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How membrane permeation is affected by donor delivery solventw
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We investigate theoretically and experimentally how the rate and extent of membrane permeation

is affected by switching the donor delivery solvent from water to squalane for different permeants

and membranes. In a model based on rate-limiting membrane diffusion, we derive explicit

equations showing how the permeation extent and rate depend mainly on the membrane-donor

and membrane-receiver partition coefficients of the permeant. Permeation results for systems

containing all combinations of hydrophilic or hydrophobic donor solvents (aqueous solution or

squalane), permeants (caffeine or testosterone) and polymer membranes (cellulose or

polydimethylsiloxane) have been measured using a cell with stirred donor and re-circulating

receiver compartments and continuous monitoring of the permeant concentration in the receiver

phase. Relevant partition coefficients are also determined. Quantitative comparison of model and

experimental results for the widely-differing permeation systems successfully enables the

systematic elucidation of all possible donor solvent effects in membrane permeation. For the

experimental conditions used here, most of the permeation systems are in agreement with the

model, demonstrating that the model assumptions are valid. In these cases, the dominant donor

solvent effects arise from changes in the relative affinities of the permeant for the donor and

receiver solvents and the membrane and are quantitatively predicted using the separately

measured partition coefficients. We also show how additional donor solvent effects can arise when

switching the donor solvent causes one or more of the model assumptions to be invalid.

These effects include a change in rate-limiting step, permeant solution non-ideality and others.

Introduction

Permeation of a species from a donor to a receiver compart-

ment across a membrane is important in many applications,

including retention of perfumes and flavours within food

packaging, exclusion of toxic chemicals by chemical safety

suits, control of pests and plant diseases using bioactive

agrochemicals, cosmetics and delivery of pharmaceutical

actives across membrane barriers such as the skin. The per-

meating species may be contacted with the donor side of the

membrane in a variety of formulation types (or ‘‘vehicles’’)

including, inter alia, solutions in either water or low polarity

organic solvents. For pharmaceutically-relevant applications,

the receiver compartment commonly contains an aqueous

solution of electrolytes, designed to mimic blood serum. The

aim of this work is to understand how changing the donor

compartment solvent can affect the rate and extent of

membrane permeation to a receiver compartment containing

an aqueous electrolyte solution. We seek to elucidate (i) all

possible origins of these donor solvent effects; (ii) how to

resolve which effect or effects may be operating in a particular

system and (iii) how the donor solvent effects depend on the

natures of both the permeating species and the membrane.

There is an extensive literature on membrane permeation

covering both biological membranes such as skin and

synthetic, polymer membranes. Effects of donor solvent type,

including both thermodynamic (reflecting the relative affinity

of the permeant for the membrane) and kinetic effects (how

solvent type affects the diffusivity of the permeant in the

membrane) have been investigated.1–6 Donor vehicles have

included not only single-solvent solutions but also permeants

dissolved in mixed solvents7–12 and more complex, multi-phase

vehicles such as emulsions; including oil-in-water, water-in-oil

and multiple types stabilised by either surfactants, polymers or

particles.13–22 Overall, it is well established that the extent and

rate of permeation for a particular permeating species and

membrane system depends strongly on the nature of the

liquid formulation vehicle applied to the donor side of the

membrane. As discussed later, donor solvent effects can arise
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from many possible causes which can depend on both the

nature of the specific system together with details of the

experimental conditions (for example, donor and receiver

compartment stirring rates, volumes and membrane thick-

nesses) used in the permeation measurements. Despite numer-

ous literature reports of donor solvent effects on permeation,

many of the studies lack sufficient detailed information to

enable unambiguous resolution of which effect or combination

of effects may be operating in particular donor vehicle systems.

An additional problem is that switching between the same

polar and apolar donor solvents can affect permeation in

dramatically different ways for systems with different permeating

species or membranes. Hence, although many individual

aspects of donor solvent effects on permeation have been

reported, there remains a clear need to clarify (i) all the

possible origins of such effects and how to discriminate

between them and (ii) how donor solvent effects depend on

the natures of the permeant and the membrane. The aim of

this work is to address both these points using a combination

of theory and experiment.

We tackle the overall problem in several steps. Firstly, we

develop a theoretical model based on the assumption that the

rate-determining step of the overall mass transport of the

permeant from donor to receiver compartments is diffusion

across the membrane, i.e. that all other steps in the overall

process, such as diffusion within the donor or receiver com-

partment solutions and entry or exit of the membrane are

relatively fast. This theory enables quantitative prediction of

how the donor solvent affects both the extent and rate of

permeation for all combinations of permeant and membrane

species for systems and conditions for which the set of model

assumptions are valid. Secondly, we measure the permeation

kinetics for all combinations of hydrophilic and hydrophobic

donor solvents (aqueous solution and squalane), hydrophilic

and hydrophobic permeants (caffeine and testosterone)

and hydrophilic and hydrophobic membranes (cellulose and

polydimethylsiloxane, PDMS). Thirdly, using ancillary

measurements of partition coefficients, the experimental

permeation rate data are compared with the predictions of

the theoretical model. The model comparisons enable us to

distinguish between experimental systems which obey the

model assumptions and those which do not. In turn, this

enables a rigorous resolution of which of the different possible

donor solvent effects are operating in the different experi-

mental systems.

This paper is organised as follows. Experimental details are

given in the Materials and Methods section. In the Results

section, we first develop the theoretical framework and sum-

marise how the donor solvent is expected to affect the rate and

extent of membrane permeation for systems for which the

relevant assumptions are valid. Secondly, experimental results

are presented for the partition coefficients of the different

systems, measured as a function of the permeant concentra-

tions to assess the extent to which ideal permeant solution

behaviour is followed. We then present examples of permeation

rate measurements in the form of plots of receiver compartment

concentration versus time from which experimental values

of the permeation rate coefficient k and the equilibrium

receiver compartment concentration Crec,N are derived.

We show examples of systems which follow the behaviour

predicted by the theoretical model and data for systems which

show deviations. The experimental values of k and Crec,N for

all the different systems are compared with values predicted

using the theoretical model. In the Discussion section, all

possible types of donor solvent effects are discussed,

including those which operate in systems for which the

model assumptions are valid and the effects which arise

when the different model assumptions are invalid. Finally,

the key conclusions, significance and applicability of the

results are summarised in the Conclusions section.

Materials and methods

Materials

Water was purified by passing through an Elgastat Prima

reverse osmosis unit followed by a Millipore Milli-Q reagent

water system. The resistivity and air–water surface tension at

25 1C were 16 MO cm and 71.9 mN m�1 respectively. The pH

was 6.5. Squalane (>99% purity, Sigma-Aldrich) was passed

through a column of acidic alumina (Merck) in order to

remove polar impurities. Phosphate buffered saline (PBS)

solution, containing 137 mM NaCl, 2.7 mM KCl, 10 mM

Na2HPO4 and 2 mM KH2PO4, had a pH of 7.3. Inorganic

salts used to prepare the PBS (NaCl, BDH, >99.5%; KCl,

BDH, >99.5%; Na2HPO4, Fischer Scientific, >99% and

KH2PO4, BDH, >99%) were used as supplied. Testosterone

(TCI Europa, Belgium, 98%) and caffeine (>99%, Sigma-

Aldrich) were used as received.

Polydimethylsiloxane (PDMS) elastomeric membranes

(model 7-4107) were a gift from Dow Corning, Europe and

had a mean thickness of 81 � 15 mm. Cellulose membranes

were dialysis membranes (12–14 kD molecular weight cut-off,

Medicell International Ltd.) and had a dry membrane thick-

ness of 23 mm. They were pre-soaked in PBS for 24 hours prior

to use. The membranes were cut to size with a clean, sharp

scalpel and washed repeatedly with PBS solution. Following

soaking experiments for 24 hours, it was found that the PDMS

membrane did not swell significantly in PBS or squalane in

either area or thickness. The cellulose membrane was not

swollen by the squalane; however, soaking in PBS caused no

change in membrane area but did cause the thickness to

increase from 23 to 48 mm.

Partition coefficient measurements

The equilibrium partition coefficients of caffeine and testoster-

one between aqueous PBS and squalane were measured by

contacting a known volume (typically 5.0 ml) of permeant

solution of the required concentration in aqueous PBS (for

caffeine) or squalane (for testosterone) with a known volume

of the appropriate second phase. The mixture was stirred at

1000 rpm at 32 1C for either 1 or 2 weeks in a sealed vessel.

Following this equilibration, the organic and aqueous layers

were allowed to separate, samples of both phases were with-

drawn and the equilibrium permeant concentration deter-

mined by UV-vis spectrophotometry. Calibration plots of

UV absorbance versus concentration for the different per-

meants and solvents are shown in the ESI.w Control
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measurements were made using samples with no permeant

in order to correct the measured UV absorbance values for

small (typically 10% or less) errors due to the presence of trace

UV absorbing impurities arising from the squalane. The

concentration values enabled the calculation of the partition

coefficient K, equal to the ratio of equilibrium permeant

concentrations in the two phases. It was found that either

1 or 2 weeks equilibration time yielded identical K values. The

solubilities of testosterone and caffeine in both PBS and

squalane were measured by equilibrating excess solid with

the solvent followed by phase separation and analysis using

UV-vis spectrophotometry.

The equilibrium partition coefficients of the permeants

(caffeine and testosterone) between either aqueous PBS or

squalane and the two membranes (PDMS and cellulose) were

measured by equilibration of known volume of permeant

solution of known initial concentration with a known volume

of the membrane at 32 1C. Following equilibration, the

equilibrium permeant concentration in the solution phase

(decreased by loss of permeant to the membrane) was determined

spectrophotometrically and the result used to calculate K.

The value of K measured in this way did not change with

equilibration times varying from 1 day to 5 weeks. Each final

value of K was the mean of 5 independent measurements.

Control measurements with systems containing no permeant

were again used to correct UV absorbance values for trace

UV-absorbing impurities leached from the membranes. This

correction was less than 5% in all cases.

Membrane permeation measurements

Permeation rates from a donor compartment through a

membrane to a flow-through receiver compartment were

measured using a #1K001-15-VD permeation cell supplied

by PermeGear. This cell has a circular membrane window

(diameter 15 mm, exposed membrane area 1.76 cm2) and an

upper, fixed volume (2.18 ml) donor compartment which is

sealable with a screw-cap septum. The cell, constructed from

chemically inert polychlorotrifluoroethylene (PCTFE), was

thermostatted at 32 1C and the donor compartment was

magnetically stirred with a stirrer bar of 12.5 � 3.5 mm

rotating at 5000 rpm (except where noted otherwise). The

receiver compartment solution had a fixed total volume of

3.17 ml and was pumped continuously at 3 ml min�1 through a

flow-through quartz cuvette with a 10 mm path length,

mounted within a temperature controlled Unicam UV3

UV-vis Spectrophotometer also maintained at 32 1C. Receiver

solution UV-absorbance values were captured and logged

at 20 s intervals over permeation runs lasting up to 40 hours.

The receiver solution was pumped using a Spectra System

P1500 Isocratic Liquid Chromatography Pump with a dual

sapphire piston mechanism to produce a pulse-free flow. All

solution absorbance values, measured at the appropriate

wavelength corresponding to the maximum optical adsor-

bance of the permeant (251 nm for testosterone in PBS

and 273 nm for caffeine in PBS), were converted to concentra-

tions using the linear Beer–Lambert calibration plots shown in

the ESI.w
All measurements were made at 32.0 � 0.5 1C.

Results

Theory

We consider the permeation from a stirred solution in the

donor compartment, through a membrane to a receiver

solution of fixed volume which is recirculating. In order to

establish a basic theoretical framework, the following assump-

tions are made. The validity or otherwise of these assumptions

for particular experimental conditions must, of course, be

questioned and tested for all comparison with experiments.

Firstly, the rate limiting step is assumed to be diffusion of the

permeating species across the membrane, i.e. all mass transfer

and partitioning steps within the bulk donor and receiver

compartments and transfer across the solution–membrane

interfaces are relatively fast. Secondly, the lag time required

to establish a steady-state mass transfer rate is negligibly small

compared with the overall timescale of the permeation.

Thirdly, we assume the diffusion of the permeant in the

membrane follows Fick’s Laws, that the membrane is uniform

and that the diffusion coefficient has a fixed value which is

independent of the permeant concentration in the membrane.

Fourthly, it is assumed that only the single permeant species

permeates across the membrane, i.e. the donor and receiver

compartment solvents do not cross the membrane. If solvent

permeation occurs, this would cause changes in the partition

coefficients of the permeant as a function of time as the donor

and receiver phase compositions change. Finally, the theory is

restricted to uncharged permeant species and we assume that

the permeant solutions in the donor, receiver and membrane

volumes behave ideally, i.e. that concentrations can be sub-

stituted for activities in equations for equilibrium partition

coefficients.

For the experimental permeation measurements described

below, a permeant solution of initial concentration Cdon,0 is

loaded into the donor compartment and the permeant

concentration Crec in the fixed-volume, recirculating receiver

compartment is recorded over time, from its initial value of

zero until the final, equilibrium value Crec,N is reached. To fit

the experimental permeation runs, we derive an analytical

expression for the variation of Crec with time t as follows.

With the first assumption listed above, the local permeant

concentrations in the membrane on the donor and receiver

sides (Cmem,d and Cmem,r) are maintained in local equilibrium

with the concentrations Cdon and Crec and hence:

Cmem,d = Kmem–donCdon (1)

Cmem,r = Kmem–recCrec (2)

The ratio of donor and receiver concentrations

(=Cdon/Crec) is not maintained equal to the equilibrium

partition coefficient Kdon–rec during a permeation run; the

equilibrium value is only reached at long times when Cdon

and Crec achieve their equilibrium values of Cdon,N and Crec,N.

For the purposes of this derivation, all partition coefficients are

denoted using the consistent nomenclature that Ka–b = Ca/Cb

where Ka–b is the partition coefficient of permeant between

phases a and b and Ca and Cb are the equilibrium permeant

concentrations in phases a and b respectively.
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For permeation times longer than the so-called ‘‘lag-time’’,

Fick’s second law predicts that a linear concentration gradient

of permeant across the membrane is established and permea-

tion under these conditions is denoted as ‘‘steady-state’’. The

steady-state permeant concentration gradient across the

membrane (dCmem/dx) is:

dCmem

dx
¼ ðCmem;d � Cmem;rÞ

X
ð3Þ

where Cmem is the permeant concentration at depth x in the

membrane and X is the total membrane thickness. The rate

of change of permeant concentration in the receiver

compartment (dCrec/dt) is related to the concentration

gradient across the membrane according to Fick’s first law:

dCrec

dt
¼ AD

XVrec

� �
ðCmem;d � Cmem;rÞ

¼ AD

XVrec

� �
ðKmem�donCdon � Kmem�recCrecÞ

ð4Þ

where A is the surface area of the membrane, D is the diffusion

coefficient of the permeant in the membrane and Vrec is the

volume of the receiver compartment. At any time during the

permeation, the total amount of permeant in the whole system

is distributed between the donor and receiver compartments

and the membrane and consideration of the permeant mass

balance gives:

Cdon ¼
ðnt � CrecVrec � CmemVmemÞ

Vdon
ð5Þ

where nt is the total number of moles of permeant, Vdon and

Vmem are the volumes of the donor compartment and

membrane and Cmem is the average concentration of

permeant within the membrane. Under steady-state

permeation conditions, the permeant concentration in the

membrane varies linearly between Cmem,d and Cmem,r and

hence Cmem = (Cmem,d + Cmem,r)/2. Substituting for Cmem

according to eqn (1) and (2) gives, after some re-arrangement,

the following expression for Cdon in terms of Crec.

Cdon ¼
nt=Vdon

1þ ðKmem�donVmem=2VdonÞð Þ

� ðVrec=Vdon þ Kmem�recVmem=2VdonÞ
1þ ðKmem�donVmem=2VdonÞð Þ Crec

ð6Þ

Eqn (6) can be expressed in the form Cdon = Y � ZCrec

where Y is the first term in eqn (6) and Z, is the multiplier term

of Crec. Substituting this expression for Cdon into eqn (4)

yields:

dCrec

dt
¼ ADKmem�donY

XVrec

� �
� AD Kmem�donZþKmem�recð Þ

XVrec

� �
Crec

ð7Þ

Integration of this equation leads to:

Crec = Crec,N + (Crec,0 � Crec,N) exp(�kt) (8)

where Crec,0 and Crec,N are the initial and the equilibrium

values of the permeant concentration in the receiver

compartment respectively. From eqn (8), it can be seen that

Crec is predicted to increase exponentially from Crec,0 to Crec,N

with a first-order permeation rate coefficient k (units: s�1).

Experimental permeation plots of Crec versus time are fully

characterised by two parameters: Crec,N and k which, in turn,

are given by:

Crec;1 ¼
Kmem�donY

Kmem�donZ þ Kmem�rec

� �
ð9Þ

k ¼ ADðKmem�donZ þ Kmem�recÞ
XVrec

� �
ð10Þ

The final equations reveal the key observable characteristics

of experimental permeating systems for which the underpinning

model assumptions are valid.

(1) The variation of Crec with time is predicted to follow an

exponential curve.

(2) The value of the 1st-order permeation rate coefficient k is

predicted to be independent of the initial permeant concen-

tration in the donor compartment.

(3) The values of Crec,N and k are predicted to be

independent of donor stirring rate and receiver compartment

flow-through rate as long as these are sufficiently high to

ensure mass transport within either the donor or receiver

compartments is not rate-determining.

(4) The values of Crec,N and k are predicted to depend on

the nature of the permeant, donor and receiver solvents and

the membrane as expressed by the values of membrane

diffusion coefficient D and the two partition coefficients

Kmem–don and Kmem–rec.

(5) The values of Crec,N and k are predicted to depend on

the geometrical parameters of the permeation system, i.e.

A, Vdon, Vrec and Vmem.

Eqn (8)–(10) enable the prediction of how the rate and

extent of permeation from donor to receiver depend on the

chemical natures of the permeant, the donor and receiver

solvents and the membrane. For the purposes of this predic-

tion, in order to remove factors such as permeant concen-

tration and the geometrical parameters of the permeation

system, we set Vdon = Vrec and Vmem = 0. The permeation

rate is expressed as the dimensionless rate coefficient

(kXVrec/AD) and the extent of permeation as the fraction of

total permeant which is extracted from the donor to the receiver

compartment at equilibrium. The different combinations

of hydrophilic/hydrophobic permeant, donor solvent and

membrane can be represented in terms of hypothetical values

of Kmem–don and Kmem–rec for each system as shown in Table 1.

For this analysis, we have taken the partition coefficients to

be either 40 (for a permeant partitioning from a low affinity

environment to a high affinity environment, e.g. a hydrophobic

permeant going from water to a hydrophobic membrane), 1

(for a permeant partitioning between two environments for

which it has equal affinity) or 1/40 (for partitioning from a high

affinity environment to a low one, e.g. for a hydrophilic

permeant going from water to a hydrophobic membrane).

Using these hypothetical K values with eqn (8)–(10) allows a

simple means to visualise how the rate and extent of permeation

are predicted to change with donor solvent for different

permeant and membrane combinations. For the conditions
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set here (i.e. Vdon = Vrec and Vmem = 0), the factor Z

(see eqn (6)) reduces to 1, the factor Y reduces to Cdon,0 and,

from eqn (9), the fraction of permeant extracted Crec,N/Cdon,0 is

equal to:

Crec;1
Cdon;0

¼ Kmem�don
Kmem�don þ Kmem�rec

� �
ð11Þ

Similarly, from eqn (10), the dimensionless permeation rate

coefficient reduces to:

kXVrec

AD
¼ Kmem�don þ Kmem�rec ð12Þ

As seen in Table 1, the calculated dimensionless permeation

rate coefficients all lie within one of three ranges: high

(41–80 for the K values taken here), medium (1–2) or low

(0.05). The values of the equilibrium fraction of permeant

extracted are similarly either high (0.98), medium (0.5) or low

(0.024) depending on the ratio of Kmem–don and Kmem–rec

which is equal to the overall partition coefficient Krec–don.

Although the values of Kmem–don and Kmem–rec used here

(either 40, 1 or 1/40) are, of course, only broadly

representative of the relative hydrophilic/hydrophobic

natures of different permeant, donor solvent and membrane

systems, the comparison of Table 1 allows useful insight into how

widely differing systems are expected to permeate. Some of the

results summarised in Table 1 follow easily from intuitive

considerations of the relative affinities of the permeant for

the donor and receiver solvents and the membrane. However, a

key general, and less intuitive, conclusion is that the permeation

rate coefficient is proportional to the sum of the two partition

coefficients (Kmem–don + Kmem–rec), as seen in eqn (12). It is this

relationship which causes the permeation rate effects of

switching between the same polar and apolar donor solvents to

vary widely between different permeant/membrane combinations.

The development of the theoretical framework based on the

stated model assumptions enables the prediction and compar-

ison of different, hypothetical system behaviour shown in

Table 1. In the next step, we seek to determine (i) whether

or not different real permeation systems obey the model

predictions and (ii) how the rates and extents of permeation

vary for widely differing systems. To this end, we have

experimentally investigated the permeation of systems con-

taining all possible combinations of permeant (testosterone

(hydrophobic) or caffeine (hydrophilic)), donor solvent (PBS

(hydrophilic) or squalane (hydrophobic)) and membrane

(PDMS (hydrophobic) or cellulose (hydrophilic)). For each

system, the receiver phase was PBS. Analysis of the experi-

mental permeation behaviour in terms of the model requires

knowledge of the partition coefficients relevant to each system;

this is presented in the following section.

Permeant partition coefficients

Fitting the plots of experimental measurements of Crec as a

function of time yields values of the rate coefficient k and

Crec,N. Using eqn (9) and (10) to interpret these values

requires knowledge of the two partition coefficients Kmem–don

and Kmem–rec for each different permeant–solvent–membrane

system. Two aspects require some additional discussion

here. Firstly, as explained in the Methods section above, the

membrane partition coefficients are measured by equilibrating

permeant solution of known volume and initial concentration

with a known membrane volume and deriving K from

the measured depletion of permeant from the solution to the

membrane. However, this method is not accurate if the

magnitude of K is such that there is no significant depletion

of the solution concentration by partitioning to the membrane.

In these cases, the unknown value of K can be derived from

measured values of two related partition coefficients. For

example, KPDMS–PBS for caffeine is not directly measureable

since too small a fraction of the caffeine distributes to

the membrane to produce a measureable depletion of the

PBS solution, even when the membrane : solution volume

ratio is maximised. However, the value of KPDMS–PBS can be

calculated using measured values of KPBS–squalane and

KPDMS–squalane, as shown below.

KPDMS�PBS ¼
CPDMS

CPBS
¼ CPDMS

Csqualane

Csqualane

CPBS
¼ KPDMS�squalane

KPBS�squalane

ð13Þ

Similar calculations are used to derive all partition coefficients

which are not directly measureable. The second aspect to be

considered is the effect of possible non-ideal solution behaviour

on the partition coefficients. The true, concentration-independent

value of a partition coefficient Ka–b is the equilibrium ratio of

the solute activity in each phase (=aa/ab). The activities are

then equal to the product of the activity coefficient g and the

concentration as shown below.

Ka�b ¼
aa

aa
¼ gaCa

gbCb
ð14Þ

Table 1 Calculated values of fraction of total permeant extracted from donor compartment and dimensionless permeation rate coefficient for
hypothetical systems containing all combinations of hydrophilic and hydrophobic donor solvents, permeants and membranes. Values have been
designated as ‘‘high’’, ‘‘medium’’ or ‘‘low’’. The actual values used for the partition coefficients and derived for the fractions extracted and
permeation rates are given in parentheses

Donor solvent Permeant Membrane Kmem–don Kmem–rec

Fraction permeant
extracted

Dimensionless permeation rate
coefficient (kXVrec/AD)

Water Hydrophobic Hydrophobic High (40) High (40) Medium (0.5) High (80)
Oil Hydrophobic Hydrophobic Medium (1) High (40) Low (0.024) High (41)
Water Hydrophilic Hydrophobic Low (0.025) Low (0.025) Medium (0.5) Low (0.05)
Oil Hydrophilic Hydrophobic Medium (1) Low (0.025) High (0.98) Medium (1)
Water Hydrophobic Hydrophilic Medium (1) Medium (1) Medium (0.5) Medium (2)
Oil Hydrophobic Hydrophilic Low (0.025) Medium (1) Low (0.024) Medium (1)
Water Hydrophilic Hydrophilic Medium (1) Medium (1) Medium (0.5) Medium (2)
Oil Hydrophilic Hydrophilic High (40) Medium (1) High (0.98) High (41)
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Hence, in general, an apparent K value (taken to equal

the ratio of concentrations) will only equal the true value in

the limit of low concentrations when the solutions in both

phases behave ideally, which is when the activity coefficients

reduce to unity. For finite concentrations, non-ideal behaviour

in one or both of the phases is manifested as a concentration

dependence of the apparent K value equal to the ratio of

equilibrium concentrations.

Because of the two aspects noted above, apparent K values

(equal to the ratio of equilibrium concentrations) have been

measured for solvent–solvent combinations to enable the deriva-

tion of values for membrane–solvent combinations which are

not directly measureable. In addition, all K values have been

measured for different permeant concentrations in order to assess

possible non-ideality effects. Fig. 1 shows plots of measured

apparent K values versus the equilibrium concentration of the

distributing species for all combinations of permeant, solvent and

membrane used here. In each plot, the horizontal dashed line

indicates the concentration range used in the permeation rate

measurements since we are interested in the value of K which

corresponds to that concentration range. In the upper plot, it can

be seen that KPBS–squalane for both caffeine and testosterone are

concentration-independent over the concentration range relevant

to the permeation rate measurements and hence average values

over this concentration range are used. Slight non-ideality

deviations from these low-concentration-range average values

are observed at higher concentrations which continue up to the

highest possible concentrations, equal to relevant solubilities. At

32 1C, the equilibrium solubilities of testosterone in water, PBS

and squalane were measured to be 0.12, 0.098 and 0.81 mM

respectively; the values for caffeine in water, PBS and squalane

were 140, 122 and 0.48 mM respectively. Literature values for the

solubilities in water for testosterone (0.11 mM at 31 1C and

0.13 mM at 35 1C) and for caffeine (133 mM at 30 1C and

167 mM at 35 1C) are in reasonable agreement.23 The K values

derived from the solubility ratio (marked by the vertical dashed

lines) are in line with the trends of the plots. It is noted here that

the use of K values derived from solubility ratios is not

recommended since such values refer to the highest achievable

concentrations and therefore are likely to be subject to errors due

to non-ideal behaviour.

The middle graph of Fig. 1 shows plots for four different

permeant–membrane–solvent systems for which apparent

K values do not show significant variation with concentration,

relative to the (fairly large) experimental uncertainties. In these

cases, the average concentration-independent values of K used

in the analysis of the permeation runs are indicated by the

vertical axis positions of the horizontal dashed lines for each

system. Finally, the lower graph of Fig. 1 shows the plot for

caffeine distributing between the cellulose membrane and PBS

where it can be seen that K varies significantly with caffeine

concentration over the relevant concentration range.

The final values of all partition coefficients used in the

analysis of the permeation rate measurements described below

are summarised in Table 2. Where the entry is denoted as

‘‘concentration dependent’’, the value of K appropriate to the

average concentration for each individual permeation rate run

has been estimated using the fitting equation corresponding to

the solid line of the lower plot of Fig. 1.

Permeation rate measurements and their analysis

Fig. 2 shows examples of measured plots of Crec versus time

for caffeine permeating from a PBS donor phase with

different initial concentrations of caffeine through a cellulose

membrane to a PBS receiver phase. The observed behaviour of

Fig. 1 Variation of measured partition coefficients at 32 1C with liquid

phase concentration. For each plot the system details are indicated in the

key and the horizontal dashed line indicates the concentration range

used in the permeation experiments and the corresponding average value

of K over the experimental concentration range. The upper plot for the

PBS–squalane partition coefficients also includes vertical dashed lines

which indicate the solubility values of the permeant for which K was

taken to be the ratio of solvent solubilities. The lower plot, for caffeine

partitioning between cellulose and PBS, shows K is concentration

dependent over the relevant concentration range for this system.
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this system is accurately described by the theoretical model

expressed through eqn (8)–(10). In particular, the measured

curves are accurately exponential as expected from eqn (8); the

rate coefficient k is virtually identical for all different initial

donor phase concentrations and Crec,N scales with the initial

donor phase concentration. Hence it is concluded that the set of

assumptions underpinning the model are valid for this system

under the experimental permeation conditions used here.

One of the model assumptions leading to the prediction of

exponential concentration plots is that the permeation occurs

under so-called steady-state conditions when the linear

concentration gradient of permeant across the membrane is

fully established. As detailed in ref. 24, the time required to

establish this steady-state, (the so-called lag-time L) is given by

the approximate expression below.

L � X2

6D
ð15Þ

For the systems investigated here, the membrane thickness

X ranges from 48 to 80 mm and (as discussed later) the values

of permeant diffusion coefficient in the membrane D range

from 1.6 to 16 � 10�12 m2 s�1 (see Table 2). The values of L,

estimated using eqn (15), for all the different systems

measured here are listed in Table 2 and lie in the range from

24 to 683 s. All values of L are small relative to the time-

scales of the experimental permeation runs which are typically

5 to 50 hours and all the permeation runs occur under steady-state

conditions for all but the first few minutes or so. Hence,

for most of the systems, the plots of Crec versus time

are exponential in shape and do not show an obvious lag

phase at short times. The estimated lag times are similar in

magnitude to the experimental uncertainty in estimating

time zero for permeation (approximately �2 minutes),

corresponding to the time required to load and seal the

donor compartment of the permeation cell and initiate

permeation. Lag time effects are discussed in more detail in

the discussion section below.

From the theoretical discussion of permeation rates for the

hypothetical permeant, donor solvent and membrane combi-

nations summarised in Table 1, it is seen that the slowest

permeation is predicted to occur for a combination of hydro-

philic permeant from water as donor phase through a hydro-

phobic membrane. Of the different experimental systems

measured here, this very slow permeation case is realised for

caffeine permeating through a PDMS membrane from a PBS

donor phase. Fig. 3 (upper plot) shows experimental plots of

Crec versus time for different initial concentrations of caffeine

in the PBS donor phase. It can be seen that the permeation

rate is so slow that the full exponential curves are not observed

over the 15 hour timescales of the runs. The measured plots

correspond to the permeation of only a small fraction of the

total caffeine present and are approximately linear. The

gradients of the lines correspond to the initial permeation

rates which, according to the theoretical model, are predicted

to scale with initial donor phase concentration with the

constant of proportionality equal to the permeation rate

coefficient k. The linear scaling of initial rate with initial

concentration is shown in the lower plot of Fig. 3.

Of the eight combinations of permeant, donor solvent and

membranes investigated experimentally, seven of the systems

are observed to follow the theoretical model for the permea-

tion conditions employed here. The system of caffeine per-

meating through a cellulose membrane from a squalane donor

Table 2 Equilibrium partition coefficients and permeant diffusion coefficients used to obtain the calculated values of Crec,N and k for all the
measured combinations of hydrophilic and hydrophobic donor solvents, permeants and membranes at 32 1C. Estimated lag times L are also shown

Donor solvent Permeant Membrane Kmem–don Kmem–rec Krec–don

Permeant diffusion coefficient
through membrane/m2 s�1

Lag time
L/s

PBS Testosterone
(Hydrophobic)

PDMS (Hydrophobic) 5 � 2 5 � 2 1 9.3 � 10�12a 118c

Squalane Testosterone
(Hydrophobic)

PDMS (Hydrophobic) 0.8b 5 � 2 0.16 � 0.05

PBS Caffeine (Hydrophilic) PDMS (Hydrophobic) 0.14b 0.14b 1 1.6 � 10�12a 683c

Squalane Caffeine (Hydrophilic) PDMS (Hydrophobic) 15 � 5 0.14b 105 � 30
PBS Testosterone

(Hydrophobic)
Cellulose (Hydrophilic) 1.6 � 1.3 1.6 � 1.3 1 16 � 10�12a 24c

Squalane Testosterone
(Hydrophobic)

Cellulose (Hydrophilic) 0.26b 1.6 � 1.3 0.16 � 0.05

PBS Caffeine (Hydrophilic) Cellulose (Hydrophilic) Conc. dep Conc. dep 1 3.0 � 10�12a 128c

Squalane Caffeine (Hydrophilic) Cellulose (Hydrophilic) 250 � 130 Conc. dep 105 � 30

a Obtained by fitting measured permeation rates. b Derived from measured K values. c Lag times estimated using eqn (15).

Fig. 2 Measured variation of receiver compartment concentration

Crec with time (solid lines) for caffeine in PBS permeating through

cellulose at 32 1C. The initial donor compartment concentrations of

caffeine (in descending order) are shown in the key; the dashed lines

correspond to the best-fit to the exponential function predicted by

theory (eqn (8)).
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solution shows anomalous behaviour. In particular, the mea-

sured plots of Crec versus time are observed to deviate from

exponential behaviour and the permeation rate coefficient k is

not independent of the initial donor phase concentration.

Fig. 4 shows that k is independent of initial concentration

for caffeine permeating through cellulose from PBS but

dependent for squalane as the donor solvent. The caffeine–

cellulose–squalane system was examined in further detail to

determine which of the theoretical model assumptions may not

be valid for this case. We first note that the permeant caffeine

has a very high partition coefficient from the squalane donor

solvent to the cellulose membrane (Kcellulose–squalane = 250)

and hence the permeation is predicted to be very rapid.

Furthermore, squalane as donor solvent is approximately

26 times more viscous than PBS (20.8 mPa s compared with

0.76 mPa s25) which is expected to slow mass transport

within the donor phase. Hence, it was hypothesised that the

rate-limiting step of the overall permeation process may be switched

from the membrane diffusion step (assumed in the model)

to mass transport within the squalane donor phase. This

hypothesis was tested by investigating how donor phase

stirring speed affected the permeation, as shown in Fig. 5.

If membrane diffusion is rate-limiting, the permeation

rate coefficient k is expected to be unaffected by donor

compartment stirring speed whereas increased stirring will

increase the permeation rate if mass transport within the

donor phase is rate limiting. Fig. 5 (upper plot) shows

illustrative traces of Crec versus time for two different stirring

speeds in the squalane donor compartment. It can be seen that

the curves deviate from exponential behaviour and that

increased stirring speed increases the permeation rate. Fig. 5

(lower plot) shows that k derived from Crec versus time plots is

independent of stirring speed for caffeine permeating through

cellulose from PBS but strongly dependent when permeating

from a squalane donor solution. One permeation rate run was

made with decane as the donor solvent because decane has a

viscosity (0.78 mPa s26) much lower than squalane (20.8 mPa s)

and similar to that of PBS (0.76 mPa s). If it is assumed that

the affinity of the caffeine for decane and squalane are similar,

then the k value observed for decane is expected to be similar

to that predicted for squalane if mass transport in the donor

phase were not rate-limiting. As seen in Fig. 5, the decane

value and the highest stirring speed squalane measurement are

reasonably similar. The conclusion here is that the anomalous

behaviour of the caffeine–cellulose–squalane system is due

to a switch in rate-limiting step to mass transport in the

donor phase under the standard permeation conditions

used here. For this system, rate-limiting membrane diffu-

sion is only approached at the highest donor stirring speed

used and k under these conditions is approximately

1 � 10�3 s�1. Apparent k values measured at lower stirring

speeds should not be analysed in terms of the theoretical

model used here.

Following exclusion of the low donor stirring speed data for

the caffeine–cellulose–squalane system, the experimental

values of k and Crec,N for all systems were compared with

Fig. 3 Measured initial rate of change of receiver compartment

concentration Crec with time for caffeine permeating through PDMS

from PBS donor solutions (upper plot) at 32 1C. The initial donor

compartment concentrations of caffeine (in descending order) are

shown in the key. The lower plot shows the derived variation of

initial permeation rate versus initial donor concentration; the solid line

shows the linear fit used to obtain k.

Fig. 4 Variation of apparent k value with initial caffeine concen-

tration in the donor compartment for permeation of caffeine through

cellulose from either PBS or squalane at constant donor stirring speed

(using magnetic stirrer) of 4200 rpm. The horizontal dashed line

corresponds to the ‘‘true’’ k value for caffeine in PBS, i.e. corres-

ponding to membrane permeation being rate limiting for which k is

independent of the initial concentration.
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values calculated according to the theoretical model

(eqn (8)–(10)). As discussed earlier and summarised in

Table 2, all partition coefficients were measured or derived

from measured values with proper consideration of solution

non-ideality effects appropriate to the concentration ranges

used. The diffusion coefficients D for the different permeant

and membrane combinations were not measured directly; they

were obtained by fitting measured and calculated k values

using the solver function in Microsoft EXCEL. In this fitting

procedure, it was assumed that D was not affected by the

donor solvent used, i.e. D depended only on the nature of the

permeant and the membrane. Hence, the eight different

permeant–solvent–membrane systems yield four values of D

which are summarised in Table 2. Some limited comparison

of these D values with literature can be made as follows.

D for testosterone in PDMS at 32 1C estimated here (9.3 �
10�12 m2 s�1) is in agreement with the value from ref. 22 of

9.4 � 10�12 m2 s�1 and consistent with estimated limits of

greater than 5 � 10�12 m2 s�1 at 37 1C (derived from

permeability coefficient values from ref. 27 and 28 combined

with a limiting value of the membrane–donor partition

coefficient from this work). D for caffeine in PDMS at 32 1C

estimated here (1.6 � 10�12 m2 s�1) is reasonably consistent

with values of 6 and 7 � 10�12 m2 s�1 at 37 1C, derived from

permeability coefficient values (from ref. 27 and 29 respectively)

combined with a value of the membrane–donor partition

coefficient from this work.

The extents and rate coefficients of all eight permeant–

solvent–membrane systems are shown in Fig. 6 as plots of

calculated versus measured values of Crec,N (upper plot) and k

(lower plot). Based on exponential fits to plots of Crec versus

time (see Fig. 2), the measured values of Crec,N and k are

reasonably accurate with estimated uncertainties of the order

of 10% or less. Uncertainties in the calculated values of Crec,N

and k are mainly determined by the relatively high

uncertainties in the measured partition coefficients of Fig. 1

but also include uncertainties in the ancillary parameters such

as the donor and receiver compartment volumes and the

membrane thickness and area. The overall uncertainties in

the calculated Crec,N and k values are estimated to be of the

order of approximately 50%. Within these uncertainties, a

single, fitted value of D for each permeant + membrane

combination successfully captures the effects of changing

the donor solvent from PBS to squalane. It can be seen from

Fig. 6 that the theoretical model simultaneously describes

both the equilibrium (Crec,N) and kinetic aspects (k) of the

permeation behaviour of the eight diverse experimental

systems reasonably well.

Of the eight permeant–solvent–membrane systems, it can be

seen that one (caffeine permeating through PDMS from a PBS

donor) is very slow, one (caffeine permeating through cellulose

from a squalane donor) is very fast and all other systems show

similar ‘‘medium’’ rates. The key factor determining the

observed differences in k over nearly 4 orders of magnitude

are the relative values of the sum of the partition coefficients

(Kmem–don + Kmem–rec). The differences in diffusion coefficient

D between the different systems are of secondary importance

in affecting k.

Discussion

The strategy adopted here of quantitatively analysing experi-

mental permeation data in terms of a theoretical model based

on clearly established underpinning assumptions provides a

clear and systematic means of determining the origins of the

many different possible ways in which the donor solvent might

affect permeation. For systems for which the model assump-

tions are valid, the model shows that donor solvent effects on

the extent and rate of membrane permeation are primarily

controlled by how the three partition coefficients Kdon–rec,

Kmem–don and Kmem–rec change with donor solvent. The

extent of permeation is determined by the relative volumes

of the donor and receiver compartments and the value of

Kdon–rec. For equal donor and receiver volumes, the

permeation rate coefficient is proportional to the sum

(Kmem–don + Kmem–rec) and hence the magnitude of the donor

Fig. 5 Upper plot: Variation of Crec versus time for permeation of

caffeine through cellulose from identical squalane donor solutions for

two different stirring speeds of the donor compartment. The dashed

lines indicate the ‘‘best-fit’’ exponential curves. Lower plot: Variation

of the apparent k value with donor stirring speed for permeation of

caffeine through cellulose from either PBS or squalane donor

solutions. A single value for decane as donor phase is also shown.

The solid line is a guide for the eye. The horizontal dashed line

corresponds to the stirring speed-independent k value for the PBS

solution.
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solvent effect on rate is strongly affected by the

natures of both the membrane and the permeant, as seen in

Table 1.

For the experimental permeation cell used here (with stir-

ring in both donor and receiver compartments), most of the

permeation systems investigated follow the behaviour pre-

dicted by the model, i.e. the set of model assumptions are

valid in most of the systems. Observed deviations from the

model enable full and systematic discussion of all the addi-

tional possible ways in which the donor solvent can affect

permeation, i.e. those effects not simply related to partition

coefficient changes. The additional possible effects arise from

solvent changes rendering one or more of the model assump-

tions invalid are therefore discussed under sub-headings which

link to the key model assumptions.

1. The rate-limiting step changes from membrane diffusion

The first model assumption is that permeant diffusion across

the membrane is rate-limiting and that all other mass transport

and partitioning steps are relatively fast; this key assumption

justifies the use of pseudo-equilibrium equations for the

various partitioning processes. The model predicts the impor-

tant ‘‘signature’’ features expected for permeation with rate-

limiting membrane diffusion which are: (i) plots of Crec versus

time are exponential; (ii) the permeation rate coefficient k is

independent of the initial permeant concentration and (iii) the

permeation rate coefficient is independent of stirring speed

(for stirring rates above a lower threshold). Fig. 4 and 5

show how the caffeine–squalane–cellulose system deviates

from the model in these three aspects and is thereby revealed

as having undergone a change in rate limiting step. In general,

for the membrane thicknesses and membrane diffusion

coefficients seen here, membrane diffusion is expected to

remain rate-limiting when (i) donor and receiver compart-

ments are stirred; (ii) the donor solvent viscosity is not

too large and (iii) the membrane partition coefficients are

such that very fast permeation is not obtained. The switch in

rate-limiting step observed here for the caffeine–cellulose

system when changing the donor solvent from PBS to

squalane, is a result of the high viscosity of squalane relative

to PBS plus the fact that the sum of the partition coefficients

Fig. 6 Comparison of measured and calculated values of the equilibrium fraction of permeant extracted to the receiver compartment Crec,N

(upper plot) and permeation rate constant k (lower plot) and for all the different combinations of permeant, donor solution solvent and membrane.

The dashed lines indicate perfect agreement between theory and experiment.
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(Kmem–don + Kmem–rec) favours very fast permeation for squalane

as the donor solvent.

We note here that rate-limiting membrane diffusion is not

desirable in particular applications which require slow or

sustained drug release profiles. There is an extensive literature

describing a wide range of different types of donor compart-

ment formulations in which the drug or other active species is

encapsulated using, for example, polymers within the donor

vehicle.30–32 Even for these formulations, it remains important

to establish unambiguously that membrane diffusion is not

rate-limiting under the particular experimental conditions

used in order to correctly interpret permeation measurements.

2. Lag time is not negligibly small relative to the overall

permeation time scale

The model predictions assume that the permeant concen-

tration gradient across the membrane is linear, corresponding

to ‘‘steady-state’’ diffusion, which is valid at times longer than

the lag time. Hence, for the plots of Crec versus time to exhibit

the predicted exponential shape, it is required that the lag time

L is negligibly small relative to the timescale of the overall

permeation run. As seen in Table 2, the values of L estimated

using eqn (15) and the fitted values of D for the different

systems range from 24–683 s. Given that L is generally small

relative to the permeation time scale of 5–50 hours, deviations

from exponential shape in the overall plots of Crec versus time

are generally small, as seen, for example, in Fig. 2. However,

the small deviations are observable by ‘‘zooming in’’ on the

short time behaviour, particularly for the caffeine–PDMS

systems where L is estimated to be relatively large. Fig. 7

shows two examples of the short time behaviour of plots

of Crec versus time. The testosterone–PBS–cellulose system

(with estimated L of 24 s) is compared with the caffeine–

squalane–PDMS system with estimated L of 683 s. For each

plot, the dashed straight line indicates exponential behaviour

seen for times cL. The solid lines correspond to fitted curves

which are reasonably well described using eqn (16) with floated

values of L.

Crec E Crec,N + (Crec,0 � Crec,N) exp(�k{t � L}) (16)

Qualitatively, it can be seen that the deviations from expo-

nential behaviour are much greater for caffeine/squalane/

PDMS than for testosterone/PBS/cellulose. Semi-quantita-

tively, fitting the curves of Fig. 7 to eqn (16) yields approxi-

mate values of L of 40 and 300 s respectively. Quantitative

agreement with the L values from Table 2 (24 and 683 s

respectively) is rather poor; this is probably due to the

experimental uncertainty in the start time of the permeation

runs which is estimated to be of the order of 2 minutes or so. In

principle, measurement of the lag time provides a method to

obtain an independent estimate of the diffusion coefficient D.

As shown by the comparison of the different estimates of the

lag time, this is unreliable for the experimental procedure

used here.

Deviations from the predicted model behaviour due to lag

time effects are expected for systems with thick membranes

and low values of the diffusion coefficient (eqn (15)). In

general, the effect is not dependent on the donor solvent.

However, it is important to be aware of whether or not

permeation runs are occurring under steady or non-steady

state conditions in order to avoid incorrect interpretation of

experimental permeation kinetic data.

3. Membrane diffusion follows Fick’s laws and the membrane

is uniform

In the derivation of the model equations, it is assumed that

pseudo-equilibrium partitioning of the permeant occurs from

the solvents to the membrane and that the membrane proper-

ties are uniform throughout its depth. For partitioning to

occur, the membrane must be liquid-like rather than crystal-

line which will be the case for a synthetic polymer membrane

at a temperature above its glass transition temperature. This is

valid for PDMS but is almost certainly not the case for dry

cellulose. However, as noted earlier, the cellulose membrane

used here is pre-soaked in PBS and maintained in contact with

a PBS receiving phase during permeation. The dry cellulose

membrane swells to almost double its thickness following

equilibration with PBS and so the actual membrane used

consists of approximately 50% cellulose and 50% water. This

water swollen membrane is likely to be liquid-like and thus the

assumption made here is expected to be valid. The PDMS

membrane properties are thought to be uniform throughout

its depth. For the cellulose, we have noted that contact with

PBS causes swelling in thickness but not in area and hence the

membrane must possess anisotropic properties. However,

there is no evidence that the membrane properties vary

throughout the depth of the membrane (i.e. the direction of

membrane permeation) and hence it is thought the assump-

tions made here are valid.

The model derived here will not be valid for composite

membranes containing both liquid-like and solid regions for

which the membrane properties will not be uniform through-

out the membrane depth. This will be the case for synthetic

membranes which have a degree of crystallinity, composite

Fig. 7 Illustrative plots of the short-time behaviour of Crec/Crec,N

versus time for testosterone in PBS through cellulose (estimated

L = 24 s) and caffeine in squalane through PDMS (estimated

L = 683 s). For each plot the dashed line indicates exponential

behaviour corresponding to L = 0. The solid dashed lines are fits to

eqn (16) with the floated value of L = 40 and 300 s respectively, as

described in the text.
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membranes containing solid filler particles or for natural

membranes such as the stratum corneum of skin which is a

composite containing regions of lipid and corneocytes.33

For such membranes, there will be additional considerations

relating to, for example, the ‘‘tortuosity’’ of the permeant’s

pathway through the membrane. However, factors such as

the tortuosity are not expected to be affected by the choice

of donor solvent unless the solvent alters the membrane

structure, e.g. the degree of crystallinity.

4. Donor and/or receiver solvents may permeate or affect the

membrane

It is assumed in the model that only the permeant species

permeates through the membrane and that its diffusion coeffi-

cient in the membrane is independent of its concentration in

the membrane. Changing the donor solvent can affect permea-

tion by rendering these assumptions invalid in several ways.

Firstly, if the nature of the donor solvent is such that the

permeant partitioning from donor to membrane is high, high

permeant concentration in the donor compartment would give

locally high permeant concentrations in the membrane which

could affect the diffusion coefficient and cause it to depend on

the localised (membrane depth dependent) permeant concen-

tration. Such behaviour would result in non-exponential per-

meation plots. For the experimental systems measured here,

this effect cannot be rigorously excluded but the lack of

deviation from exponential curves due to this cause and the

overall agreement between theory and experiment seen in

Fig. 6 suggest that the effect, if present, is reasonably small.

Secondly, different donor solvents may swell the membrane

to different extents and thereby affect the partitioning

and diffusion coefficient of the permeant in the membrane.

The effect has been reported in many literature studies of

solvent effects in permeation7–12 but is not present for the

experimental systems studied here. As noted earlier, PDMS

membranes show no significant swelling in either PBS or

squalane solvents. The cellulose membranes are swollen in

thickness (but not area) by PBS and not swollen by squalane.

Because the cellulose membranes were pre-soaked in PBS and

remained in contact with the PBS receiver solution during the

permeation runs, the nature of the membrane was not affected

by switching the donor solvent. For the cellulose membranes,

the final values of all partition and diffusion coefficients listed

in Table 2 refer to the PBS-saturated membrane rather than

‘‘dry’’ cellulose. Further evidence for the lack of this type of

solvent effect arises from the observation that a single value

of D successfully accounts for both PBS and squalane as

donor solvent for all the membrane–permeant combinations

(Table 2).

The third type of solvent effect which might invalidate this

model assumption occurs when the donor and receiver

solvents are mutually miscible to a significant extent and can

permeate the membrane during a permeation run. In this case,

the solvent compositions of both the donor and receiver

compartment will change during a permeation run. Such time-

dependent solvent compositions will cause time-dependent

changes in the partition coefficients which, in turn, will

cause deviations from the predicted exponential behaviour.

This possibility can be excluded for the experimental systems

measured here since aqueous PBS and squalane are not

miscible to any significant extent. The effect has been observed

in our laboratories for propylene glycol as donor solvent, PBS

as receiver solvent, a cellulose membrane and either caffeine or

testosterone as permeant. Large deviations from exponential

behaviour are observed since the propylene glycol and PBS are

mutually miscible and can permeate the cellulose membrane at

rates which are comparable with that of the main permeating

species.

5. Non-ideal behaviour of the permeant solutions

As noted above, the model derivation assumes that all parti-

tion coefficients (expressed as the ratio of equilibrium concen-

trations equal to the apparent value of K) are single-valued

and independent of concentration. In fact, only the thermo-

dynamic partition coefficient equal to the ratio of activities is a

true constant; non-ideal solution behaviour can cause the

apparent partition coefficient to be a function of permeant

concentration, and hence time, during a permeation kinetic

run. Because solution non-ideality depends on the balance of

solvent–solvent, solvent–solute and solute–solute interactions,

it should always be considered as a possible contribution to an

observed, overall donor solvent effect in permeation. All

solutions behave ideally in the limit of infinite dilution and

hence activity coefficients are likely to progressively deviate

from unity with increasing concentration which, in turn, may

cause changes in the apparent K values at higher concentra-

tions. If the concentration change during a permeation experi-

ment causes a significant change in the apparent K value, then

this alteration in K during the run is predicted to lead to

deviations from the exponential form of the Crec versus time

plot. If the apparent K value is constant over the concentration

range of the permeation run but was measured at a different

concentration, then exponential behaviour is predicted but the

measured apparent K value may not equal the value

appropriate for the analysis of the permeation run. To avoid

both types of potential error, it is recommended to measure

the apparent K value as a function of concentration.

Overlaying the concentration ranges of the permeation runs

then enables proper selection of the apparent K value which is

appropriate to the permeation run(s). The application of this

approach to the experimental systems studied here is shown in

Fig. 1. It can be seen there that the practice of estimating an

apparent K value from the ratio of permeant solubilities in the

two solvents is not recommended; the resultant apparent K

value refers to the maximum accessible concentrations where

non-ideality effects will, in general, be largest.

For the systems studied here, Fig. 1 shows that approxi-

mately constant apparent K values which are appropriate to

the concentration ranges of the permeation runs can be

selected for most systems. The exception is caffeine partition-

ing between PBS and a cellulose membrane where non-ideality

effects are large over the relevant concentration range. In this

case, the data of Fig. 1 was used to obtain different apparent

K values which were approximately valid for the average

concentration range of the different individual permeation

runs with different initial permeant concentrations.
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Conclusions

We have sought to establish a framework by which donor

solvent effects and all their different possible origins can be

resolved and understood. Based on well established and

rigorous physico-chemical principles, we have developed an

explicit set of equations to describe the equilibrium and kinetic

behaviour of permeating systems for which a set of five key

assumptions are valid. For such systems, the model predicts

the key features of permeating systems obeying these assump-

tions and how their validity or otherwise can be experimentally

tested. For systems which obey the model assumptions and

conditions of constant permeation cell geometry and permeant

diffusion coefficient within the membrane, the effects of changing

the donor solvent on the extent and rate of membrane permeation

are entirely determined by two equilibrium partition coefficients:

Kmem–don and Kmem–rec.

Additional possible donor solvent effects can arise when

changing the donor solvent renders one or more of the key

model assumptions invalid. Hence, in addition to altering

permeation through changes in Kmem–don and Kmem–rec,

changing the donor solvent can:

(1) Alter the permeation rate-limiting step from membrane

diffusion.

(2) Change whether or not the membrane diffusion occurs

under steady-state conditions.

(3) Alter the membrane structure or uniformity.

(4) Cause time-dependent changes in the solvent composi-

tion of the membrane or the donor and receiver phases.

(5) Affect the extent of non-ideal permeant solution

behaviour.

Using comparison of model predictions and experimental

data for eight permeation systems which differ widely in the

hydrophobicity/hydrophilicity of the permeant, donor solvent

and membrane, we have been able to identify and quantify

effects including a change in the rate-determining step of

permeation, non-ideal solution behaviour of the permeant

solutions and deviations due to non-steady-state conditions.

Overall, the main outcome of this study is the development of

a rigorous theoretical and experimental framework whereby

donor solvent effects in permeation can be determined and

their origins fully elucidated.

Abbreviations

PBS phosphate buffered saline solution in water

PDMS polydimethylsiloxane

Glossary of terms

Vrec volume of receiving compartment

Vdon volume of donor compartment

Cdon concentration of permeating species in the donor

compartment

Crec concentration of permeating species in the

receiving compartment

Cmem,d local concentration of permeating species in the

membrane at the interface with the donor

compartment

Cmem,r local concentration of permeating species in the

membrane at the interface with the receiving

compartment

Krec–mem equilibrium partition coefficient of the permeating

species between the receiving phase and the

membrane (=Crec/Cmem,r)

A surface area of membrane

nt total number of moles of permeating species

x distance co-ordinate within the membrane

(perpendicular to its surface)

X total thickness of the membrane

D diffusion coefficient of the permeating species

within the membrane

k 1st-order permeation rate coefficient

L time taken to establish the steady-state concentra-

tion gradient of permeant across the membrane

(‘‘lag time’’)
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