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Purpose. The creation of supersaturation transiently after application overcomes the issue of drug instability.
However, if the solvents used to drive supersaturation evaporate too quickly, drug recrystallisation or rapid
film drying can occur which will inhibit drug release. As such the effects of a residual solvent, poly(ethylene
glycol) 400 (PEG), on the release, mobility and supersaturation kinetics of a transiently supersaturated
formulation were studied.

Materials and Methods. Metered dose aerosol (MDA) formulations consisting of hydrofluoroalkane 134a,
ethanol, poly(vinyl pyrrolidone) K90, beclomethasone dipropionate (BDP), and 0%, 5% or 10% w/w PEG
were prepared in canisters sealed with metered dose valves and tested for release and adhesion over time.
Results. The addition of 10% PEG to the MDA formulation resulted in a significant reduction (p < 0.05)
in steady state drug release rate (230.4 + 17.3 ug/em*h for 0% PEG MDA, 83.6 + 4.9 pg/cm®h for 10%
PEG MDA). The presence of PEG caused a delay in dose depletion (2 h for 0% PEG MDA versus 4 h
for 10% PEG), retarded supersaturation kinetics and increased film drying time.

Conclusion. Whilst equivalent amounts of BDP were released, the residual solvent altered the drug
release profile to achieve more constant delivery.

KEY WORDS: aerosol; beclomethasone dipropionate; corticosteroids; diffusion; in vitro models;

percutaneous drug delivery; solubility; supersaturation.

INTRODUCTION

Designing a dosage form that efficiently delivers a drug
into the skin is not trivial as the outermost layer of this topical
surface, the stratum corneum (SC) is a highly effective barrier
(1). The problems of penetrating the SC are exacerbated by
the fact that many conventional topical formulations such as
creams and ointments do not allow effective drug release, and
as a consequence a high percentage of the drug administered
to the topical site can remain trapped in the formulation,
unavailable to penetrate into the skin (2, 3).

Supersaturation of a drug in a topical vehicle is a simple,
cost-effective and safe strategy to improve percutaneous drug
delivery. The increased concentration of drug in a vehicle
above saturation leads to a greater thermodynamic activity,
which proportionally increases the rate at which the drug can
pass through the skin (4). However, by definition, the drug in
supersaturated formulations is physically unstable and precip-
itation will occur well within the shelf-life of a pharmaceutical
product (typically a minimum of 18 months) even in the
presence of excipients included to prevent crystal nucleation
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(5). The reduction of solubilised drug caused by precipitation
diminishes the drug thermodynamic activity and therefore
reduces the potential enhancement capability of the delivery
system (6). To avoid this problem, novel formulations have
been developed that become supersaturated only after dosing
onto the skin and not whilst stored in the original formulation
reservoir. These supersaturated systems use high levels of
volatile organic solvents that evaporate after actuation to
increase the concentration of drug on the skin. Examples of
novel formulations containing high amounts of evaporative
organic solvents include foams (7, 8), alcoholic gels (9, 10) and
sprays (11-13). High levels of organic solvents in all these
formulations evaporate and drive the drug into the skin.
Sprays, in particular metered dose aerosols (MDA), are
attractive vehicles to induce drug supersaturation as they are
cosmetically acceptable and lack dosing variability. These
sprays commonly consist of volatile propellants and co-
solvents that evaporate after dosing. Volume reduction of a
solution caused by evaporation can induce supersaturation
post dose application; this is commonly known as ‘transient
supersaturation’ due to its highly dynamic nature. Leichtnam
et al. (2006) previously reported an attempt to generate a
transiently supersaturated formulation containing testoster-
one for transdermal drug delivery. However, the testosterone
present in the saturated system containing ethanol (EtOH),
water, hydrofluoroalkane (HFA) and propylene glycol co-
solvent was shown to quickly form drug crystals upon
application (Leichtnam et al., 2006). Rapid post-dosing
crystallisation resulted in a reduction of drug thermodynamic
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activity and as a result very little permeation enhancement
when compared to a saturated drug solution was reported
(14). Morgan et al. (1998) also found no improvement in
plasma concentrations of testosterone and estradiol in swine
using MDAs without penetration enhancers (15). However,
the limiting factor in these studies was the inability to
maintain drug supersaturation after dose actuation for an
appropriate amount of time to increase in flux (15).

Given the nature of MDA formulations, the combination
of excipients and volatile solvents can be manipulated to give
a wide range of physical characteristics after the dose is
applied to the skin. Typically these formulations begin as a
light mousse or gel upon dosing and then decrease in mass as
the solvent is lost until eventually a thin film is formed upon
the skin. Solvents from the formulation can be lost after dose
application via two routes: either by evaporation or absorp-
tion into the skin. As the solvent is lost from the formulation
the nature of the applied film changes and release of the drug
is altered. In some cases the enhanced delivery has been
reported as a consequence of solvent evaporation and this has
been attributed to a heightened level of drug thermodynamic
activity in the formulation and/or the ‘solvent drag’ effect
which aids partitioning into the skin (16). The decrease in
solvent volume after application can also result in a reduction
in the amount of drug release due to rapid film formation
causing a decrease in mobility and/or drug precipitation (17).
It is possible that with the addition of appropriate non-
volatile residual solvents to MDA that evaporation of the
volatile components can be altered and as a result drug
release from the remaining formulation manipulated (18, 19).
However, the rational inclusion of residual solvents into
volatile transiently supersaturated systems requires a greater
understanding of the their influence upon both drug satura-
tion and mobility in the formulation.

The aim of this study was to investigate how the addition
of a residual solvent could modulate the characteristics of a
topical film and influence the release of drug from a MDA.
The release profile of BDP from MDA formulations contain-
ing a volatile propellant HFA 134a, a film forming polymer
poly(vinyl) pyrrolidone (PVP) K90 and co-solvent EtOH was
compared to identical MDAs containing different concen-
trations of a residual, non-evaporative solvent (PEG 400).
The effect of the PEG 400 upon both the kinetics and degree
of saturation (DS) after actuation was calculated based on the
solubility of BDP in EtOH and PEG 400. A probe tack test
was employed to measure physical changes in the film by
determining the relationship between dose depletion and
adhesion as a function of time.

MATERIALS AND METHODS
Materials

BDP was purchased from Airfilco (High Wycombe, UK)
and was used as received. EtOH (99.7-100% v/v) and poly
(ethylene glycol) 400 (average molecular weight of 400 g/mol)
were purchased from BDH (Lutterworth, UK). Acetonitrile
(ACN) (HPLC grade) was from Fisher Scientific (Lough-
borough, UK). Poly (vinyl pyrrolidone) (PVP K90, average
molecular weight 360,000 g/mol) was purchased from Fluka
(Buchs, Switzerland). Solkane 1,1,1,2-tetrafluoroethane
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(HFA) 134a propellant was kindly donated by Solvay
(Hanover, Germany). Regenerated cellulose membrane
(RCM, 12-14 k molecular weight cut-off) was purchased
from Medicell International (London, UK).

Metered Dose Aerosol Preparation

PVP K90 and BDP were weighed directly into a 10 mL
Purgard® canister made of clear glass and safety coated in
polypropylene (Adelphi Tubes, Haywards Heath, UK) at the
desired weight/weight ratios. PEG 400 (if appropriate) and
EtOH were subsequently weighed into the canister, and a
13 mm magnetic follower was added. The canister was sealed
with a 50 pl metered valve (Bespak Europe Ltd, Milton
Keynes, UK). This was left to stir overnight to allow the
polymer to solvate and equilibrate. The HFA 134a was
pressure-filled into the sealed glass canister using an MDA
filler (Model # 2016, Pamasol Willi Mader AG, Pfiffikon,
Switzerland) until the desired weight was obtained. The
MDA was stirred for 24 h and complete dissolution of the
polymer into the other components was defined as a soluble
system whereas the appearance of precipitate in the mixture
was defined as an insoluble mixture.

In Vitro Drug Release

The release experiments were carried out in individually
calibrated upright Franz cells (MedPharm Ltd, Guilford, UK)
with an average receiver volume of 10.8 cm® and an average
surface area of 2.1 cm>. RCM was soaked in deionised water
(DiH,0, conductivity 0.5-1 uS) for 30 min at 70°C and then
rinsed with DiH,O to remove any impurities. The membrane
was cut to fit the Franz cell with scissors, mounted and sealed
between the two chambers of the cell with a 13 mm magnetic
flea in the receiver chamber. The cell was inverted and filled
immediately with a previously sonicated receiver fluid
composed of 70:30 ACN:DiH,O (BDP was stable in this
solution over the time of the experiment; data not shown, and
had a saturated solubility of ~20 mg/mL). The high proportion
of organic solvent in this RF was required to maintain sink (20,
21). The cells were checked for leaks by inversion and placed
on a submersible stir plate in a pre-heated water bath set at 37°
C to obtain 32°C at the membrane surface (22). The cells were
left to equilibrate for 1 h prior to application of the donor
phase, which consisted of an infinite dose of 30 actuations of an
MDA formulation, equivalent to 1.2 mg of BDP (whereby one
actuation is equivalent to 40 pg of BDP). An infinite dose of
these formulations were examined to investigate the
supersaturation kinetics after dose actuation only; it was not
anticipated that a large dose would be applied in a clinical
setting. Further work is necessary to understand the
mechanisms of action of the MDAs at smaller, more
therapeutically relevant amounts. Drug diffusion through the
membrane and into the receiver fluid was monitored by
removal of 1 mL samples out of the Franz cell sampling arm.
These samples taken from the Franz cells were placed into an
HPLC vial without dilution, and the sample volume was
replaced with 1 mL of thermostatically regulated receiver
fluid. The cumulative amount of drug (ug) penetrating the
unit surface area of the membrane (cm?®) was corrected for
sample removal and plotted against time (h). Steady-state
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release rate was calculated using the line of best fit over at least
five time points with a linearity of R*>0.97. The thickness of
the RCM membrane was measured before and after the release
rate experiment using a Vernier micrometer (Starrett, Jedburgh,
UK) set at low torque. Five thickness measurements were made
in randomly selected membrane sections.

HPLC Analysis

Quantitative determination of the BDP was performed
using a reverse phase HPLC system consisting of a 600E
pump, a 996 PDA Detector, Waters™ 717 Plus Autosampler
coupled with Millennium®* Software, version 4.0 (Waters,
Milford, MA, USA). The mobile phase was 70:30 ACN:
DiH,O set at a flow rate of 1.0 mL/min. BDP was separated
using a Nova-Pak® C18 150 mmx4 pm stationary phase
(Waters, USA) at room temperature with a 100 pL injection
volume and UV detection at 254 nm. Average BDP retention
times was 3 min and calibration curves were constructed from
the peak height of known standard concentrations, prepared
by serial dilution (peak height was shown to have superior
accuracy and precision compared to peak area). The HPLC
method had a 0.8 pg/mL limit of detection and was shown to
be ‘fit for purpose’ in terms of accuracy, precision and
linearity in accordance to the limits described by the
International Conference on Harmonisation guidelines, data
not shown (23).

Adhesion Testing

Thirty actuations of the MDA formulations were applied
to one well in a 24 well polystyrene multi-dish plate (Nunc,
Roskilde, Denmark). This plate was super-glued (UHU glue,
UK) to the base of a single column, bench mounted Testing
Machine LF 500 (Lloyd Instruments, Hants, UK). The force
of adhesion was measured using the food category, single
stickiness method which was predefined within the NEXY-
GEN ™ Materials Test and Data Analysis Software (version
4.5.1, Lloyd Instruments, Hants, UK). At three intervals after
dose application (0.5, 2, and 4 h) a flat probe was driven into
the sample at a speed of 1 mm/min until a force of 10 N was
applied and this was held for 60 s. The probe was reversed
out of the sample at the same speed and the pull-off force
created by the pull on the load cell in the base was measured
until the probe broke away from the sample. This force was
defined as the adhesive force, measured in Newtons (N).

Evaporation and Degree of Saturation Calculation

Thirty actuations from an MDA were applied to a tared
weigh boat (usable surface area of 6 cm?) in a balance and
monitored for weigh loss after application by recording the
sample weight at multiple time points over 48 h. As there was
a known amount of BDP applied, the concentration and thus
DS could be determined by the weight loss using Eq. 1:

()

WF:—WF Fina

-~ 2 =DS 1
Css M

where WD 4., was the mass of the drug applied, WF, was the
mass of the formulation at time ¢, WF;,, as the final mass of
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the formulation after 48 h (24) and Cgg, was the saturated
solubility of drug in the solvent mixture at time t. In this
study, the Css was not constant over the course of the
experiment, because the amount of EtOH decreased with
time while the amount of (liquid) PEG 400 remain
unchanged. In order to determine the total mass of PEG
applied by each MDA the final mass of the film at 48 h was
multiplied by the initial percentage of PEG 400 in the
formulation. The EtOH mass at each time point was
determined by subtraction of the EtOH loss (assumed to be
equal to formulation weight loss after 1 min) from the total
EtOH mass. This allowed the EtOH and PEG ratio to be
determined at each time point of the weight loss profile, and
the saturated solubility (determined experimentally) of these
co-solvent mixtures were used in Eq. 1 for the DS calculation.
Saturated solubility of the drug in appropriate ratios of PEG
400 and EtOH was determined by adding excess BDP to the
co-solvent solution which was stirred for 24 h in sealed
containers at room temperature (21°C). The solution was
centrifuged at 14,000 rpm for 30 min (Biofuge pico Heraeus
Instruments, Hanau Germany), the supernatant was diluted
and assayed by HPLC using the method previously described.

RESULTS AND DISCUSSION

The MDA formulations employed in this study consisted
of an active ingredient (BDP), a film-forming polymer (PVP
K90), a propellant (HFA 134a), and volatile co-solvent
(EtOH). To this blend of excipients PEG 400 was added in
an attempt to control drug release. It was anticipated that
upon application of the MDA to a topical surface the
evaporation of the volatile propellant and co-solvent would
lead to a formulation volume decrease, an increase in drug
concentration and the formation of a supersaturated semi-
solid film. Accurate interpretation of drug release data from
the formulations undergoing this process using RCM was
facilitated by the assessment of membrane dehydration
effects which could have been induced by the co-solvent
blend of PEG/PVP/EtOH (25). Measurements of membrane
thickness in the absence (51.0+4.2 um) and presence of PEG
(48.0+£2.7 um for 5% PEG and 46.0+2.2 um for 10% PEG)
indicated that variation of the co-solvent polymer mixture did
not induce a diffusional path length alteration. Thus these
differences in the release rate of the drug were assumed to be
as a consequence of the formulation excipient effects upon
the drug and not an artifact of the experimental method.

The release rate of BDP from a MDA without a residual
co-solvent across the RCM was 230.4+17.3 pm/cm?/h (Table I).
The fastest release from the rapidly drying PVP/EtOH film was
within the first 1.5 h, but this rate slowed between 1.5-2 h and
release stopped within 2 h (Fig. 1). The addition of PEG to the
MDA formulation was shown to slow the release rate (from
230.4+1.73 pg/em*h for 0% PEG to 172.0+21.1 pg/em*h for
5% PEG, and to 83.6+4.9 ng/cm*h for 10% PEG) and extend
the time to dose depletion (2 h for 0% PEG, 3 h for 5% PEG
and 4 h for 10% PEG, Fig. 1). However, the total amount of
drug released from all three MDAs over the 4 h experiments
was not significantly different (p>0.05), indicating that the
addition of PEG only affected the rate and not the extent of
drug release. It was hypothesised that PEG influenced the drug
release profile in two different ways: (1) by altering the
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Table I. List of Metered Dose Aecrosol Formulations Containing Poly(Vinyl Pyrrolidone), Beclomethasone Dipropionate, Ethanol, and
Hydrofluoroalkane 134a with Two MDAs Containing Poly(Ethylene Glycol) 400. Steady state drug release through a regenerated cellulose
membrane and the membrane thickness of the RCM after the release study was completed at 4 h. Mean of n=5+one standard deviation

Excipients (% wiw)

Formulation PVP K90 BDP PEG400 FEtOH HFA 134a Steady state release rate (ug/cm*h)  Membrane thickness (jum)
0% PEG MDA 2.52 0.09 0 10.00 87.39 230.4+17.3 51.0+4.2
5% PEG MDA 2.15 0.09 5.00 10.00 82.76 172.0+£21.1 48.0+2.7
10% PEG MDA 3.36 0.09 10.00 10.00 76.55 83.6+4.9 46.0+2.2

RCM Regenerated cellulose membrane, MDA metered dose aerosol, PVP K90 poly(vinyl pyrrolidone), BDP beclomethasone dipropionate,

EtOH ethanol, HFA hydrofluoroalkane, PEG poly(ethylene glycol)

saturation kinetics and (2) by increasing the drug mobility
within the film.

The weight loss profiles of the MDA formulations after
application were determined as a function of time to assess
supersaturation kinetics (Fig. 2). As in previous work, there
were two obvious gradients in the weight loss profiles, one
immediately post dose application and a second after
approximately 1 min (24). The 0% PEG MDA displayed
the most rapid weight loss from 10 s to 1 min after the last
spray was actuated at —197+14 mg/min and the 10% PEG
MDA was the slowest at —112+15 mg/min (linearity of these
gradients were R?>0.9 for both). This period of rapid weight
loss post dose actuation was considered to be a consequence
of HFA 134a evaporation as it has a lower enthalpy of
vaporisation (19.6 kJ/mol) (26) compared to other volatile
solvent EtOH (42.3 kJ/mol) (27). The slower rate of weight
loss between 10 s to 1 min for the 10% PEG MDA was
probably a result of the different formulation composition, as
the addition of 10% PEG in this formulation was
compensated by a 10% reduction in HFA 134a. An increase
in the most viscous excipient in the formulation, PEG (105-
130 cP PEG, 0.22 cP HFA, 1.22 cP EtOH (28)) may have
hindered HFA diffusion through this solvent mixture. If the
access of HFA to the air/liquid interface post application was
retarded then depletion of HFA at the interface could occur
and evaporation as a result weight loss slowed.
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Fig. 1. Beclomethasone dipropionate release profiles from metered
dose aerosol formulations containing 0% (filled square), 5% (filled
circle) and 10% (filled triangle) wiw polyethylene glycol (PEG) 400;
the dose depletion time point from each formulation is indicated by
(asterisk) for the 0% PEG, (dagger) for 5% PEG, and (double
dagger) for 10% PEG MDAs. Mean of n=5+one standard deviation.

The weight loss determined in the second sector of the
profile (i.e. from 5 to 30 min) for all three of the MDAs was
statistically equivalent (p>0.05) with weight loss rates of —3.9+
0.1 mg/min, —3.7+0.2 mg/min and —3.7+0.2 mg/min for 0%
PEG, 5% PEG, and 10% PEG MDAs respectively (R*>>
0.96). Previous work has shown that formulation weight loss
as a consequence of EtOH evaporation from a saturated
solution occurs at approximately 6 mg/min (24). Although the
weight loss that was thought to be due to EtOH evaporation
in this experiment was slower than previously observed, these
small but significant differences could have been a result of a
change in the ambient conditions. During EtOH loss it was
again assumed that the viscosity of the formulations was
changing, but as the process was occurring at a rate nearly
two orders of magnitude slower than that in the first sector of
evaporation it was assumed that the air/liquid interface
depletion of EtOH did not occur. The final weights of the
three formulations indicated that PEG did not evaporate and
this was probably as a consequence of its comparatively high
boiling point of 250°C (29). The MDA spray formulation with
the highest concentration of PEG, 10% PEG MDA, was the
heaviest at 240 min due to the fact a large proportion of
residual film that remained at this time point was comprised
of PEG.

Once the HFA 134a had completely evaporated from the
0% PEG MDA, the BDP was left in a solution containing
PVP K90 and EtOH. The amount of EtOH continuously
decreased post dose application until the formulation was
completely dry. This process was found to take approximately
90 min after the last spray was actuated from the MDA, as
after this time no more weight loss was observed (final weight
of 0.036+0.001 g from 90 to 240 min which remained
statistically unchanged up to 48 h (p>0.05)). It was hypoth-
esised that once the film was dry the viscosity of the film
would be high, and as a result drug mobility was lessened and
hence release would be poor. The BDP release profile
confirmed this hypothesis. However, dose depletion occurred
at approximately 120 min post dose application and at this
time point 45% of the drug had passed through the
membrane. Therefore although dose depletion could have
been as a consequence of the lack of drug availability at the
membrane interface, due to poor mobility in the film, it was
more likely to be a consequence of an inadequate concentra-
tion of drug remaining on the apical surface of the membrane
due to the highly efficient release (Fig. 1). The drug release
profile of the films was therefore probably controlled by a
combination of physical properties and evaporation (thus
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Fig. 2. Weight loss of the metered dose aerosol formulations containing 0% w/w poly(ethylene
glycol) (PEG) 400 (filled square), 5% wiw PEG 400 (filled circle), and 10% w/w PEG 400 (filled
triangle) MDAs, whereby b is an expansion to show the two rate gradients over 30 min of the full
data set a. Points represent mean of n=3+one standard deviation (in most cases the standard

deviation is too small to be seen).

supersaturation kinetics) in the early part of the release
profile.

The saturation kinetics for the three MDA formulations
were very different as a consequence of the altered evapora-
tion profiles and film compositions after loss of the HFA
(Fig. 3). The MDA formulation containing 0% PEG was
subsaturated and took approximately 30 min to become
supersaturated whereas the MDA formulations containing
5% and 10% PEG were not supersaturated until approxi-
mately 45 and 60 min post dose application, respectively.
There was no significant difference (p>0.05) between the
final DS value for the 0% PEG MDA and the 5% PEG
MDA (both were approximately six times supersaturated),
but the MDA containing 10% PEG only reached a final DS
of approximately three. The addition of PEG to the
formulations resulted in a PEG/PVP/EtOH mixture in the
film compared to the PVP/EtOH film from the 0% PEG
MDA, thus altering the solubility profile of BDP in these
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Fig. 3. The supersaturation kinetics for the metered dose aerosols con-
taining 0% w/w poly(ethylene glycol) (PEG) 400 (square), 5% wiw PEG
400 (circle), and 10% w/w PEG 400 (triangle) MDAs. Points represent
a mean of n=3+one standard deviation.

systems. The solubility of BDP in PEG was 28.9 mg BDP/g
PEG while the solubility of BDP in EtOH was 46.9 mg/g. This
meant that as the EtOH evaporated from the MDA
formulations containing PEG, the BDP was solubilised by
the remaining PEG solution which caused the reduction in
drug saturation. In addition to the slower volume change in
the PEG solutions, this was the cause of the DS saturation
kinetics being relatively slower.

The physical characteristics of topical dosage forms are
often assessed via rheological characteristics as these param-
eters often relate to the ease of product use, physical stability,
and the feel upon the skin. In addition, the rheology of a
semi-solid can provide some information on the drug mobility
in the formulation. However, due to the experimental method
limitations, it is difficult to assess the rheological properties of
dynamic films. As a consequence several specific film physical
characterisation tests have been previously developed and
reported in the literature including: abrasion resistance (30),
elongation (31), swelling and water uptake (31, 32) and
adhesion (31, 33, 34). Adhesion is an important characteristic
for topical film formulations as they need to remain in contact
with the skin during dose application, and this measure can
also provide an indication of the fluidity of a film. Due to the
speed at which measurements could be made, in the current
study adhesion was used as a parameter to monitor the
dynamic properties of the transiently supersaturated film over
time.

Tackiness has previously been defined as the capability
of a material to form a strong adhesive bond with another
surface during a short contact time (35). The most common
test performed to measure tackiness is the peel test, which
assesses the force necessary to pry a film from another object,
e.g. a tablet or a pressure sensitive adhesive (PSA) liner (36).
The peel force is then extrapolated to the likelihood of the
film staying affixed to the topical surface. The peel test was
not appropriate in the current study as a rigid film that could
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be peeled off a surface was not always generated by the
MDA formulations.

Probe tack testing, whereby a probe is driven into the
topical formulation, held for a short period, and then
removed to measure the force required to separate, is also a
reliable method to assess tackiness (33). Probe methods are
commonly employed to assess the tackiness of food coating
preparations during drying as a method to determine how the
systems change during solvent evaporation (37). In this study,
a probe tack test was utilised to measure the adhesiveness of
the MDA formulations after actuation, i.e. as they dried. In
order to determine if the probe tack test could differentiate
between tacky and non-tacky substances, three materials
were measured: a solid, non-adhesive empty Transwell®
plate, a solid adhesive piece of poly(vinyl alcohol) Sellotape
which was adhered to the surface of the Transwell plate and
the Transwell plate containing a non-adhesive liquid, PEG
400 (Fig. 4). Both liquid and solid test items were selected as
it was anticipated that the films produced by the MDA
formulations could take either form. The adhesive force of
the probe with the non-adhesive empty Transwell container
(the container that would hold the films) was 0.24+0.02 N.
When the Transwell contained liquid PEG the adhesion was
0.12+0.01 N and when it held the Sellotape it was 2.82+
1.07 N. These measurements showed the range of adhesion
with both solid and liquid materials. The slight apparent
adhesion (~0.2 N) of the probe to the empty transwell plate
was likely due to dry static friction between the probe and
plate caused by forces such as van der Waals and capillary
forces (38). The decrease in adhesive force when liquid PEG
400 was added to the Transwell plate was probably as a
consequence of the PEG 400 lubricant effect which dimin-
ishes the static forces present, a phenomenon that has been
demonstrated previously when PEG has been added to
extruders (39). With this method of adhesiveness measure-
ment, it was evident that differentiation between the two
surfaces of different adhesion properties could be deter-
mined. In addition, measurements determined in the current
study were in the same order of magnitude as probe studies
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Fig. 4. The adhesive force of an empty transwell, a non-tacky liquid
(polyethylene glycol (PEG) 400), and a very tacky surface (Sellotape)
using a flat probe. Points represent a mean of n=4+one standard
deviation.
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Fig. 5. Effect of poly(ethylene glycol) (PEG) 400 percentage film
tackiness over 0.5 h (white), 2 h (hatched) and 4 h (diagonal lines).
The metered dose aerosols were equivalent but contained 10% w/w PEG,
5% PEG or 0% PEG. Points represent a mean of n=4-7+one standard
deviation.

previously reported with similar materials which been
reported to lie in the range of 0.1 to 2 N (31, 40, 41).

At 0.5 h, the 0% PEG MDA generated a tackiness of
0.73+0.14 N (Fig. 5). At 2 and 4 h the tackiness values were
both significantly higher at 5.84+1.31 N and 4.52+1.49N (p<
0.05) respectively. This increase in tackiness of the PVP/
EtOH film appeared to correlate with the both the evapora-
tion data, which displays no further weight loss after 90 min,
and also with the drug release profile that reveals no
significant BDP release after 2 h. The goal of adding the
PEG as a residual solvent to the MDA formulations was to
prolong the film drying time and extend the time of drug
release. Although it appeared that dose depletion was the
ultimate determinant of drug release in the films containing
PEG, the drug saturation was lower. Therefore, to achieve
the same extent of drug release mobility must be retained in
the films for a longer period of time. Unlike the PVP/EtOH
film, the tackiness of PVP/EtOH/PEG films was significantly
different at each time point measured. For example for the
MDA containing 5% PEG at 0.5 h the tackiness was 0.28+
0.15 N, at 2 h it was 0.90+0.18 N, and at 4 h it was 1.62+
0.42 N (p<0.05). As the adhesion force continued to increase
over this time, it is assumed that the film was changing and
the drug remained mobile within the film. The 10% PEG
MDA exhibited an adhesion of 0.18+0.23 N at 0.5 h, 0.54+
0.17 N at 2 h, and 1.17+0.22 N at 4 h which were not
significantly different to the equivalent time points for the 5%
PEG MDA. These tackiness values were significantly differ-
ent to the pure PEG system tested to validate the system and
therefore it was predicted that a semi-solid film was formed
even in the presence of PEG. However, it was apparent from
the weight loss studies that no more EtOH is evaporating
after 90 min and so this cannot be the reason for the
increasing adhesion beyond this time point. As a consequence
it appeared that the remaining components of the system
(PVP K90, PEG 400, drug) were interacting in such a manner
as to affect the temporal dynamics of the film.

Earlier studies have shown that miscibility in PVP-PEG
systems is strongly affected by the molecular weight of PEG,
and that PEG 400 mixed with PVP K90 is a completely
miscible system (42). In these experiments, this was con-
firmed by the visual examination of the PEG MDA films
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produced after actuation as they clearly formed a single phase
and did not separate over extended periods of time. The
proposed mechanism of interaction between the two mole-
cules is that the terminal -OH groups of the PEG molecule
forms hydrogen bonds to the carbonyl group on the repeating
PVP monomer. When the PEG structures are short, as is the
case with PEG 400, the hydrogen bonding allows intermolec-
ular interactions with the longer PVP molecules. This gives
rise to a mesh-like structure that has both a highly flexible
and adhesive characteristics (43). Bairamov er al. (2002)
found that inter-diffusion between PVP in PEG liquid
systems would continue to take place over extended periods
of time, and calculated that the final time for PVP and PEG
to reach equilibrium under their experimental conditions
would be up to 2 weeks (42). This explains why the physical
characteristics of MDA films with PEG present continue to
change over time despite the complete evaporation of EtOH.
The PVP could be slowly diffusing through the PEG system,
breaking and reforming —OH bonds as it becomes fully
integrated (44). As the PEG was interfering with the film-
forming abilities of the PVP, and acting as a liquid plasticizer,
the dry, hard film seen with the 0% PEG MDA was unable to
set. This theory may explain why the PEG MDAs have
increasing adhesive force over time while the 0% PEG MDA
gives a constant value after 2 h. This more liquid-like state
allowed the continued release of BDP at a time period after
the 0% PEG MDA had stopped.

CONCLUSION

In this study the BDP release over time was assessed from
three transiently supersaturated films. Adding PEG 400 to the
MDA induced a slower drug release rate and also extended
the time of drug dose depletion by 2 h. The drug release rate
was controlled by the DS which was manipulated by changing
the solubility of BDP in the residual ethanol/PEG co-solvent
system. An increase in BDP solubility in the drying film lead to
a slower increase in drug thermodynamic activity and hence
reduction in the release rate. The adhesive force of the three
formulations after application showed that PEG films contin-
ued to change during the course of the experiment while the
non-PEG films were completely dry. All the films generated in
this work had rapid drug release, hence dose depletion was
ultimately controlled by the lack of drug remaining in the film.
However, the increased mobility of the PEG films and slower
supersaturation kinetics allowed a slower more sustained drug
release. The ability to increase the release rate of a drug over a
long period of time opens up the potential for development of
a supersaturated MDA drug delivery system suitable for
transdermal delivery. The next stage of testing these formula-
tions is to measure the permeation through human skin or to
otherwise determine the effect of supersaturation combined
with these excipients (45, 46) on the stratum corneum as in
vitro—in vivo correlations from experimental models should not
be assumed.
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