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1. Introduction

ABSTRACT

The role of solvents in drug transport has not been properly addressed in the literature, despite its well
known influence on drug permeation. Previously we have conducted thermodynamic and kinetic analyses
to probe the molecular mechanisms of alcohol enhanced permeation. In the present study, the influence
of temperature on the partitioning of methyl paraben into silicone membranes is investigated. In line with
previous membrane transport studies of methyl paraben in silicone membranes, butanol and heptanol
are used as representative alcohols. The results show higher amounts of methyl paraben extracted from
the silicone membrane following equilibration with butanol, at all experimental temperatures. This was
in line with alcohol uptake data. In fact, a linear correlation (r* ~0.97) was found between the amount
of methyl paraben in the silicone membrane and the corresponding alcohol uptake. Calculated “specific”
vehicle-membrane partition coefficients for both alcohols were approximately one, suggesting that the
effective concentrations of methyl paraben inside and outside the membrane were the same. Thermo-
dynamic analysis of the alcohol-membrane partition coefficients as a function of temperature showed
no apparent trend for butanol, with an associated enthalpy change of approximately zero. Conversely,
there was a positive trend in the van’t Hoff plot for methyl paraben in heptanol, indicative of an exother-
mic process. Moreover, the partitioning trends of methyl paraben in silicone membranes obtained from
membrane transport and equilibrium experiments were not the same. This reflects the fundamental dif-
ferences between the calculated vehicle-membrane partition coefficients in the two studies. Finally, the
findings from membrane transport and equilibrium experiments support a model of alcohol enhanced
permeation where high solvent sorption promotes high solute concentrations in the overall volume of
the membrane (i.e. K), thus leading to modified solute transport (i.e. increased flux). The same model also
accounts for changes in membrane diffusivity (i.e. D) related to the properties of the imbibed alcohol.

© 2011 Elsevier B.V. All rights reserved.

point at ~16°C. Below this transition temperature, the solvent
uptake was relatively small and the process was entropy driven.

Despite the wide use of permeation enhancers in, for example,
dermal delivery (Finnin and Morgan, 1999; Williams and Barry,
2004; Ahad et al., 2009), their mechanism of action is not yet
completely understood. The uptake of formulation components is
known to affect the partition and diffusion properties of the mem-
brane, thus modulating drug permeation. However, the actual role
of vehicle uptake on membrane transport has not been properly
addressed in the literature.

In a previous investigation, McAuley et al. (2010) conducted a
thermodynamic analysis of the uptake of a series of primary alco-
hols into silicone membranes, giving fundamental insight into the
uptake process. The results showed two different mechanisms of
alcohol sorption into silicone membranes, separated by a break
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Above 16 °C there was a marked increase in alcohol uptake with
temperature and the process was mainly determined by the asso-
ciated enthalpy (endothermic process). These findings suggest that,
at temperatures below 16°C, the alcohol molecules inside the
membrane exist in a state similar to bulk solvent. Conversely,
at higher temperatures the enthalpy associated with the uptake
process implies that the structural organisation of the alcohol
molecules inside the membrane differs from that in the bulk sol-
vent. However, the implications of this for the partitioning of
solutes into the membrane, and thus membrane transport, remain
to be elucidated.

In the first paper of this series, we investigated the influence
of temperature on the permeation of the model compound methyl
paraben across silicone membranes from two representative alco-
hol vehicles (Oliveira et al., 2010). Building on the study by McAuley
et al. (2010), butanol was selected because it showed the highest
membrane uptake, whereas heptanol was selected as a model for
alcohols with >4 carbon chain length. Thermodynamic and kinetic
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analyses of the permeation data obtained at different temperatures
were conducted using the methodology reported by Burgess et al.
(2005). Unlike solvent uptake or solute partitioning, membrane
transport is a time-dependent (i.e. dynamic) process. Fick’s first
law of diffusion is commonly used in the mathematical treatment
of permeation data, and incorporates both dynamic and equilib-
rium (i.e. time-independent) parameters to model diffusion across
membranes under steady-state conditions, as described in Eq. (1).

DKC
Jss = h i (1)

Jss is the steady-state flux per unit area, D the diffusion coefficient,
K the vehicle-membrane partition coefficient, C, is the concen-
tration of the drug in the vehicle and h represents the length of
the path of drug diffusion across the membrane. The equilibrium
parameter K is used in Eq. (1) as a measure of the concentration
of the drug in the superficial layer of the membrane where the
formulation is applied, which is not readily known experimen-
tally. The approach developed by Burgess et al. (2005) distinguishes
between the two composites of the flux activation energy: the dif-
fusion activation energy and the enthalpy change associated with
the partitioning of the solute with the membrane; thus allowing
a mechanistic understanding of the processes involved in solute
transport across the membrane. Oliveira et al. (2010) noted that
higher fluxes of methyl paraben were obtained using butanol at
all experimental temperatures studied, in line with the uptake
data. For butanol, it was possible to discern two different mecha-
nisms for methyl paraben diffusion and partition with the silicone
membrane at temperatures above and below ~20°C. This was
not observed for the kinetic analysis of methyl paraben flux from
butanol vehicles because of the compensatory trends in diffusion
and partition observed at high and low temperatures. No break
point was observed in the same analysis of partition and diffusion
data for methyl paraben in heptanol. Based on these findings, the
authors proposed that high solvent uptake by the silicone mem-
brane impacts on both the partition (K) and the diffusion of the
solute (D): (1) by increasing the concentration of the solute inside
the membrane and (2) by decreasing the diffusional resistance of
the rate-limiting barrier. However, it must be noted that the K val-
ues used in the analysis by Oliveira et al. (2010) were obtained
indirectly from the permeation data by non-linear modelling, using
an analytical solution to Fick’s second law of diffusion. As for Eq.
(1), the model equation assumes that the membrane is an inert,
homogeneous slab with established dimensions for cross sectional
(diffusional) area and thickness (Crank, 1975; Watkinson and Brain,
2002). These are known experimental parameters, which are intro-
duced in the model equation prior to fitting. Hence, in the context
of the membrane transport experiments, the calculated K repre-
sents the concentration of methyl paraben at the donor-membrane
interface with respect to the volume of the silicone membrane.
In this case, no specific information regarding the solvent uptake
into the membrane is taken into consideration for the calculation
of K.

Following on from the membrane uptake and transport experi-
ments reported by McAuley et al. (2010) and Oliveira et al. (2010),
this paper examines the influence of temperature on the parti-
tioning of methyl paraben into silicone membranes from butanol
and heptanol vehicles. Subsequent thermodynamic analysis of the
results is conducted to allow the elucidation of the mechanisms
of solute partitioning with the silicone membrane. Most impor-
tantly, the analysis of the partitioning data described in this paper
takes into account the specific information regarding the alcohol
uptake into the silicone membrane, which was not considered in
the analysis by Oliveira et al. (2010). For this purpose, the calcu-
lation of a “specific” membrane concentration of methyl paraben,
based upon the mass (not volume) of alcohol inside the membrane,

is proposed. This serves to overcome the fact that calculating the
concentration of methyl paraben in the solvent fraction inside the
membrane is not possible at temperatures above ~16 °C since the
alcohol inside the membrane no longer retains its bulk density
(McAuley et al., 2010). The underlying assumptions of this equi-
librium analysis are that: (1) this investigation is representative of
the equilibrium established during passive membrane transport at
the superficial layer of the membrane, where the donor solution is
applied (Eq. (1)); (2) the volume occupied inside the membrane by
the alcohol molecules is not significantly affected by the presence of
methyl paraben; and (3) the methyl paraben inside the membrane
exists only in the solvent fraction inside the membrane. Both the
methyl paraben and the alcohol uptake were also normalised to a
specified amount of membrane to allow comparison with previous
experiments (McAuley et al., 2010).

Finally, a model of alcohol enhanced permeation in silicone
membranes is proposed in this paper, based on the findings of
both the membrane transport (Oliveira etal.,2010) and equilibrium
studies.

2. Materials and methods
2.1. Materials

Methyl paraben (Methyl-4-hydroxybenzoate, puriss. >99%,
Fluka) was supplied by Sigma-Aldrich, UK. Butan-1-ol (AnalaR®
grade, BDH) and ethanol (99.7-100% (v/v), AnalaR® grade, BDH)
were supplied by VWR UK, and 1-heptanol (98%, Aldrich) was
supplied by Sigma-Aldrich, UK. Silicone membranes (250 pm
thickness were obtained from Samco, Nuneaton, UK). All solvents
used in the HPLC analysis were HPLC grade and supplied by Fisher
Scientific, UK.

2.2. Membrane uptake studies

The alcohol uptake was determined by a gravimetric method
(weight difference) using a Sartorius balance (+£0.0001 g accuracy).
The silicone membrane (approx. 250 wm thickness) was wiped to
remove dust. The dry membrane was carefully cut into circular
discs with a stainless steel borer (R and L Enterprises, i.d. 1.9 cm,
Fisher Scientific, UK), accurately weighed and placed into labelled
glass sample vials. 2 mL of the appropriate alcohol were added and
the sealed vials placed inside a temperature controlled water bath,
equipped with a refrigerated bath circulator (Julabo VC, JWS Ltd.,
Dublin, Ireland). The vials were allowed to equilibrate for 24 h at
each experimental temperature, after which the membranes were
removed, blotted dry on absorbent paper and carefully weighed. A
minimum of five replicates was tested for each alcohol. The rela-
tive mass uptake of each alcohol per gram of membrane (mypt) was
derived by the difference between the weight of the membrane
before (my) and after (m,) soaking, as described by Eq. (2). The
molar (molypt) uptake (Eq. (3)) was calculated using the molecular
weight (M) of each alcohol.

my —mp
Mypt = amib (2)
molypt = m]\jlpt (3)

2.3. Membrane partition experiments

Stock solutions of methyl paraben in butanol and heptanol were
prepared with a concentration of 1.52 mg/mL (0.01 M). The sili-
cone membranes (approx. 250 pm thickness) were cut into discs
using the stainless steel borer described in Section 2.2 weighed and
placed in labelled sample vials. 2 mL of each stock solution were
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added (5 replicates for each alcohol), the vials were sealed and the
system was allowed to equilibrate for 24 h at the experimental tem-
perature inside the temperature controlled water bath equipped
with a refrigerated bath circulator (Section 2.2). The experimental
temperatures were 40, 30, 20, 15, 10 and 5°C (+0.5). After equi-
libration, the membranes were removed, carefully blotted with
absorbent tissue to remove excess solvent and weighed (Sartorius
Balance, +0.0001 g accuracy; Sartorius, U.K.). The drug inside the
membranes was extracted twice with 2 mL of ethanol, first for 17 h
and then 5 h, at room temperature. Both extractions were combined
and the methyl paraben was quantified by HPLC. The extraction
procedure was validated for the butanol and heptanol systems by
extracting the drug inside the membranes three times with 2 mL of
ethanol, first for 16 h and then for 5 and 2 h. The extractions were
quantified separately by HPLC. The amount extracted in the second
extraction was less than 5% of the total, and in the third extrac-
tion quantification was below the detection limit of the method.
Therefore, two extractions with 2 mL of ethanol for 17 and 5 h were
considered sufficient for the purpose of the present investigation.
The external solvent phase was also sampled and quantified by
HPLC, after diluting with ethanol. The thickness of each membrane
was measured before and after equilibration (Digital micrometer
+0.001 mm accuracy; RS Components, Corby, UK).

2.4. HPLC analysis

Methyl paraben in the samples was quantified using a Phe-
nomenex Luna 5p Cg (2) 150 mm x 4.60 mm column with UV
detection at 254 nm. 10 L of the sample was injected into the sys-
tem and eluted at room temperature (flow rate 1.0 mL/min) using a
mobile phase composed of 30% acetonitrile, 70% water and 0.1% tri-
fluoroacetic acid (pH 1.6). The analysis was carried out on an 1100
Series Hewlett Packard HPLC system equipped with a diode array
detector. The data were acquired and analysed using ChemStation
for LC 3D software by Agilent Technologies (Waldbronn, Germany).
This method was suitable for the quantification of methyl paraben
between 0.078 and 100 p.g/mL. Method validation showed good
linearity and accuracy within the quantification range (coefficient
of variance < 10-20%; r% > 0.999). The method also showed good
injection reproducibility (coefficient of variance <5%, n=5).

2.5. Data analysis

The data treatment and statistical analysis were performed
using Microsoft® Office Excel 2003. The linear regression of the data
by least-mean-squares was carried out in Origin® 7.0PRO, v7.0220.
The standard error of the slope was provided by this software and
converted to thermodynamic units by multiplying by the gas con-
stant (R=8.314J K~ mol-1).

3. Results and discussion
3.1. Methyl paraben partitioning into silicone membranes

Figs. 1 and 2 show the amount of methyl paraben extracted from
the silicone membrane after equilibration with butanol and hep-
tanol as a function of temperature. The results were normalised
to a specified amount of membrane to allow comparison with
previous experiments. Fig. 1 shows a non-linear increase with
temperature in the amount of methyl paraben extracted using
butanol. At temperatures below 20°C there is a relatively small
gradient (p<0.05), whereas above this temperature the amount
extracted from the membrane increases sharply with temperature
(p<0.05). A similar trend is observed using heptanol (Fig. 2). At
temperatures below 20 °C the amount of methyl paraben extracted
after equilibration with heptanol is the same within experimental
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Fig. 1. Amount of methyl paraben extracted from silicone membrane after equili-
bration with butanol at each experimental temperature (Mean +SD; n=5).
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Fig. 2. Amount of methyl paraben extracted from the silicone membrane after equi-
libration with heptanol at each experimental temperature (Mean £ SD; n=5).

error (p >0.05), whereas above 20 °C it increases significantly with
temperature (p<0.05). In previous solvent uptake experiments
using the same grade of silicone membrane, McAuley et al. (2010)
demonstrated that alcohol sorption was temperature-dependent
and followed two different mechanisms at temperatures above and
below ~16 °C. At lower temperatures, the solvent uptake was rel-
atively small and entropy driven, whereas at higher temperatures
there was a marked increase in solvent uptake and the process was
mainly determined by the associated positive enthalpy. The data in
Figs. 1 and 2 are consistent with this temperature-dependent mem-
brane sorption behaviour for both alcohols. Additionally, higher
amounts of methyl paraben were extracted using butanol for
each experimental temperature (p <0.05), which is also the alco-
hol with highest uptake into the silicone membrane. This suggests
a relationship between the quantity of solute which is taken up
the silicone membrane and the degree of alcohol sorption. Fig. 3
shows a good correlation (r2 ~0.97) between the amount of methyl
paraben extracted from the silicone membrane after equilibration
with butanol and heptanol at all the experimental temperatures,
and the corresponding alcohol uptake.

A thermodynamic analysis of membrane partitioning requires
that the system is at equilibrium, i.e. that its properties do not
change over time. The following equilibrium-based equation was
proposed by McAuley et al.(2010) to describe the uptake of alcohols
into the silicone membrane:

membrane + bulk solvent <+ membrane — solvent complex
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Fig. 3. Correlation between the amount of methyl paraben extracted from the sil-
icone membrane and the corresponding uptake of B butanol and M heptanol. Data
obtained at 5, 10, 15, 20, 30 and 40°C (Mean £+ SD; n=5).

In this case, both the dry membrane and the bulk solvent in the left
hand side of the equation can be regarded as solid and pure liquid,
thus having activity of 1. This allowed the calculation of equilibrium
constants from the molar uptake of each alcohol and to conduct a
thermodynamic analysis of the alcohol uptake data obtained at dif-
ferent temperatures. Similarly, the partitioning of methyl paraben
into the silicone membrane requires a thermodynamic equilibrium
between the two immiscible phases: bulk solvent and membrane.
This can be expressed by the following equilibrium-based expres-
sion:

MP in bulk solvent <+ MP in membrane

The traditional approach to calculate the vehicle-membrane par-
tition coefficient would be to consider the membrane as a single
phase, “solution medium”. However, the van't Hoff analysis of alco-
hol uptake conducted by McAuley et al. (2010) shows that the
enthalpies associated with alcohol uptake at temperatures below
~16°C are effectively zero within experimental error. This indi-
cates that within this temperature range the net solvent-solvent
interactions inside and outside the membrane are the same. As it
is unlikely that different net interactions would result in the same
enthalpy for the process, this implies no significant enthalpic con-
tribution from any membrane-alcohol interactions. These findings
suggest that the alcohol molecules inside the membrane at low
temperatures exist in a state similar to the bulk alcohol, i.e. that
the structural organisation of the alcohol inside the membrane is
the same as in bulk solvent. Hence it is possible to calculate the
concentration of methyl paraben in the solvent fraction inside the
membrane, and thus the vehicle-membrane partition coefficient.
The assumptions underlying this calculation are that the methyl
paraben inside the membrane exists only in the solvent fraction,
and that the presence of the solute does not modify significantly
the volume occupied by the alcohol inside the membrane.
Conversely, at temperatures above ~16 °C McAuley et al. (2010)
observed a significant gradient in the van't Hoff plots. Within this
temperature range, the authors reported a positive enthalpy asso-
ciated with the uptake of alcohols into the silicone membrane. This
indicates that at higher temperatures the net interactions are dif-
ferent for both sides of the equilibrium, and that the structure of
the alcohol molecules inside the membrane differs from that in bulk
solvent. As the alcohol inside the membrane no longer retains its
bulk density, calculating the concentration of methyl paraben in
the solvent fraction inside the membrane is not possible. To over-
come this, the calculation of a “specific” membrane concentration
of methyl paraben, based upon the mass (not volume) of alcohol
inside the membrane, is proposed. Hence, the vehicle-membrane

Table 1

Vehicle-membrane partition coefficient (Ky) estimated for methyl paraben in
silicone membranes, after equilibration with butanol and heptanol at different tem-
peratures. Mean+SD (n=5).

T (K) Butanol Heptanol

278.15 0.979 (+£0.076) 1.005 (£0.107)
283.15 1.010 (£0.076) 0.913 (+0.092)
288.15 1.009 (£0.044) 0.931 (+0.064)
293.15 0.954(+0.011) 0.929 (+0.044)
303.15 0.929 (+0.024) 0.859 (+0.044)
313.15 1.004 ( £0.048) 0.830 (+0.039)

Table 2

Molar concentrations of methyl paraben (mol L) in the solvent fraction inside the
silicone membrane, calculated assuming that the alcohols retain their bulk density
at low temperatures. Mean +SD (n=5).

T (K) Butanol

0.0092 ( +0.0005)
0.0091 (+0.0003)
0.0093 (+0.0002)

Heptanol

0.0093 ( +0.0008)
0.0081 (+0.0008)
0.0087 (+0.0003)

278.15
283.15
288.15

partition coefficients for methyl paraben were calculated using the
following equations:

C
Km = C—“‘ (4)

A%
where

amount of MP extracted per gram of membrane

Ch =
m alcohol uptake per gram of membrane

A similar concept of a “specific” vehicle-membrane partition coef-
ficient has already been reported in the literature. For instance in
the work of Soulas et al., 2009; Soulas and Papadokostaki, 2011, for
the analysis of membrane partitioning while probing the transport
and release mechanisms of osmotically active solutes and a model
hydrophilic compound in silicone rubber matrixes. However, vol-
ume - and not mass — based concentrations of the solute in the
fraction of solvent imbibed in the membrane were used.

The results obtained for butanol and heptanol at each experi-
mental temperature are summarised in Table 1. The data show that
the vehicle-membrane partition coefficients calculated for both
alcohols at temperatures below 20 °C were the same within experi-
mental error (p >0.05). There also appears to be a decrease in the Ky,
for heptanol at higher temperatures, whereas no apparent trend is
observed for butanol. Moreover, all the calculated Ky, values listed
in Table 1 are approximately one. A vehicle-membrane partition
coefficient of one indicates that the concentrations of the solute
inside and outside the membrane are the same. Considering that
the alcohol molecules inside the membrane retain the bulk den-
sity at temperatures below ~16 °C (McAuley et al., 2010), it is also
possible to calculate the molar concentration of methyl paraben
in the alcohol fraction inside the membrane for this range of tem-
peratures. The results, shown in Table 2, are very similar for both
butanol and heptanol, and are the same within experimental error
to the concentration of methyl paraben in the outside bulk solvent
(i.e. 0.01 M). These findings indicate that, both alcohols have the
same effective concentration of methyl paraben inside the mem-
brane. In other words, if the assumptions discussed above are true,
in the low temperature range the partitioning of methyl paraben
into the silicone membrane is independent of the vehicle used. The
differences between butanol and heptanol reflect the actual volume
fraction occupied by the alcohols inside the silicone membrane.
The great similarity between Ky, calculated at low and high tem-
peratures for both alcohols (Table 1) suggests that this is also true
above ~16°C, even though at high temperatures there is a change
in the structure (i.e. density) of the alcohol molecules inside the
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silicone membrane (McAuley et al., 2010). The implications of this
for membrane partitioning are that vehicles which are greatly taken
up by the silicone membrane will occupy a larger “accessible” vol-
ume inside the membrane. Since the concentration of the solute in
the volume fraction inside the membrane remains the same as in
the bulk phase, this will result in a higher total amount of methyl
paraben inside the silicone membrane.

3.2. Comparison between membrane transport and equilibrium
experiments

The passive transport of compounds across a given membrane
involves an initial partitioning step at the superficial layer of
the membrane, where the formulation is applied. Here, the com-
pound will distribute between the two phases depending on its
relative affinity between the vehicle and the membrane. When
steady-state flux is achieved, the ratio of the concentrations of
the permeant in the vehicle and the membrane will be a con-
stant, i.e. the vehicle-membrane partition coefficient (K). This is
an equilibrium (i.e. thermodynamic) property, which is used in
Fick’s law as a measure of the concentration of the compound at
the vehicle-membrane interface (Eq. (1)).

In previous membrane transport experiments, Oliveira et al.
(2010) obtained vehicle-membrane partition coefficients (K) of
methyl paraben for silicone membranes by fitting the perme-
ation data to a mathematical model derived from Fick’s second
law of diffusion. Both the membrane transport (Oliveira et al.,
2010) and equilibrium experiments were conducted under similar
experimental conditions. Assuming that the latter are repre-
sentative of the thermodynamic equilibrium established at the
donor-membrane interface when steady-state is achieved, a com-
parative analysis of both partition coefficients may thus be
performed. The results show that the equilibrium Ky, reported in
the present paper for both butanol and heptanol (Table 1) differ
significantly from the K obtained from the permeation studies at
all experimental temperatures (Oliveira et al., 2010). Whereas K,
is similar for both vehicles and does not change significantly with
temperature, K was significantly higher using butanol compared
with heptanol (p<0.05). Moreover, the vehicle-membrane parti-
tion coefficients obtained in membrane equilibrium experiments
(i.e. K;m) were approximately one and of a much higher magnitude
than those obtained in the membrane transport experiments (i.e.
K). The significance of this lies in the different meaning of the two
partition coefficients, as follows.

The partition coefficient K is obtained indirectly from the per-
meation data by non-linear modelling using an analytical solution
to Fick’s second law of diffusion. The model equation uses the
assumption that the membrane is an inert, homogeneous slab with
finite dimensions. Hence, in the context of the membrane trans-
port experiments, the calculated K represents the concentration
of methyl paraben at the donor-membrane interface with respect
to the overall volume of the silicone membrane. This is possibly
why the temperature-dependent behaviour of K obtained from the
permeation data (Oliveira et al., 2010) showed a similar trend to
that observed with the methyl paraben extraction data normalised
per gram of membrane using butanol (Fig. 1), but not heptanol, as
vehicle.

In the present paper, the vehicle-membrane partition coeffi-
cients from the equilibrium experiments are calculated taking into
account the specific information of the alcohol uptake into the
membrane and assuming that the drug exists solely within the
alcohol fraction inside the silicone membrane. The structure of the
silicone membrane will likely comprise areas that are accessible
and others that are not to the molecules of a given vehicle taken up
by the membrane. The “accessible” volume inside the membrane
will be thus occupied by the vehicle depending on its molecular

characteristics. Also, silica filler (typically 20-30%, w/w) is often
included during the casting of silicone, where it behaves like an
inert dispersed phase (Twist and Zatz, 1986). The interplay between
these factors will cause the volume available for partitioning to be
drastically reduced compared with the total volume of the mem-
brane. In the case of butanol and heptanol, the respective solvent
fractions occupied inside the silicone membrane range only from
about 12-21 (smaller molecule) and 7-11% (w/w). This restricted
volume of the membrane occupied by the solvent and available
for partitioning is taken into account in the calculation of the Ky,
from the equilibrium experiment, but not in the membrane trans-
port experiments. The K values derived from Fick’s laws of diffusion
(Eq. (1)) will fit the data assuming all the volume of the membrane
is available for permeation and in order to express the concentra-
tion of the methyl paraben at the donor-membrane interface, the
magnitude of K will be less than that of Kp,.

Another important point to consider is the relevance of the find-
ings of the equilibrium experiments for membrane transport. The
findings from the membrane partition experiment indicate that the
concentrations of methyl paraben in the solvent fraction inside the
membrane are the same for butanol and heptanol, and thus the
vehicle-membrane partition coefficients. Accordingly, the differ-
ences observed in the fluxes of methyl paraben in the two alcohols
(Oliveira et al., 2010) will necessarily be attributed to the dynamic
part of the equilibrium (i.e. diffusion coefficient, D). In this case,
the diffusion of the solute will be ultimately affected by the prop-
erties of the alcohol phase in the membrane. The self diffusion
coefficients of butanol and heptanol are reported in the literature
at 25°C as 0.43(+0.03)E—09m?2s-! and 0.18(+0.01)E—09 m2 s~!
(Stilbs et al., 1983), respectively. These values suggest that the dif-
fusion of methyl paraben across the silicone membrane should be
faster in butanol compared with heptanol, which is in line with our
previous experimental observations (Oliveira et al., 2010). Further
support is given by the results from the kinetic analysis of diffusion
coefficients of methyl paraben in butanol through silicone mem-
branes reported by Oliveira et al. (2010). The authors showed a
great similarity between the diffusion activation energy calculated
above 20°C and that reported in the literature for the viscous flow
of butanol. This indicates a dominant effect of the properties of the
imbibed alcohol on the diffusional characteristics of the silicone
membrane. However, this was not observed for heptanol, possibly
owing to the relatively smaller volume fraction occupied by this
alcohol in the silicone membrane.

3.3. Thermodynamic analysis of Ki,

The van’t Hoff plots constructed with the vehicle-membrane
partition coefficients obtained from the equilibrium experiments
(Table 1) are shown in Figs. 4 and 5 for butanol and heptanol,
respectively. The data show no apparent trend in the partition-
ing behaviour of methyl paraben into the silicone membrane using
butanol as vehicle. The enthalpy change (AH) for the process, calcu-
lated from the slope of the line in Fig. 4, was —0.4 k] mol~1 (+0.9).
This value may be considered negligible in terms of the thermal
energy of the system. Conversely, the van’t Hoff plot obtained using
heptanol as vehicle (Fig. 5) shows a definite positive trend for the
membrane partitioning behaviour of methyl paraben. This corre-
sponds to a small but meaningful enthalpy, AH of —3.5k] mol~!
(£0.7), which is indicative of an exothermic process. The analysis
by Burgess et al. (2005) suggests that an exothermic process such
as that reported in Fig. 6 favours partitioning of methyl paraben
at lower temperatures from heptanol vehicles. Since the activation
energy for drug diffusion is necessarily positive, and assuming that
diffusion is faster than the partitioning process, cycling between
low and high temperatures could thus be used in this case to pro-
mote membrane transport.



G. Oliveira et al. / International Journal of Pharmaceutics 420 (2011) 216-222 221

0.100
0.050 4 T

0.000

-0.050 ¢

-0.100 L

-0.150
3.10E-03

3.30E-03 3.50E-03
1UT (K™Y

3.70E-03

Fig. 4. Van't Hoff plot of the butanol-membrane partition coefficients (Ky,) esti-
mated in the equilibrium experiments (Mean +SD; n=5).

Finally, the findings from the equilibrium experiments differ
considerably from the partitioning trends of methyl paraben in
butanol and heptanol obtained in the membrane transport studies
(Oliveira et al., 2010). This is the result of the fundamental differ-
ences between Ky, and K, already discussed in the previous Section
3.2

3.4. Model of alcohol enhanced permeation in silicone
membranes

The observations from the membrane transport (Oliveira et al.,
2010) and equilibrium experiments led to the formulation of
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Fig. 5. Van't Hoff plot of the heptanol-membrane partition coefficients (Kn,) esti-
mated in the equilibrium experiments (Mean 4 SD; n=5).

a conceptual model of alcohol enhanced permeation in silicone
membranes. It is hypothesized that alcohol enhanced transport is
entirely dependent on solvent uptake into the membrane. The pro-
posed mechanism is that the alcohol molecules associate in “pools”
within the membrane. Although not acting entirely like bulk lig-
uid at temperatures above ~16°C, these will enable the solute
molecules to exist within the alcohol fraction inside the membrane
at a concentration similar to that in the outside vehicle. This will
result in relatively large total amounts of solute per gross volume
of the membrane, thus increasing the vehicle-membrane parti-
tion coefficient as defined by Fick’s law of diffusion (i.e. K; Eq. (1)).

Fig. 6. Conceptual model for solvent interactions with silicone membranes. Drug molecules are represented by the smaller circles, whereas the alcohol molecules are
represented by the larger oval shapes (© and ' represent heptanol and butanol molecules, respectively).
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The uptake of alcohol molecules into the membrane will also have
a major impact on the diffusion coefficient (i.e. D) of the solute
across the silicone membrane. In this context, depending on the
degree of uptake, the diffusional behaviour of the membrane will
be ultimately dependent on the properties of the imbibed alcohol.

The conceptual model proposed for alcohol enhanced perme-
ation in silicone membranes is depicted in Fig. 6. Silicone is a
hydrophobic elastomer at room temperature (Fig. 6a). The silicone
matrix is composed of long polydimethylsiloxane chains, occa-
sionally cross-linked and randomly dispersed in a random coil
(Krevelen, 1990). The use of alcohols such as heptanol, with a larger
molecular volume, will result in this alcohol occupying a relatively
smaller available volume inside the silicone membrane (i.e. smaller
membrane uptake; Fig. 6b). Consequently, the solute will partition
into a relatively smal alcohol fraction within the membrane. Con-
versely, alcohols such as butanol will be taken up to a greater extent
(Fig. 6¢). The vehicle will thus “drag” the solute molecules inside
the membrane, promoting a higher membrane concentration (i.e.
increased K). Since the drug is assumed to exist in the alcohol frac-
tion inside the membrane, the alcohol enhancement effect will be
entirely dependent on the degree of solvent uptake, and also on the
concentration of the solute in the vehicle.

A model of alcohol enhanced permeation in silicone membranes
was also proposed by Twist and Zatz (1990), based on their find-
ings on membrane equilibrium and transport studies using a series
of parabens (i.e. methyl, propyl and butyl paraben) and 1-propanol
as representative alcohol. The authors postulated that the extent
of paraben partitioning with the membrane was dependent on
the degree of alcohol (i.e. 1-propanol) sorption and on the con-
centration of the solute in the vehicle. This was attributed to the
formation of alcohol clusters inside the silicone membrane which
would “pull” in the solute. According to Twist and Zatz, the solute
concentration within these alcohol clusters would be much lower
(i.e.less than half) than that of the applied vehicle. The authors also
considered the diffusivity of the solute to be unaffected by alcohol
uptake, but primarily dictated by the polymer matrix.

Based on our findings, the model presented in this paper dif-
fers from that proposed by Twist and Zatz (1990) in two main
points: in considering that (1) the concentration of the drug in
the solvent fraction inside the membrane is similar to that in the
outside vehicle; and (2) the diffusional behaviour of the mem-
brane, and thus the diffusion coefficient of the solute diffusing
through the membrane, will be ultimately affected by both the
degree of sorption and the properties of the alcohol taken up by the
membrane.

4. Conclusions

The results from the equilibrium experiments reported in this
paper showed a linear relationship between the amount of methyl
paraben extracted from the silicone membrane and the corre-
sponding solvent uptake (12 ~0.97), indicating a direct dependence
of the total amount of solute extracted from the silicone membrane
on the degree of solvent sorption. However, the vehicle-membrane
partition coefficients (i.e. Ky), calculated for both alcohols tak-
ing into account the specific information of alcohol uptake into
the membrane, were approximately one. This suggests that the
effective concentrations of methyl paraben inside and outside
the membrane were the same for butanol and heptanol. The

distinctive trends observed in the extracted amounts of methyl
paraben from the silicone membrane were thus attributed to the
different volume fractions occupied by the alcohols inside the
membrane at different temperatures. In other words, vehicles
highly taken up by the silicone membrane occupy larger volume
fractions inside the membrane, albeit maintaining the same solute
concentration as the outside vehicle. Hence, high solvent sorp-
tion promotes high overall solute concentrations with respect to
the membrane volume. This was apparent in the results from the
membrane transport studies (Oliveira et al., 2010), showing sig-
nificantly higher vehicle-membrane partition coefficients (i.e. K)
obtained using butanol, the alcohol with the highest uptake into
the membrane, compared with heptanol as vehicle.

The reported findings for both transport (Oliveira et al., 2010)
and equilibrium experiments support a model of alcohol enhanced
permeation in silicone membranes where high solvent sorption
promotes high concentrations of the solute in the gross volume
of the membrane (i.e. modify K) by “carrying” the solute molecules
into the solvent fraction inside the membrane. High solvent uptake
will also affect the diffusional properties of the silicone membrane
(i.e. D), which will ultimately be dominated by the properties of the
imbibed alcohol.

The proposed model of solvent enhanced permeation in silicone
membranes will be validated using a range of excipients commonly
used in topical formulations in future studies. The implications
of the proposed model of solvent enhanced permeation for skin
transport will also be explored.
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