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Abstract

Previously reported in vitro release test methods for drug-releasing vaginal rings containing poorly water-soluble drugs have
described use of water-alcohol systems or surfactant solutions in efforts to maintain sink conditions. Here, as part of efforts
to more closely match in vitro and in vivo release for the 25 mg dapivirine matrix-type silicone elastomer vaginal ring for
HIV prevention, we have investigated alternatives to the 1:1 v/v water/isopropanol medium described previously. Specifi-
cally, we evaluated dapivirine release from rings into (i) monophasic water/isopropanol mixtures of varying compositions
and (ii) biphasic buffer/octanol systems using pH 4.2 and pH 7.0 buffers. The rate and mechanism of dapivirine release
were dependent upon the isopropanol concentration in the release medium, in accordance with the observed trend in drug
solubility. At 0 and 10% v/v isopropanol concentrations, dapivirine release followed a partition-controlled mechansim. For
media containing >20% v/v isopropanol, in vitro release of dapivirine was significantly increased and obeyed permeation-
controlled kinetics. Cumulative release of ~3.5 mg dapivirine over 28 days was obtained using a water isopropanol mixture
containing 20% v/v isopropanol, similar to the ~4 mg dapivirine released in vivo. Dapivirine release into the biphasic buffer/
octanol system (intended to mimic the fluid/tissue environment in vivo) was constrained by the limited solubility of dapivirine
in the buffer component in which the ring resided, such that cumulative dapivirine release was consistently lower than that
observed with the 20% v/v isopropanol in water medium. Release into the biphasic system was also pH dependent, in line
with dapivirine’s pK, and with potential implications for in vivo release and absorption in women with elevated vaginal pH.
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Introduction many new drug products [1-6]. For sustained/controlled

release dosage forms such as vaginal rings, methods
Methods to measure in vitro release of drug substances—  typically involve sampling at multiple time points extending
commonly referred to as ‘in vitro release testing (IVRT)’ over the same time period as intended for clinical use [4,

or ‘dissolution testing’—are a regulatory requirement for 5, 7]. In early-stage product development, IVRT can be
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useful in differentiating between formulations and helping
determine critical material attributes, process parameters,
and quality attributes of the intended product [8]. In the later
stages of development, IVRT is used to set specifications
for batch release, determine batch-to-batch variability, and
potentially investigate product differences through changes
in formulation or manufacturing [8].

The distinctions between quality control (QC) dissolu-
tion, biorelevant dissolution, and clinically relevant dis-
solution methods have been described previously [8, 9].
Ideally, all three make use of the same method. In practice,
however, they usually do not. The QC test is expected to be
less complex and more robust, while maintaining the abil-
ity to detect meaningful variations in product performance
[9]. Regulators are keen that in vitro test results are linked
with in vivo product performance to make dissolution test-
ing ‘clinically relevant’ [8, 10—12]. At the same time, con-
cerns have been raised about the use of more complicated,
biorelevant in vitro release tests for routine quality control
purposes [8, 13].

The development of simple, practical, and robust in vitro
release test methods for drug-releasing vaginal rings needs
to account for the specific drug/formulation characteristics
and the intended clinical use of these products. Important
factors to consider may include the following: the poor water
solubility of many drugs formulated in vaginal rings; the
relatively large initial drug loadings; the relatively low
drug release rates; the extended time periods over which
drug release is required (typically ranging from 3 weeks to
12 months); and the often significant quantities of residual
drugs remaining in the device after clinical use [4, 5, 14, 15].
For maintenance of sink conditions, it is common practice
to use either relatively large volumes (e.g. 100400 mL) of
release medium—sampled and replaced regularly, e.g. daily
or twice weekly—or lesser volumes of release medium con-
taining a water-miscible solvent or surfactant to enhance
drug solubility and therefore maintain permeation-controlled
(also referred to as diffusion-controlled) drug release kinet-
ics [4, 16—19]. A small number of previous studies have
investigated drug release from vaginal rings under both sink
and non-sink conditions [20, 21], since sink conditions may
not be operative in vivo. However, in general, the majority
of IVRT methods for vaginal rings maintain sink conditions
using either water-solvent systems or aqueous surfactant
solutions. This is not without precedent—the FDA dissolu-
tion database describes many surfactant-based methods for
testing drug products containing poorly water-soluble drugs,
and a couple of methods describe use water-alcohol mixtures
(including methanol and isopropanol) [22].

Many factors can potentially influence the release and
absorption of drugs following vaginal administration in
humans, including location of placement of the dosage form,
vaginal microflora, the composition and volume of vaginal
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fluid, vaginal pH, the stage of menstrual cycle, age-related
change in the thickness and laxity of vaginal epithelial tis-
sue, and vaginal infections [23-30]. Various vaginal fluid
simulants useful for in vitro release testing of vaginal drug
products have been described in the literature [24, 30, 31].
However, a simple pH 4.2 simulated vaginal fluid (SVF) [24]
is widely used, and many commercial vaginal rings make
use of simple phosphate-buffered saline [4, 15, 16, 18, 32,
33]. Given the obvious difficulties in attempting to replicate
the complex vaginal system in an in vitro release test, most
published methods have prioritised pH control and mainte-
nance of sink conditions rather than attempt to more closely
match biological and physiological conditions.

A vaginal ring containing 25 mg of the antiretroviral drug
dapivirine (DPV) has recently received a positive scientific
opinion from the European Medicines Agency (EMA) for
use by women in developing countries and a recommenda-
tion from the World Health Organization as an additional
HIV prevention option for women. The product is currently
under regulatory review in eastern and southern Africa and
the USA. Its efficacy in reducing the incidence of HIV acqui-
sition has been demonstrated in two phase III clinical trials
[34, 35]. Previous studies have reported the use of two differ-
ent [IVRT methods for this device: a 1:1 v/v mixture of iso-
propanol/water (IPA/water) and a solution of SVF contain-
ing the surfactant Tween 80 (SVE/Tween) [16, 17]. The IPA/
water mixture is very simple to prepare but overestimates
the total amount of DPV released over 28 days in vivo. For
example, release of ~13 mg over 28 days into IPA/water was
measured compared to the ~4 mg released in vivo [16, 36].
Although SVF/Tween is more biorelevant, it requires longer
preparation times and a relatively large quantity of surfactant
(0.2% w/v) to match the total amount of DPV release meas-
ured in vivo. Here, we have investigated in vitro release of
DPV using alternative media—monophasic IPA/water mix-
tures having different compositions and biphasic aqueous
buffer/octanol systems having different buffer pH-with the
aim of identifying a release medium that, without added
surfactant, more closely matches cumulative DPV release
in vivo. Biphasic media have previously been used for dis-
solution testing of solid dosage forms [37]. To the best of
our knowledge, this is the first time they have been formally
investigated for drug release testing of vaginal rings.

Materials and methods

Materials

Matrix-type silicone elastomer vaginal rings containing
25 mg DPV (Ring-004, mean measured DPV content

per ring 24.4 +0.15 mg) were manufactured at Sever
Pharma Solutions (formerly QPharma; Malmo, Sweden)
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and supplied by the ring’s developer and regulatory sponsor,
the International Partnership for Microbicides (IPM). Potas-
sium dihydrogen orthophosphate, acetic acid, and potas-
sium hydroxide (AnalaR, analytical reagent grade) were
purchased from VWR International Ltd. (Dublin, Ireland).
HPLC-grade isopropanol (IPA), acetone, acetonitrile, phos-
phoric acid (85% w/w in water), sodium dihydrogen phos-
phate, hydrochloric acid (0.5 M), potassium hydroxide (con-
centrate) and potassium hydrogen phthalate, and 1-octanol
were all purchased from Sigma-Aldrich (Gillingham, UK).
Phosphate buffer (pH 7) for use in the Sirius instrument
was supplied by Thermo Scientific (Loughborough, UK). A
Millipore Direct-Q 3 UV Ultrapure Water System (Watford,
UK) was used to obtain HPLC-grade water. Different com-
positions of IPA/water (0/100, 10/90, 20/80, 30/70, 40/60,
and 50/50 v/v) were prepared. Phosphate buffer (0.009 M,
pH 7.0) and acetate buffer (0.001 M, pH 4.2) were prepared
fresh before use. Syringe filters (4 mm) containing 0.2 um
PTFE membranes were from Phenomenex (Cheshire, UK)
and polypropylene tubes (15 mL) from VWR (Dublin,
Ireland).

Determination of dapivirine physicochemical
characteristics

The ionisation constant (pK,) for dapivirine was measured
by titration using a Sirius T3 (Pion Inc, UK). The apparent
ionisation constant was determined in a mixed solvent mixture
comprising 20% acetonitrile, 20% dioxane, and 20% methanol (v/v)
in 0.15 M KCI. Yasuda-Shedlovsky extrapolation of the
measured values to 0% co-solvent was used to determine
the aqueous pK, value [38, 39]. Solubility of dapivirine in
the various solvent systems was determined by adding solid
micronised dapivirine to polypropylene centrifuge tubes
(~15-20 mg for each ratio of IPA/water, 5—10 mg for the
phosphate and acetate buffer samples, and ~0 mg for the
octanol samples) before 10 mL of each test medium was
added. The tubes were sealed and vortex mixed for 20 s
before being placed in an orbital shaking incubator at 37 °C,
60 rpm for 72 h. Bottles were then placed in a cupboard at
room temperature to equilibrate before being centrifuged at
7500 rpm for 3 min (Eppendorf 5430 R, Mason Technology,
Ireland). The octanol and 50/50-20/80 IPA/water samples
were subsequently diluted in ACN:water for analysis. The
phosphate, acetate, and unbuffered water samples as well as
the 10/90 (IPA/water) samples showed poor powder wet-
ting, and centrifugation did not remove surface solid in these
solvents. These samples were subsequently filtered through
a 0.2-um PTFE membrane filter prior to dilution and analy-
sis. The membrane was initially flushed with an intermedi-
ate polarity solvent before being flushed with the solvent in
question, and >2 mL of saturated solution was subsequently
filtered through the membrane before the sample for analysis

was taken to saturate the membrane with the solute. Each
solvent system was investigated in triplicate.

In vitro release testing of rings using various ratios
of IPA/water

Rings were weighed and placed in individually labelled
250-mL glass flasks prior to addition of 200 mL of release
medium containing water and 0 to 50% IPA in 10% incre-
ments (Fig. 1A). Four rings were tested for each release
medium composition. Flasks were sealed and placed in an
orbital shaking incubator at 37 °C, 60 rpm. After 24 h, flasks
were removed and 1-2 mL of the medium was sampled
directly into HPLC vials. The remainder of the medium was
discarded and replaced with 100 mL fresh medium contain-
ing the appropriate ratio of IPA/water. Subsequent samples
were taken daily, and the unsampled media discarded and
replaced with 100 mL of fresh medium. No samples were
taken over weekends; instead, 200 mL release medium was
used each Friday to maintain equivalent release rates over
the weekend.

In vitro release testing of rings using a two-phase
buffer/octanol system

Rings were weighed and placed in individually labelled
250-mL glass flasks prior to addition of 100 mL of either
phosphate buffer (pH 7) or acetate buffer (pH 4.2). 1-Octanol
(20 mL) was then slowly added to form a layer on top of the
buffer solution (Fig. 1B) ensuring that the octanol layer did
contact directly with the ring, before sealing the flasks and
transferring them to an orbital shaking incubator at 37 °C,
60 rpm. After 24 h, flasks were removed from the incuba-
tor, the aqueous and octanol phases sampled separately
(1.0 mL), and replaced with fresh medium (1 mL). Sampling
of the aqueous phase was performed with either micropi-
pettes or a needle and syringe (from day 14). The octanol
phase was sampled with a positive displacement pipette for

20 mL octanol

isopropanol + water

(100 mL; various ratios) phosphate (pH 7)

or acetate (pH 4.2)
buffer (100 mL)

25 mg dapivirine matri;(-type
vaginal ring

Fig. 1 Flask setup for in vitro release testing methods. Vaginal ring
placed into A 100 mL monophasic isopropanol 4+ water mixtures, or B
biphasic system comprising 100 mL buffer and 20 mL octanol

@ Springer
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accurate solvent sampling and dispensing. Care was taken
throughout addition and sampling of octanol to prevent the
octanol layer from making direct contact with the ring. After
sampling, flasks were returned to the incubator. Aqueous
samples were analysed directly, while octanol samples were
diluted 1:20 in HPLC mobile phase prior to HPLC analysis.

HPLC method

A Waters HPLC system (Elstree, UK) consisting of a 1525
binary HPLC pump, a 717 plus autosampler, an in-line
degasser unit, a 1500 series column heater, a 2487 dual
wavelength absorbance detector, and a 2998 photodiode
array detector was used for all analyses. Release and solu-
bility samples (10 puL), appropriately diluted, were injected
onto a Thermo Scientific BDS Hypersil™ C18 HPLC col-
umn (150 mm x 4.6 mm, 3 pum particle size) maintained at
25 °C and fitted with a guard column. Isocratic elution was
performed using a mobile phase comprising 60% HPLC-
grade acetonitrile and 40% phosphate buffer (pH 3.0) and
a total flow rate of 1.5 mL/min. The run time was 6 min
and DPV was detected at 287 nm after ~2.85 min. DPV
amounts were determined using a weighted calibration curve
generated from three separate sets of dilutions performed
independently in IPA/water (Supplementary Information,
Fig. S1 and Table S1).

Analysis of release data

For the IPA/water method, release data were used to con-
struct mean daily and cumulative release versus time (or root
time) plots and mean dapivirine release rates determined
by linear regression analysis [40, 41]. Release profiles were
also assessed using the Peppas equation with log fractional

release plotted against log time allowing calculation of the
values of k and n, again using linear regression [42, 43]. For
the biphasic release method, cumulative amounts of DPV
in buffer and octanol were calculated from the daily release
samples, accounting for the small amount removed in daily
sampling.

Results and discussion
Physicochemical characterisation of dapivirine

Measured physicochemical and solubility data for dapivirine
are presented in Table 1. Dapivirine contains a weakly basic
diaminopyrimidine chemical functional group. pK, and log P
measurements (5.30 and 5.35, respectively) were determined
by titration in a mixed solvent system (acetonitrile, dioxane,
and methanol in potassium chloride) and extrapolated
to zero co-solvent to derive the aqueous value using the
methods of Yasuda-Shedlovsky (R*=0.9892, Supplementary
Information, Fig. S2). The determined values are similar to,
but slightly lower than, previously published values of 5.8
and 6.3, respectively [44]. The solubility values for DPV
increase with degree of ionisation, in line with expectation
[45, 46]. Also, addition of increasing amounts of IPA leads to
a dramatic increase in the measured solubility [47].

In vitro release testing of rings using various ratios
of IPA/water

Plots of mean daily DPV release versus time for 25 mg
DPYV rings in the various IPA/water media show that DPV
release decreases with decreasing % IPA (Fig. 2A). For
example, 190.4 ug DPV is released on day 24 in 50/50

Table 1 Chemical structure and some determined physicochemical properties of dapivirine including solubility in a range of buffers, IPA/water

mixtures, octanol, and silicone elastomer

Chemical structure Selected physicochemical  Solubility in various media (ug/mL); *(mg/g) Solubility in IPA/
properties water mixtures (ug/
mL)
CN MW: 329.4 g/mol Unbuffered water: 0.084 +0.021 10/90: 0.556 +0.034

pK,: 5.30+£0.02
log P: 5.35+0.08

Phosphate buffer pH 7: 0.018 +0.001
Acetate buffer pH 4.2: 0.499 +0.003
Octanol: 6058 +116

Silicone elastomer: 0.34%*

20/80: 2.76 +1.07
30/70: 24.14+1.76
40/60: 178.6+11.6
50/50: 645.0+5.2

MW molecular weight, IPA isopropyl alcohol. *[49]

@ Springer
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Fig.2 A Mean daily release of dapivirine from 25 mg vaginal rings
into different release media composed of various ratios of IPA/water
(0-50% IPA). B Mean cumulative release plotted against time for
the 0/100 and 10/90 IPA/water mixtures. C Mean cumulative release
plotted against root time for the 20/80 to 50/50 IPA/water mixtures. D

IPA/water compared to just 5.7 ug in water only. Also,
the drug burst commonly observed during the first few
days with matrix-type rings [4, 15, 17, 20] is significantly
reduced (relative to later release values) with use of media
containing lower IPA concentrations (0-20%). This is due
to the limited solubility of the highly lipophilic DPV in
these predominantly aqueous media. For the water-only
and 10/90 IPA/water media, linear correlations were
obtained for the cumulative DPV release versus time plots
(Fig. 2B). For release media containing >20% IPA, mean
cumulative DPV release versus root time plots were linear
(Fig. 2C). These plots helpfully illustrate the substantial
increases in cumulative DPV release with increasing IPA
from 0 to 30%, and the relatively smaller (but still sig-
nificant) changes with further increases in IPA concentra-
tion (30-50%). A small dip was observed in both the daily
and cumulative release profiles for the 20/80 IPA/water
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medium from days 14 to 16, and was attributed to an error
in preparing the IPA/water mixture.

The log fraction released versus log time data (follow-
ing the Peppas equation) are plotted in Fig. 2D [42, 43].
Summary DPV release data derived from the cumulative
release plots—plotted either as cumulative release versus time
or root time (Higuchi model), or as the log fractional release
versus log time (Peppas model)—are presented in Table 2.
The data demonstrate how increasing the concentration of
IPA in the release media impacts the rate of DPV release
from the ring. Increasing the IPA concentration from O to
10% and from 10 to 20% leads to a nearly fourfold increase
in release rate, and there is a further doubling in release
rate from 20 to 30% IPA. Subsequent increases in the IPA
proportion produce smaller increases in release rate. This
suggests that the transition from partition-controlled to
matrix-controlled release occurs between the 10 and 20%

@ Springer
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Table 2 Mean cumulative amount released on day 28, cumulative release rate equation gradients and intercepts with 95% confidence intervals in
brackets, and coefficients of determination for DPV release into various proportions of [IPA/water using the Higuchi and Peppas models

Release medium Mean cumulative ~ Higuchi model Peppas model
(% IPA/water) amount released on " > >
day 28 (mg) +SD ISlope (ug/day "'~ or Intercept R” value Slope (n) Intercept (k) R value
*ug/day)

0/100" 0.218+0.004 7.55(7.41,7.69) 14.24 (11.9,16.58) 0.9931 N/A N/A N/A

10/90° 0.75+0.03 25.0 (24.51,25.51) 58.48 (50.25, 66.70) 0.9922  N/A N/A N/A

20/80 3.49+0.31 766.1 (723.8,808.4) —723.4 0.9427  0.817 (0.7751, —2.044 0.9507
(—883.4,-563.5) 0.8589) (—2.090, —1.998)

30/70 8.01+0.07 1693 (1685, 1702) —-903 0.9995  0.6638 (0.6505, —1.447 0.9922
(—935.9,-870) 0.6771) (—1.462,-1.433)

40/60 9.54+0.20 1904 (1879, 1929)  —430.5 0.9966  0.5622 (0.5547, —-1.235 0.9965
(—524.9,-336.2) 0.5698) (—1.244,-1.227)

50/50 10.35+0.11 2022 (2004, 2040) —238.5 0.9984  0.535(0.5294, —-1.163 0.9978
(=306.7,-170.2) 0.5406) (-1.169,-1.157)

“Partition-controlled release, cumulative release was plotted against time; not evaluated using the Peppas model as sink conditions are not pre-

sent

IPA concentrations. However, as can be seen by the contin-
ued increase in release rates with increasing IPA proportions
above 20%, the transition is quite broad. Similarly, analysis
using the Peppas model shows that as the IPA content of
the medium increases, the value of n decreases towards true
Fickian release, e.g. for 40/60 and 50/50 IPA/water medium,
the value of n was calculated as 0.562 and 0.535 respec-
tively. As with the Higuchi model, there is a shift away from
diffusion-controlled release as the IPA concentration in the
release medium falls and DPV solubility plays a larger role.
Based on the mean concentrations determined in the daily
release samples, and the measured solubilities presented in
Table 1, sink conditions are present throughout the 28 days
(defined as less than 10% saturation solubility) [48], in the
50/50 and 40/60 IPA/water mixtures. Using a more relaxed
definition of sink conditions (defined as less than 30% satu-
ration solubility) would also include the 30/70 IPA/water
mixture. The values determined for the 20/80 IPA/water
medium should be interpreted with caution in relation to the
Peppas model as the daily release values are typically greater
than 40% of the saturation solubility of DPV in the medium,
suggesting that sink conditions may not be present. As the 0
and 10% IPA containing media clearly do not represent sink
conditions, the results for these media are not presented.
The average cumulative amount of DPV released over
28 days clinical use of a 25 mg ring is approximately 4 mg
[36]. This was most closely matched with the 20/80 IPA/
water media for which cumulative release was 3.5 mg over
28 days. This medium falls within the intermediate zone
where release is transitioning from diffusion controlled to
solubility controlled. Note that the value of the R? corre-
lation coefficient for this data set plotted against time was
0.9348, which is lower than the 0.9427 calculated when the
data were plotted against root time. The root time R? value

@ Springer

is also reduced by the unexpected dip in release observed
between days 14 and 16 in the data with this release
medium. Using the release rate equation to back-calculate
the expected release without this dip gives an increase in
overall cumulative release of approximately 0.12 mg.

A plot of the release rate calculated against the propor-
tion of IPA present is displayed in Fig. 3A; in the plot, all
release rates are calculated with respect to root time for con-
sistency, despite this being less appropriate for the 0 and
10% IPA release media. This demonstrates the dramatic
increase in release initially observed upon addition of IPA,
followed by a relatively smaller but still significant increase
observed as the proportion of IPA increases beyond 30%.
Subsequent changes may reflect increasing solubility. The
continued increase in release rate with increasing IPA up
to 50% suggests that, as a minimum, the transition phase
falls somewhere within 20-40% IPA range [50]. Figure 3B
presents a plot of the day 1 release value (often described
as the burst release value) for rings as the percentage of [PA
in the release medium is increased. This data demonstrates
the large impact that solubility plays on increasing the day
1 release.

In vitro release testing of rings using a two-phase
buffer/octanol system

The mean cumulative amount of DPV released from rings
into the aqueous buffer and octanol components of the
two-phase release media are presented in Figs. 4 and 5,
respectively. The quantity of DPV present in the 100 mL
buffer components (i) was generally less than 15 pg (con-
sistent with its extremely poor aqueous solubility, Table 1),
(ii) was dependent upon buffer pH, with greater release at
pH 4.2 compared to 7.0 (consistent with DPV’s pKa value
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Fig.3 A Mean calculated A B
release rate and B mean day
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. . — E 3 E
present in the release medium. 8 1 ° = ] (]
Errors bars representing _§‘ 1500'_ b 1500'_
standard deviations (n=4) are > E ¢
plotted, but are often smaller % 1 o 1
than plot symbols T 1000 E 1000+
) ] @) ]
g . =] *
T 1 > 1
X 500- (DU 500+
[ . | t
0* T T T T 1 O ? T T T 1
0 10 20 30 40 50 0 10 20 30 40 50

IPA concentration (%)

and ionisation behaviour, Table 1), and (iii) showed much
greater variability compared with the IPA/water release
data. That the weakly basic DPV molecule exists predomi-
nately in its protonated form (DPV-H*) at normal healthy
acidic vaginal pH may explain its relatively low systemic
absorption following vaginal administration [51-53]. A
small number of previous studies have sought to deter-
mine whether the principles of pH partition theory—which
have been widely considered and are well established for
intestinal drug absorption—also apply to ionisable drugs
administered vaginally [49, 54-58]. It would be interest-
ing to assess whether vaginal pH impacts DPV systemic
absorption in the clinic, particularly given the very high
prevalence of bacterial vaginosis among women in sub-
Saharan Africa, where the DPV ring is intended for use
[59-61].
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Fig.4 Mean cumulative amount of DPV measured in the aqueous
buffer phase of the buffer/octanol system for phosphate buffer (pH
7)+octanol and acetate buffer (pH 4.2)+octanol. Each data point
represents the mean of four replicates with error bars denoting stand-
ard deviations
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The mean cumulative amount of DPV measured in the
octanol phases of the two biphasic release media increased
with time (Fig. 5), in line with the expectation that hydro-
phobic DPV molecules (log P 5.35, Table 1) dissolved in
the aqueous buffer phase will preferentially partition into the
octanol layer. Larger quantities of DPV were measured in the
octanol/acetate buffer (pH 4.2) system, consistent with the
higher concentrations of DPV measured in the acetate buffer
(Fig. 3). Further, the much higher quantities measured in the
octanol phase compared to the aqueous buffers are broadly
consistent with pharmacokinetic concentrations measured
in vivo, where the octanol can be considered to broadly rep-
resent the combined vaginal tissue + systemic compartments
and the aqueous buffer the vaginal fluid. We appreciate that
the buffer volumes used in these in vitro models are much
larger than vaginal fluid volumes in vivo [24]. Nonetheless,
this simple octanol/buffer system represents a first attempt
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Fig.5 Mean cumulative amount of DPV measured in the octanol
phase of the buffer/octanol system for phosphate buffer (pH
7)+octanol and acetate buffer (pH 4.2)+octanol. Each data point
represents the mean of four replicates with error bars denoting stand-
ard deviations
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at better understanding and modelling drug concentrations
in the various biological compartments.

The data for DPV quantity measured in the octanol phase
are highly variable (see large errors bars in Fig. 5). The mean
rates of DPV accumulation in the octanol phase for each of
the two systems are presented in Table 3 along with 95%
confidence intervals, R? values, and the mean cumulative
amount released over 28 days. Overall, the total amount and
rate of DPV release into the acetate buffer/octanol system
is approximately double that measured with the phosphate
buffer/octanol system.

The high variability associated with the DPV quantities
measured in octanol and the low R? values (Table 3)
require further comment. Plots of individual ring data
(Supplementary Information Fig. S3A, B) show that for the
pH 7 buffer/octanol system, three rings follow each other
quite closely over the 28 days, while one ring diverges from
day 10 onwards (ring 4, Fig. S3A). In the plot of the pH 4
buffer/octanol system, two rings follow each other closely
while the other two diverge from day 8 onwards (rings 5
and 8, Supplementary Information Fig. S3B). The large
and anomalous increases in release with rings 4, 5, and
8 compared to other rings are likely due to inadvertent
ring contact with the octanol phase (for example during
sampling), and highlight a particular challenge with use of
a biphasic release medium. The adjusted release rates with
these anomalous data removed (Table 3) are approximately
half of the original values. However, the data still support
a faster rate of DPV release with the octanol/acetate buffer
system, in line with expectations of increased tissue/systemic
absorption at lower vaginal pH.

The total amount of DPV released from the 25 mg DPV
ring following 28-day in vivo use is ~4 mg, as determined
by extracting and quantifying residual DPV in rings fol-
lowing clinical use [62—64]. Clearly, the amounts of DPV
released in vitro using the octanol/water media (~1 mg
measured in the octanol phase) are lower than those fol-
lowing in vivo use, despite the much larger volumes of
buffer used (100 mL) relative to those of vaginal fluid
(~2 mL). Possible reasons for this discrepancy include the
following: (i) vaginal fluid contains various small organic
molecules and proteins that likely enhance solubility of

poorly water-soluble drugs [24, 65], (ii) direct diffusion of
drug from the ring surface into the adjacent tissue (or, at
least, drug diffusion through a much thinner aqueous dif-
fusion (hydrostatic) layer, (iii) different fluid dynamics and
turnover rates for vaginal fluid compared with the aqueous
buffer. Although simple buffers and SVF are widely used
as single-phase media for in vitro release testing of vaginal
rings containing poorly water-soluble drugs, the addition
of surfactants is often required to enhance drug solubil-
ity and obtain meaningful release data. In this study, we
opted not to add surfactants to the buffer solutions since
we anticipated that concomitant use of octanol (albeit as
a second immiscible phase) would adequately compen-
sate. Assuming the measured release data scale linearly, an
aqueous fluid volume of ~ 350 mL should provide the nec-
essary release rates to match the amounts of DPV released
in vivo.

Potential strategies to reduce the variability seen in DPV
release into the two-phase system include the following:
(i) decreasing the orbital shaking speed of the incubator to
reduce the potential for ring contact with the octanol phase,
(ii) use of a magnetic stirring system rather than a shaking
incubator system, (iii) sampling consistently using a nee-
dle and syringe (rather than a micropipette) throughout the
experiment, and (iv) using a larger aqueous volume. Ini-
tially, we used a micropipette to sample both octanol and
buffer phases. From day 14, a needle and syringe was used to
reduce potential contamination with octanol when sampling
the underlying aqueous layer. Indeed, octanol droplets were
observed in some aqueous layer samples (Supplementary
Information, Fig. S4), which may account for some of the
variability in the data.

It would also be interesting to assess if the ratios of drug
in the biphasic octanol/buffer system correspond to the ratios
observed in tissue/vaginal fluid or tissue/plasma. A cursory
review of published pharmacokinetic data suggests no obvi-
ous correlations. In general, much higher concentrations of
DPV are observed in vaginal fluids, suggesting that tissue/
vaginal fluid ratios, for example, are opposite to what we
observe in this in vitro study. Ideally, a system that could
more closely replicate the composition, volume, and rate of
turnover of vaginal fluid would be preferable.

Table 3 Mean cumulative amount released on day 28, cumulative release rate equation gradients and intercepts with 95% confidence intervals in
brackets, and coefficients of determination for DPV release into two different biphasic buffer/octanol systems

Release media Mean cumulative amount Slope for octanol data (ug/day) Intercept R? value
released on day 28 (mg) +SD

pH 7 buffer + octanol 0.85+0.82 31.88 (22.89, 40.88) —57.15 (-205.2,90.91) 0.3898

pH 4.2 buffer + octanol 1.58+0.72 68.81 (56.67, 80.95) —89.70 (—289.6, 110.2) 0.6202

pH 7 buffer + octanol —ring 4 0.44+0.11 17.77 (14.81, 20.73) 9.91 (—38.84, 58.66) 0.7134

pH 4.2 buffer + octanol —ring 5, 8 0.98+0.14 40.94 (38.19, 43.69) —26.24 (—71.52, 19.03) 0.9598
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Conclusions

The release of DPV from a 25 mg matrix ring transitioned
from a partition-controlled to permeation-controlled
mechanism upon increasing the IPA fraction in an IPA/
water mixture from 10 to 20%. Use of a 20/80 IPA/water
mixture provided release of approximately 3.5 mg DPV
over 28 days which is close to the ~4 mg released over
28 days in vivo. By comparison, use of a 30/70 IPA/water
mixture gave release of 8 mg DPV. Increases in release
rate upon further addition of IPA to the release medium
suggest that the transition between partition-controlled and
matrix-controlled release is relatively broad in this system.
Using the Peppas equation, true Fickian release was not
observed even at 50/50 IPA/water, despite this represent-
ing sink conditions according to measured DPV solubility
value and daily release concentrations. Use of a biphasic
aqueous-octanol release medium provided release of up
to~1 mg of DPV over 28 days. Clear differences in the
amount of DPV accumulating in the octanol phase were
measured between release into a phosphate buffer (pH 7)
and acetate buffer (pH 4.2) aqueous phase. This is in line
with the increased solubility of the ionised form of DPV
predominating at pH 4.2.
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