyzed for drug content using
previously described UPLC methods.

Dapivirine film in vitro anti-HIV activity

HIV-RT and cell-based HIV-1 replication assay

Weighed pieces of dapivirine films were dissolved in either
DMEM (for cell-based assays) or 1× RT buffer (for in vitro
RT assays) at 1:10w/v. Multiple dilutions of the starting
solutions were then prepared and used. For the RT assay,
the ability of each film dilution to inhibit the RNA-
dependent DNA polymerase activity of HIV-1 RT was
determined using poly(rA)-oligo(dT) and [3H-TTP] as
previously described [13]. Cell-based single HIV-1 replica-
tion cycle assays for direct antiviral activity of the film
formulations used P4R5 indicators cells as described above.

TZM-bl assay

Anti-HIV activity testing using TZM-bl assay was per-
formed as previously described [42]. Dapivirine films or
placebo films were dissolved in 2 ml of saline. Ten-fold
serial dilutions up to 1:107 of the original 2 ml sample of
the dapivirine film were made. The placebo film was

handled in a similar manner. As a control, the drug
substance was used. Dapivirine was dissolved in DMSO,
and serial dilutions beginning at 1,000 nM were made using
the TZM-bl medium (DMEM with 10% BSA supplemented
with antibiotics). The respective dilutions were added in
triplicate to plated TZM-bl cells. HIV-1BaL was added next
and the assay was cultured for 48 h. Infection was detected
by adding BrightGlo (Promega), a chemiluminescent
developer of luciferase to each well. Control wells
comprising cells alone or cells with HIV-1 only served as
background and maximal luciferase activity, respectively.
Efficacy was calculated as %Inhibition of infection by the
following formula:

%Inhibition ¼ Treated well� cells aloneð Þ=
HIV � 1 only� cells aloneð Þ � 100

The effective dose at 50% was calculated using GraphPad
Prism software.

Dapivirine film ex vivo anti-HIV activity

Polarized explant model

Freshly obtained cervical tissue was incubated in a solution
consisting of equal amounts of penicillin–streptomycin
solution and fungizone (Mediatech, Inc, Manassas, VA,
USA) for 10 min at room temperature, then rinsed three
times with RPMI media prior to use. Defined pieces of
tissue were clamped mechanically between two Neoflon
cell chambers. The receptor chamber was filled with RPMI/
10% serum/1% penicillin–streptomycin solution. One
fourth of a dapivirine film (1.25 mg/film) was weighed
and dissolved in 400 μl of RPMI, and this solution was
added on top of the tissue in the donor chamber. The tissue
was then incubated with this RPMI-film preparation for 1 h.
After incubation, the film solution was removed from the
epithelial surface of the tissue, and the surface was rinsed
several times with RAFT medium to remove any residual
film. A total of 400 μl consisting of RAFT medium/2 μg/ml
PHA-M, virus inoculum, and 14C-PEG 4000 (tissue integrity
tracer) was added to the donor chamber, and the tissue was
incubated for 4 h to allow HIV infection/transmission to
occur. The virus used was the dual-tropic HIV-1 89.6. After
4 h, aliquots of both donor and receptor chamber medium
were taken and reserved for further analyses (scintillation
spectrometry, qRT-PCR of HIV-1 RNA, infectivity).

Cervical explant model

In this model, both toxicity and anti-HIV-1 activity were
assessed and setup as previously described [9, 43]. Briefly,
explants were placed with the luminal side up in a
transwell. The edges around the explants were sealed with
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Matrigel™ (BD Biosciences, San Jose, CA, USA). The
explants were maintained with the luminal surface at the
air–liquid interface. The lamina propria was immersed in
medium. The explants were setup in duplicate for each
treatment. For toxicity testing, dapivirine or placebo film
was dissolved in 2 ml of culture medium, and 100 μl was
applied to the apical side of the explants for 18 h. The next
day, explants were washed and viability was evaluated
using the MTT assay and histology. For anti-HIV activity,
100 μl of dissolved dapivirine or placebo film was mixed
with 5×105 tissue culture 50% infectious dose (TCID50) of
HIV-1BaL and added to the apical side of the explants.
Eighteen hours after application, the explants were washed
and fresh medium was applied to the basolateral compart-
ment. Every 3 to 4 days over a 3-week period, supernatant
was collected and stored at −80°C for HIV-1 p24 analysis
and fresh medium was added back. Stored supernatants
were tested for HIV-1 replication using an HIV-1 p24gag
ELISA (Perkin Elmer Life and Analytical Sciences, Inc.,
Waltham, MA, USA). End of study explants were fixed in
10% buffered formalin (Fisher Scientific, Pittsburgh, PA,
USA) and processed by routine paraffin embedding for
histology to determine product efficacy by immunohisto-
chemical (IHC) analysis for HIV-1 p24 antigen. For toxicity
evaluation, slides were stained with hematoxylin and eosin
(Sigma Chemical Co., St Louis, MO, USA). For the IHC
assays, all reagents and wash solutions were from the
DAKO Corp, Carpentaria, CA, USA. De-paraffinized,
rehydrated sections were digested in 0.1 mg/ml proteinase
K for 15 min, washed, and incubated at room temperature
for 1 h with anti-p24 (dilution 1:6). Visualization was
achieved with the DAKO Corp.’s LSAB-2 kit with the
universal alkaline phosphatase system. Sections were
counterstained in Mayer’s hematoxylin. Negative controls
were tissue sections from each explant incubated with
normal mouse ascitic fluid.

Results

In vitro anti-HIV activity evaluation

Dapivirine anti-HIV activity in P4R5 indicator cells

The 50% effective concentration (EC50) for dapivirine
against HIV-1 was determined by infecting HeLa-derived
P4R5 indicator cells. Dapivirine was compared with
another NNRTI (UC781) whose potent anti-HIV activity
has been well established [12, 38]. The EC50 for UC781
and dapivirine in this model were found to be 5 and 1 nM,
respectively (Fig. 1a).

To determine whether or not dapivirine can serve as a
protective barrier to prevent subsequent infection of cells by

HIV-1 in the absence of exogenous drug, P4R5 indicator
cells were first exposed to various concentrations of either
UC781 or dapivirine. The cells were then washed free of
exogenous drug and then exposed to HIV-1. Results
showed that dapivirine was able to provide a protective
barrier against subsequent HIV-1 infection (Fig. 1b).

Dapivirine anti-HIV activity in MT-2 cells

To corroborate the dose response curve data observed with
P4R5 cells, MT-2 cells were incubated with virus in

Fig. 1 a P4R5 cells were exposed to varying concentrations of
dapivirine or UC781 and then immediately inoculated with HIV-1 in
the continued presence of the drug. The extent of infection was
assessed after 48 h using a fluorescence-based β-galactosidase
detection assay using 4-methylumbelliferyl-β-D-galactopyranoside.
Dapivirine showed greater potency than UC781 in single HIV-1
replication cycle assays using the P4R5 indicator cell line. Dapivirine
EC50 is 1 nM and UC781 EC50 is 5 nM. b P4R5 cells were exposed to
varying concentrations of dapivirine or UC781 for 18 h. The medium
was removed and the cells were extensively washed and inoculated
with HIV-1 virus in the absence of exogenous drug. The extent of
infection was assessed after 48 h. Both dapivirine and UC781 were
able to establish a protective barrier to infection in P4R5 cells
following drug pretreatment and subsequent exposure to HIV-1 in the
absence of exogenous drug. Dapivirine showed greater potency than
UC781 in this context
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absence or presence of various concentrations of dapivirine
or UC781. Dapivirine was found to have an EC50 value of
5 nM in this model as compared with UC781 which had an
EC50 value of 10 nM at day 4 post-infection. No syncytium
formation was observed in the presence of ≥50 nM of either
drug. From these data, it is shown that dapivirine has
slightly greater enhanced activity over UC781. This finding
parallels results obtained from the P4R5 cell dose response
curves (Fig. 2a).

The effect of pre-incubation with either dapivirine or
UC781 on subsequent HIV infection was also determined
in an MT-2 cell-based model. Supernatant from MT-2
cultures that were pretreated with 1 μM of dapivirine
resulted in 100-fold less p24 antigen generation compared
with control MT-2 cultures that were not pre-incubated with
dapivirine. A similar reduction in the amount of p24
antigen present in the MT-2 cultures pretreated with 5 to
10 μM of UC781 was observed (Fig. 2b). The relative
levels of CPE observed visually were reflective of the p24
results. These results indicate that dapivirine was able to
provide an effective barrier against subsequent infection
with HIV-1 after the removal of exogenous drug. This
observation is similar to results previously noted with
UC781 [11].

Dapivirine anti-HIV activity in human H9+ cell line

The ability of dapivirine to prevent cell-to-cell transmission
of HIV-1 was tested in H9+ cells. As indicated in (Fig. 3),
the culture of MT-2 cells that were exposed to H9+ cells
that were pretreated with 10 μM of dapivirine showed a
70% reduction in CPE levels compared with MT-2 cells
exposed to H9+ cells that were not pretreated. These data
imply that dapivirine is able to inhibit cell-to-cell transmis-
sion of HIV-1.

Additionally, the ability of dapivirine to attenuate the
infectivity of virus produced by H9+ cells was tested.
Incubation of persistently infected H9+ cells with 1 μM of
dapivirine resulted in a 50% reduction of infectivity of virus
subsequently produced by these treated cells when cultured

Fig. 2 a MT-2 cells were exposed to varying concentrations of
dapivirine or UC781 and then immediately inoculated with HIV-1
(25 ng HIV-1 p24/well) in the continued presence of the drug.
The extent of infection was evaluated 4 days after virus addition
by microscopic observation of HIV-1-induced syncytium forma-
tion. Dapivirine showed greater direct antiviral potency than
UC781. Dapivirine EC50 is 5 nM and UC781 EC50 is 10 nM. b
Uninfected MT-2 cells were incubated with various concentrations of
dapivirine or UC781 for 18 h. Exogenous drug was removed by
extensive washing of the cells with culture medium. The washed
cells were infected with equivalent infectious doses of HIV-1 (25 ng
HIV-1 p24/well). The extent of viral infection was determined 4 days
later by microscopic observation of HIV-1-induced syncytium
formation and validated by measuring the level of HIV-1 p24
antigen in the cell-free culture supernatants. Both dapivirine and
UC781 were able to establish a protective barrier to infection in MT-
2 cells following drug pretreatment and subsequent exposure to HIV-
1 in the absence of exogenous drug. Dapivirine again showed greater
potency than UC781

Fig. 3 H9+ cells were incubated for 18 h in the absence or presence
of 1 or 10 μM of dapivirine or UC781. The cells were washed
extensively with culture medium to remove exogenous drug and then
were co-cultured with uninfected MT-2 cells. The extent of viral
infection of the MT-2 cells was determined after 3 days of co-culture
by visual comparison of CPE relative to cells that were not treated
with either compound. Dapivirine pretreatment of MT-2/H9+ cell co-
cultures resulted in 70% reduction in CPE levels compared with
control MT-2/H9+ co-cultures. Dapivirine can inhibit HIV-1 cell-to-
cell transmission
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in the absence of exogenous drug (data not shown). Virus
produced from H9+ cells exposed to 10 μM of dapivirine
as described in the “Materials and methods” was essentially
non-infectious. This is approximately 1 order of magnitude
greater than that required to inactivate isolated virions
alone. These results indicate that dapivirine is able to
reduce the infectivity of HIV virions produced from
persistently infected H9+ cells that had been previously
exposed to dapivirine.

Dapivirine-excipient compatibility study

To design a film formulation for dapivirine vaginal
delivery, a compatibility profile of dapivirine with the
excipients to be used in the film formulation was
performed. Incubation of dapivirine with the excipient
mixture (propylene glycol, PVA, HPMC, and PEG 8000)
at different conditions did not result in drug loss. Stability
of dapivirine in the excipient mixture was an indication of
dapivirine-excipient compatibility (Fig. 4).

Development and evaluation of dapivirine vaginal film

Formulation

Dapivirine was formulated in a PVA-based vaginal film.
PVA constituted 38.3% (w/w) of the film. Other excipients
in the formulation included 19.1% HPMC, 25.5% PEG
8000, 7.9% glycerin, and 7.9% propylene glycol. The films
were made using solvent cast technique. The target loading
dose for the film was 1.25 mg dapivirine per film.
Dapivirine film containing 0.5 mg dapivirine was also

made to evaluate the impact of dosing level on film
properties. These dosing levels were chosen based on
clinical studies with dapivirine gel products. Phase I studies
using dapivirine gels at concentrations of 0.01%, 0.02%,
and 0.05% have been conducted [22–25]; 2.5 ml of the gel
was administered in these studies. Consequently, the
administered dose corresponds to 0.25, 0.5, and 1.25 mg
dapivirine, respectively. Comparing dosing level with that
which is reported for the vaginal ring, a clinical study
which evaluated both reservoir and matrix ring types
utilized a dapivirine loading level of 25 mg [27]. Results
from this study showed that the reservoir ring had on
average a residual amount of dapivirine of 24.33 mg after
28 days of vaginal application. The matrix ring had on
average a residual amount of dapivirine of 14.51 mg after
28 days of vaginal application. Considering that both rings
exhibit zero-order release, the calculated amount delivered
of dapivirine would be 24 μg/day (reservoir ring) and
375 μg/day (matrix ring). Based on a single daily
application of the film dosage form, the film delivers a
significantly higher amount of dapivirine as compared with
the ring used in previous studies.

Physical and chemical characterization

Dapivirine films were soft, flexible, and translucent.
Individual film units were made of 1×2 in. in size, were
70 μm thick, and weighed 90 mg on average. The films
were designed to dissolve rapidly upon exposure to an
aqueous environment (<10 min). Table 1 shows dapivirine
film characteristics with both dosing levels 1.25 and
0.5 mg. Dosing level was found not to alter film properties.

To establish the rapid release of drug from the film
matrix, dapivirine film dissolution was evaluated in a class
IV USP dissolution apparatus. Results showed that greater
than 50% of the loaded dapivirine was released from the
film within 10 min (Fig. 5).

Stability assessment

Dapivirine film (1.25 mg/film) was stored at 30°C/65% RH
and 40°C/75% RH for stability assessment. Based on the
physical and chemical assessments conducted, dapivirine
film was shown to be stable for a period of 18 months when
held at 30°C/65% RH and for at least 6 months when held
at accelerated conditions (40°C/75% RH). Figure 6 shows
film weights, drug content, and dissolution obtained for
each condition over the stability time period.

Compatibility with lactobacilli

Dapivirine film compatibility with lactobacilli was assessed
using the standard microbicide safety test. Dapivirine film did

Fig. 4 Dapivirine was mixed with the film excipient mixture
(composed of propylene glycol PVA, HPMC, and PEG 8000) and
stored at 30°C/65% relative humidity (RH), 40°C/75% RH, or 50°C.
Dapivirine drug content was determined using a UPLC method. No
loss of dapivirine was observed after 14 days storage in the three
storage conditions
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not induce any deteriorating effects on several strains of
lactobacilli as no loss of bacterial viability was observed
(Table 2). Furthermore, compatibility with lactobacilli was
monitored throughout the stability assessment period. In the
lactobacilli film compatibility testing, the breakdown into toxic
products was not detected over time since loss of viability was
not observed over the 18-month period of stability testing.

Dapivirine permeability in human excised cervical tissue

The permeability of dapivirine into human excised cervical
tissue was studied for both film formulated and unformu-
lated dapivirine in a Franz cell model. Calculated perme-
ability parameters are shown in (Table 3). Dapivirine as
drug substance or film formulated was able to permeate
through the epithelium of excised human cervical tissue
under the experimental conditions described. There was no
significant difference observed between permeability coeffi-
cients obtained for formulated or unformulated dapivirine.

Dapivirine film anti-HIV activity

In vitro assessment of anti-HIV activity

Dapivirine film (1.25 mg/film) was tested for anti-HIV
activity in the TZM-bl assay. Dapivirine film had an EC50

of 38.7 nM which was similar to the API (EC50 of 7.9 nM)
in this assay (Fig. 7). Dapivirine film maintained anti-HIV
activity over 18 months when held at 30°C/65% RH and
for at least 6 months when held at accelerated conditions
(40°C/75%). The placebo film had minimal anti-HIV
activity which returned to baseline activity after a 1:100
dilution. This activity observed in the placebo film is
more than likely due to the presence of the polymer
excipients. No cellular toxicity was observed at any time
point over the stability period as tested in the TZM-bl
assay (data not shown).

Furthermore, dapivirine film (0.5 mg/film) was tested
for its ability to inhibit HIV-RT and cell-based HIV-1
replication in vitro. Inhibition of cell-based HIV-1 repli-
cation by dapivirine film (0.5 mg/film) is over 200-fold
more potent than inhibition of RT activity (Fig. 8). This
observation is probably due to the hydrophobic nature of
dapivirine.

Ex vivo assessment of anti-HIV activity

The bioactivity of dapivirine film was tested in an excised
human cervical tissue explant model. Tissues were treated
with 100 μl of film containing 1.25 mg dapivirine film
dissolved in 2 ml of medium, 100 μl of placebo film
dissolved in 2 ml of medium, or left untreated (control).
Overall, both dapivirine and placebo film showed bioactivity
with a reduction in HIV-1 p24 levels (Fig. 9a). However, all
of the explants exposed to the dapivirine film were protected
as compared with six of eight explants protected by the
placebo film. These were confirmed by immunohistochem-
ical staining for HIV-1 p24 in tissues (Fig. 9b). These data
support the TZM-bl data showing that undiluted placebo
film has some anti-HIV-1 activity.

The ability of dapivirine film (1.25 mg/film) to block
HIV-1 transmission was also tested in a polarized explant
model (PEM). In this model, a piece of cervical tissue is
clamped between two chambers mechanically. In this
model, dapivirine film blocked HIV-1 transmission. The
number of HIV-1 copies as measured by qRT-PCR in the
receptor compartment was below detection limits indicating
blocking of HIV-1 transmission in the explant tissue
(Table 4)

Parameter 1.25 mg dapivirine film 0.5 mg dapivirine film

Weight (mg) 91.23±4.93 (n=6) 94.7±10.01 (n=14)

Thickness (mm) 0.073±0.005 (n=6) 0.063±0.007 (n=14)

Disintegration (min) 6.33±0.577 (n=3) 4.33±0.58 (n=3)

Water content (%, w/w) 1.38±0.17 (n=3) 2.4±0.19 (n=3)

Tensile strength (N/cm2) 538.24±57.17 (n=3) 777.59±19.99 (n=3)

Drug content (%, w/w) 1.4±0.03 (n=42) 0.546±0.016 (n=5)

Table 1 Dapivirine film
physical and chemical
characteristics

All values presented as
mean±SD

Fig. 5 Dapivirine film (1.25 mg/film) dissolution was tested in
standard class IV USP method. The medium used was a 1%
Cremophor aqueous solution. Dapivirine was rapidly released from
the film. Fifty percent of dapivirine was released from the film in less
than 10 min. Data presented as mean±SD (n=3)
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Discussion

Confirmation of the anti-HIV activity of dapivirine was
evaluated in several in vitro cell-based assays and provided
further support of dapivirine’s potency. Additionally, these
studies demonstrated a memory or protective effect for
dapivirine in that cells pretreated with drug are protected
from subsequent infection in the absence of exogenous
drug. This observation is important in that it establishes a
potential for use of dapivirine in a coitally independent
manner.

In the threemodels that were tested (P4R5,MT-2, and TZM-
bl), the potent activity of dapivirine was confirmed to have an
EC50 value between 1 and 10 nM. This value is similar to
those previously obtained using other systems [14]. Since the
role of HIV-free virus or cell-associated virus has not been
fully elucidated for HIV transmission, it is important to
establish the ability of a microbicide drug candidate to prevent
infection by both cell-free virus and cell-associated virus. The
ability of dapivirine to block cell-to-cell transmission of
HIV-1 was determined in human H9+ cells. Pretreatment
of H9+ cells with dapivirine reduced CPE formation (an
indicator of viral infection) by 70% as compared with
untreated cells. Additionally, pretreated H9+ cells were
allowed to incubate with virus for 24 h in the absence of

Fig. 6 Dapivirine film (1.25 mg/film) was stored for 18 month in
30°C/65% RH and for 6 months in 40°C/75% RH. Several physical
and chemical characteristics were monitored over the time course of
the stability study including weight, drug, and dissolution. a No
change was observed in dapivirine film weight over the time course of
stability testing. Data presented as mean±SD. b Dapivirine drug
amount remained stable in the film at the different conditions tested.
Data presented as mean±SD. Four films were tested per each time
point. c Dissolution testing over the study period showed no change in
release values (cumulative release of dapivirine after 60 min). Data
presented as mean±SD. Three films were tested per each time point

Table 2 Evaluation of dapivirine film compatibility with lactobacilli

Lactobacilli strain tested Log difference (T30 min plate
count−T0 min plate count)

L. crispatus ATCC 33197 0.245

L. jensenii ATCC 25258 0.0587

L. jensenii LBP 28Ab 0.158

Results present are the averages of all experiments using the
organisms. A positive value indicates that there was a slight increase
in the viability. These organisms were tested at different time intervals.
The films passed all safety tests; the standard for passing the test is
there cannot be a loss of viability ≥1 log10

Table 3 Calculated permeability parameters of dapivirine drug
substance

1.25 mg dapivirine film Dapivirine drug substance

Tissue # Mean SD Mean SD

1 1.66E−06 6.22E−07 3.66E−06 9.76E−07
2 2.19E−06 2.81E−07 2.1E−06 1.78E−06
3 1.15E−06 2.53E−07 3.04E−06 8.29E−07

Apparent permeability values Papp (centimeters per second) for
dapivirine drug substance and 1.25 mg dapivirine film. For each
tissue sample, permeability testing was done in triplicate. Values
presented as mean±SD
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dapivirine; the produced virus was then used to attempt
to infect MT-2 cells. Virus produced from H9+ cells
exposed to dapivirine had decreased infectivity.

Development of any drug product requires incorporation
of excipients for successful formulation. It is important to
establish that dapivirine does not have any incompatibility
with the excipients of choice in the formulation. For this
reason, a dapivirine-excipient compatibility study was
conducted with those excipients identified for utilization
in the quick dissolve film formulation. Demonstration of
the ability to maintain dapivirine stability in the presence of
the excipient mixture was established. Once compatibility
was established, a final optimized vaginal film formulation
containing dapivirine was developed. Typically, a film
formulation is composed of a polymer(s), a plasticizer to
provide flexibility to the film, a humectant to enhance soft
texture, and a disintegrant to provide rapid film disintegra-
tion once in touch with fluids [44]. The polymer of choice
for the dapivirine film formulation was PVA. PVA is the
polymer base which is used in several currently marketed
vaginal film products. Co-polymers were evaluated for their
ability to improve film properties. It was found that the
cellulose derivative HPMC when used in combination with
PVA provided optimal film attributes. Propylene glycol was
used to facilitate the dispersion of dapivirine in the
polymeric solution. Given the hydrophilic nature of the
polymer base (PVA) and the hydrophobic nature of
dapivirine, the drug exists as a dispersion in the film
product. Sedimentation studies were carried out to ensure
adequate dispersion of dapivirine in the polymeric solution
through the film product manufacturing process. Polymer
concentration was optimized to provide adequate viscosity
to maintain the dapivirine dispersion. Sorbitol, propylene
glycol, glycerin, and combinations of these were evaluated

as plasticizers for the film formulation. It was found that
use of glycerin enhanced film flexibility, mechanical
properties, and also enhanced film softness. Since rapid
disintegration was targeted, it was necessary to include a
disintegrant (PEG 8000) in the film formulation. Film
manufacture involved pouring an 8-in. film sheet which
was then cut into individual 1×2 in. pieces. Content
uniformity studies were conducted to ensure that adequate
distribution of drug was achieved both across the film sheet
as well as within each individual film.

To ensure rapid delivery of the dapivirine from the film
dosage form, film disintegration rate was set at less than
10 min. Both disintegration and dissolution studies con-
firmed rapid drug release from the film formulation.
However, it should be noted that due to the hydrophobic
nature of dapivirine, it was necessary to include Cremophor
in the dissolution medium to maintain sink conditions
throughout the dissolution experiment. To ensure film
structural stability over time, the amount of residual water
in the final film should be kept as low as possible. For the
developed dapivirine film, water content remained at a level
which was less than 5% throughout the stability assessment
over an 18-month period. Tensile strength was monitored to
confirm structural stability. Results of the stability study
established a minimal shelf life of 18 months for the
dapivirine film formulation.

Because dapivirine works by interrupting the viral cycle
at the replication step, it is desirable that dapivirine enter
the tissue to reach the target cells which lie in the sub-

Fig. 7 Dapivirine and placebo films were dissolved in 2 ml saline and
serial dilutions made. The active pharmaceutical ingredient (API) was
dissolved in DMSO and serial dilutions made. The dilutions were
applied to the TZM-bl cells in triplicate with HIV-1BaL. After 48 h,
HIV-1 infection was measured by adding BrightGlo (Promega) to the
plates and reading for luminescent activity. The data show the API
with an IC50 of 7.9 nM and the dapivirine film with an IC50 of
38.3 nM. Minimal anti-HIV-1 activity was associated with the film

Fig. 8 Weighed pieces of dapivirine films were dissolved in either
DMEM (for cell-based assays) or 1× RT buffer (for in vitro RT assays)
at 1:10w/v. Multiple dilutions of the starting solutions were then
prepared and used. For the RT assay, inhibition of the RNA-dependent
DNA polymerase activity of HIV-1 RT was determined using poly
(rA)-oligo(dT) and [3H-TTP]. Cell-based single HIV-1 replication
cycle assays for direct antiviral activity of the film formulations used
P4R5 indicators cells as described above. Inhibition of cell-based
HIV-1 replication by dapivirine film (0.5 mg/film) is over 200-fold
more potent than inhibition of RT activity
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epithelial layers. The stratified multilayer vaginal epithelium
may represent a barrier for dapivirine permeation. For this
reason, the permeability of dapivirine in both the formulated
and unformulated state was evaluated using excised cervical
tissue in a Franz-cell model to establish the permeability
profile for dapivirine. No significant differences were found
between the apparent permeability coefficients obtained for
unformulated dapivirine as compared with those obtained for
film formulated dapivirine. These data suggest that quick
disintegration allows for the rapid release of dapivirine from
the film resulting in permeability profiles similar to those for
unformulated drug. These studies are important in that they
establish the ability of dapivirine to permeate into the target
tissue to be available for inactivation of HIV viral replication.

It is important for any dosage form to maintain drug’s
activity. The anti-HIV activity of dapivirine films was tested
in vitro in a HIV-RT assay, cell-based HIV-1 replication
assay and TZM-bl assay. Inhibition of cell-based HIV-1

replication was over 200-fold more potent than inhibition of
RT activity. This observation is probably due to the
hydrophobic nature of dapivirine. Film dissolution leads
to precipitation and substantial loss of bioactivity in pure
aqueous media such as that used in the RT assay. However,
cells provide a hydrophobic environment in the context of
the plasma membrane which can aid in sequestration of
bioactive drug thereby leading to substantially more potent
inhibition in cell-based replication assays. Therefore, we
concluded that a rapid cell-based replication assay is
preferable to in vitro RT assays as a means of quality
control for bioactivity for dapivirine film. It should be
noted that the 1.25-mg dapivirine film anti-HIVactivity was
not tested in HIV-RT and cell-based HIV-1 replication
assays. However, as stated in the results, the 0.5-mg
dapivirine film showed inhibition of HIV-1 in both assays.
The 1.25-mg dapivirine film showed potent activity in
the TZM-bl model. Therefore, it is to be expected that

Table 4 Effects of 1.25 mg dapivirine film on HIV-1 transmission in the PEM

PEM sample HIV donor
(copies/ml)

HIV receptor (copies/ml) HIV explants
culture (copies/ml)

14PEG donor
(total cmp)

14PEG receptor
(total cmp)

No treatment 2×108 9.2×102 1.19×105 636,632 100

1.25 mg dapivirine film 2×108 Below detection Below detection 941,416 Below background

Fig. 9 Dapivirine and placebo
films were dissolved in 2 ml of
medium, and 100 μl was applied
to the apical surface of the desig-
nated explants while HIV-1 was
added to all of the explants. After
an overnight culture, the explants
were washed and followed for
21 days. Every 3 to 4 days,
supernatant was collected and
fresh medium replenished. The
supernatant was tested for HIV-1
p24 levels measured over the
course of 21 days (a). Dapivirine
film inhibited HIV-1 infection in
eight of eight explants tested.
Placebo film inhibited HIV-1
infection in six of eight explants
tested. At study endpoint, the
tissues were fixed and immuno-
histochemistry was performed
for HIV-1 p24 expressing cells
(b). Representative histology
pictures of tissues after 21 days
of infection studies. No infection
of either dapivirine film-treated
explants while one of the two
placebo film-treated explants
showed HIV-1 infection. Both
control explants were infected
with HIV-1
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the 1.25-mg dapivirine film would show potent inhibition
of HIV-1 in the HIV-RT and cell-based HIV replication
assays. The TZM-bl assay also confirmed that dapivirine
films maintained potent anti-HIV activity.

Although permeability studies showed that dapivirine was
able to permeate target tissues, it is important to establish that
this results in adequate anti-HIV activity. For this reason, the
anti-HIV activity of dapivirine films was studied in ex vivo
models using human cervical explant tissue. Twomodels were
chosen for these studies. The first is the polarized explant
model which has been thoroughly described in the literature
[9, 43]. This model uses a transwell system in which the
tissue is sealed using matrigel establishing the polarization
between the apical and basolateral compartments. A second
model was used in which the tissue is sandwiched between a
donor and receptor compartments providing a mechanical
seal separating the two compartments. In this second model,
a more thorough barrier is formed; thus, tissue permeation is
more specifically confined to the exposed area. For this
purpose, we developed and validated a PEM that can be used
to study HIV-1 infection of cervical tissue as well as the anti-
HIV activity of microbicide product candidates. Dapivirine
film was shown to exhibit inhibition of HIV-1 infection in
both models used.

Topical microbicides should not exert any toxic or harmful
effects on the natural defenses of the local environment. One
of the important natural defenses in the vagina is the
microflora, specifically lactobacilli. Dapivirine film compat-
ibility with lactobacilli was tested, and no loss of bacterial
viability or formation of toxic products was observed.
Additionally, no cellular toxicity of the film has been detected
in the TZM-bl cell model. These studies provide evidence of
safety of the dapivirine film product.

The choice of a dosage form for microbicides is dictated
by several factors such as chemical characteristics of the
drug candidate and user acceptability and compliance. For
topical vaginal microbicides, hydrogels have been the main
dosage form being used as they have a history of use in
female products and an established user acceptability
profile. However, hydrogels are usually associated with
leakage, messiness, and requirement of an applicator for
use. These factors may hinder the deployment of micro-
bicides because of reduced user acceptability. Thus,
different dosage forms are required. Furthermore, socio-
economic factors as well as personal preference may play
a role in dosage form choice for individual users. For
these reasons, it is important to offer women choices
with regard to dosage form type to ensure maximal user
acceptance which will ultimately impact willingness to
use the product and hence efficacy. One dosage form
option for vaginal delivery of drug substances is a quick-
dissolving film. Quick-dissolving films are a solid dosage
form which has widely been used for oral delivery of drugs

but have also been explored for vaginal delivery of drug
substances. Quick-dissolving films are easy to use, require
no applicator, cause no messiness or leakage due to the
small dose volume, and are inexpensive to manufacture.
Given that microbicide products are specifically being
targeted for undeveloped countries such as sub-Saharan
Africa where the HIV-1 epidemic is the worst, the economic
feasibility of a product is critical to its effectiveness.

Concluding remarks

Dapivirine shows great promise as a microbicide drug
candidate. Its high potency against HIV was confirmed
within the studies presented. Additionally, its capacity to
provide protection from HIV infection was further eluci-
dated. Dapivirine can be successfully formulated as a quick
dissolve vaginal film which provides rapid drug release,
lacks toxicity to the innate microflora lactobacilli, and
maintains stability and bioactivity over 18 months. Given
the potential advantage of the film dosage form, it is
important to further evaluate this promising drug/delivery
system in the clinic.
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