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Summary

Rates of permeation of 75 um thick silicone rubber membranes by hydrocortisone and six
homologous hydrocortisone 21-alkyl esters, all applied to the membranes in aqueous media, were
assessed in small glass diffusion cells. Solubilities of these agents in water and hexane were also
determined. The permeability coefficient of hydrocortisone was 7.4 10~° cm/hr. Permeability
coefficients for the esters ranged from 2.3 X107% cm/hr (acetate) to 6.4 X107 ! em/hr (heptan-
oate). A direct correlation was found between permeability coefficients and lipophilicity but it
appears that the heptanoate ester’s mass transfer coefficient is substantially boundary layer con-
trolled. Assessment of fluxes of the steroid solutes from their respective saturated aqueous solu-
tions was made. The flux for hydrocortisone through silicone rubber was greater than the flux for
the acetate ester. Thereafter, fluxes of the esters from saturated solutions systematically increased
to the point where fluxes for the 21-hexanoate and 21-heptanoate esters were 20 times greater
than found for hydrocortisone. This suggests that far more steroid can be delivered through a lipid
membrane when the steroid is appropriately derivatized. The overall permeability pattern fits
behavior expected of a barrier having a lipid membrane bounded by hydrodynamic layers. The
pattern of permeability from saturated solutions was predictable using regular solution theory.

Introduction

Hydrocortisone is the protype member of a large family of anti-inflamma-
tory steroids used in human and animal medicine. These drugs exhibit a wide
range of topical potencies. This variability in potency is partly due to actual
differences in intrinsic activities, but it also represents differences in the abil-
ities of the steroids to permeate skin, and therefore it is of considerable theo-
retical and practical interest to know the degree to which relative corticosteroid
activities are determined by relative permeabilities. The present study is a first
step in addressing this question and involves the permeation of hydrocortisone
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Fig. 1. Structures of hydrocortisone and its 21-esters. The 21-esters are, respectively: n=1, ace-
tate; n=2, propionate; n=3, butyrate; n =4, valerate (pentanoate); n=>5, hexanoate; and n=6,
heptanoate.

and ester derivatives through a model hydrophobic membrane; it continues our
explorations of the influences of chemical structure on the mass transport of
drugs across synthetic and biological membranes [1-5]. Concepts here are
applicable to the design of drugs, to the design of systems used to administer
drugs, to the choice of best drug for a particular route of administration and
even to the safety evaluation of drugs and chemicals. Such information is also
useful in judging the separation abilities of membranes. The present study with
silicone rubber membranes and corticosteroid permeants demonstrates
insightfully how the physicochemical properties of a permeant, membrane and
medium of application come together to determine the mass transfer profile
for structurally rigid nonelectrolytes.

Experimental

Materials

Hydrocortisone was obtained as a gift from the Upjohn Company (Kala-
mazoo, MI) and used as received. All the esters were synthesized from the
appropriate anhydride and the provided hydrocortisone. Reagent grade hexane
was used in the solubility determinations. Double distilled water was used in
all studies.

Synthesis of esters

Esterification of hydrocortisone at the 21-position proved to be a straight-
forward, one-step reaction (see Fig. 1 for the structures of hydrocortisone and
the esters ). Even in the presence of excess anhydride, the 21-hydroxyl position
is preferentially esterified because the 11-f and 17-hydroxyl groups are unreac-
tive as the result of internal steric hindrance of the steroid nucleus. The hydro-
cortisone n-alkyl-21-esters (acetate through heptanoate) were synthesized at
room temperature by reacting an excess of each anhydride with 5 g of hydro-
cortisone dissolved in 100 ml of neat pyridine. The mole ratio of anhydride to
hydrocortisone was set at 5: 1. Each mixture was vigorously stirred by a teflon-
coated magnetic stirring bar as a reaction proceeded. Completion of each reac-
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TABLE 1

Solubilities of hydrocortisone and its 21-esters in water and n-hexane

Compound Molec-  Melting  Solubility in water Solubility in hexane

ular temper-

weight ature (mg/ml) (mol/1) (mg/ml} {mol/1)

(°C)

hydrocortisone 362.5 212 2.97x107* 8.19x10~* 3.45%x107° 9.53x10®
hydrocortisone 21-acetate 404.5 224 6.291072 1.55%x107° 2.85x107° 7.03x1078
hydrocortisone 21-propionate 418.5 211 1.16x1072 2.77%10° 2.11x10-* 5.03x10°7
hydrocortisone 21-butyrate 432.5 190 7.73x10-% 1.78x107°  4.19x10-* 9.64x10°7
hydrocortisone 21-valerate 448.5 184 3.05x10°% 6.78x10~%* 1.02x107* 222x10°°
hydrocortisone 21-hexanoate 460.5 115 1.42x10°%  3.06x10°° 3.46x107° 7.45%x10°°
hydrocortisone 21-heptanoate 474.5 111 9.88x10~* 2.06x10°° 1.24% 1072 2.59%107®

*These melting points are in close agreement with literature values [21].

tion was followed by thin-layer chromatography (chloroform:methanol, 9:1
and silica gel TLC plates with fluorescent indicator; Eastman Kodak Com-
pany, Rochester, NY).

Approximately one hour after hydrocortisone could no longer be detected by
TLC, liberal amounts of cold 0.1 N sulfuric acid were added to a reaction mix-
ture to solubilize the pyridine but precipitate the ester, and crude crystals of
the product were collected on a buchner funnel. In the synthesis of the longer
chain length hexanoate and heptanoate esters it was also necessary to wash
the crystals with 0.1 N NaOH in order to remove the long chain carboxylic acid
formed in 1:1 ratio as a by-product of the reaction. The hydrocortisone 21-
esters were recrystallized at least two times from either methanol/water (ace-
tate through valerate) or hexane/methylene chloride (hexanoate and heptan-
oate) solution. Large crops of white crystalline material were obtained in all
instances. Crystals were dried under vacuum for 24 hr to remove residual sol-
vent. The overall yields were approximately 80%.

Infrared spectra of the esters clearly showed the added ester linkage. Ester
melting points were determined on a conventional melting point apparatus and
were in close agreement with literature values. However, decomposition was
observed to occur upon melting under ambient atmospheric conditions. The
melting temperatures and molecular weights for hydrocortisone and the 21-
esters are listed in Table 1.

Membranes

Fillerless silicone polymer membranes were prepared for the studies. Poly-
dimethylsiloxane polymer base (gift from Dow Corning, Midland, MI) with-
out silica filler was mixed with stannous octanoate (Catalyst M, Dow Corning,
Midland, MI), approximately 10 g of base to 0.1 g of catalyst. This proportion
allows 10 min working time with the soft mixture. The mixture was degassed
for 3 min, after which an excess was spread about a 50 ym metal spacer. The
mass was pressed flat with a hydraulic press, uniformly spreading the mixture
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between the spacers. The membranes were allowed to polymerize for several
hours (vulcanization took ~ 30 min). Sheets of cellophane were placed beneath
and above the polymer mass before it was pressed flat to facilitate separation
from the press’s surfaces. The cellophane was easily removed after
vulcanization.

Transparent, homogeneous silicone membranes were obtained and carefully
cut from the sheet. The fillerless membranes proved to be fragile but were
workable. The membranes were uniformly 0.0075 cm thick as determined with
a micrometer. The membranes were soaked and rinsed in distilled water for
several hours before use. In all studies, the only solvent in contact with the
membranes was double distilled water.

Assay method

Reverse phase HPLC was chosen as the analytical procedure because it pro-
vided a means of simultaneously separating and quantifying the steroids. A
liquid chromatographic system (Waters Associates Inc, Milford, MA) was
employed with a UV/VIS absorbance detector. Suitable chromatographic sys-
tems were developed in which a mixed methanol: water solvent (80:20 to 60:40
depending on the steroid) and a uBondapak C-18 column served as the mobile
and stationary phases, respectively. The absorbance of steroids was measured
at 254 nm.

Standard solutions of hydrocortisone and the esters were prepared in meth-
anol for calibration of chromatographic peak heights. Injection volumes for
the standard and unknown solutions were equivalent. As internal standards,
appropriate hydrocortisone n-alkyl-21-esters were used. The sensitivity range
for the chromatographic system was determined to be about 0.01 yg/sample to
10 ug/sample for all the analogs. Standard curves demonstrated excellent lin-
earity over the entire sensitivity range. Standard peak heights were determined
daily for quantification of unknown solutions and the experimental error for
the standard solutions was consistently less than 2%. The reproducibility of
the chromatographic system was excellent over long periods of time.

A chromatogram of hydrocortisone and the six esters is shown in Fig. 2,
illustrating the chromatographic identification of each homolog. An interest-
ing point is the relative distances between the chromatographic peaks. A nearly
linear relationship is found when log (normalized elution volume) is plotted
against chain length. Since reverse-phase chromatography involves partition-
ing of the solute between the C-18 column and the methanol:water solvent
system, such partitioning-based chain length dependencies are to be expected.
Despite the small quantities of steroids involved, the HPL.C method of analysis
proved to be reproducible and suitable for the mass transfer studies.

Solubility determinations
The solubilities of hydrocortisone and the esters in water and hexane were
obtained by equilibrating large excesses of solute (greater than 0.5 g) with the
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Fig. 2. Tracing of HPLC chromatogram for a sample containing arbitrary amounts of hydrocor-
tisone and its acetate through heptanoate esters. The major peaks are, from right to left, hydro-
cortisone {retention time ~ 2.5 min), hydrocortisone 21-acetate { ~3 min), hydrocortisone 21-
propionate ( ~ 3.7 min}, hydrocortisone 21-butyrate ( ~ 4.6 min), hydrocortisone 21-valerate ( ~6.2
min), hydrocortisone 21-hexanoate { ~ 8.6 min) and hydrocortisone 21-heptanoate ( ~ 13 min).
The 70: 30 methanol: water solvent flow rate was 1 ml/min and the separation was on a uBondapak
C-18 column.

neat solvents in covered, jacketed glass containers [6]. The temperature was
maintained at 25°C by a constant temperature water bath. Vigorous stirring
was supplied by teflon-coated magnetic stirring bars. An excess of solute was
present in all the slurries.

The solubilities of hydrocortisone and the short chain esters in hexane were
so low that large volumes of hexane (300-600 ml) had to be equilibrated with
excess solute for periods extending beyond 10 days. Large aliquots of these
slurries were passed through 0.22 um pore size filters (Fluoropore filters, Mil-
lipore Corp., Bedford, MA ). The volume of the collected supernatant was mea-
sured and then brought to dryness with the aid of an evaporator. The procedure
for the more soluble higher esters was the same except smaller sample volumes
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were used. Collected steroid was reconstituted in 3 ml of methanol already
containing the internal standard, which was hydrocortisone 21-butyrate in most
instances. As a general procedure, concentrations were determined three times
on each sample and averages were taken. The solubility in hexane for each
homolog represents the average of three independent solubility determinations.

To determine the solubilities in water, concentrations in the supernatant
were followed as a function of time until concentration plateaus were estab-
lished. Several samples were taken thereafter and averages were calculated
from the plateau values. The entire procedure was repeated for each compound
and thus each recorded solubility value represents the average of two equilib-
rium averages from independent determinations.

Diffusion cell

Small diffusion cells were prepared from tempered glass in local shops. These
were in the form of two cylindrical half-cells each having an experimental half-
cell volume of 1.6 ml. Each half-cell had two ports, one for sampling and one
to accommodate the shaft of the stirring device. The two half-cells with mem-
brane between were rigidly clamped together with a spring clamp. The essen-
tial physical characteristics of the diffusion cell are described in earlier
publications from these labs [5,7]. Similar diffusion cells have been success-
fully used in previous studies involving silicone rubber membranes [1,8].

The cell body was completely immersed in a constant temperature bath. The
seal between membrane and glass was secure and there was no leakage. The
cell ports protruded above the surface of the water bath, allowing for sampling
and stirring. The contents of each half-cell were stirred at 150 rpm by constant
speed motor (Model CA, 115V, Hurst Inc., Princeton, IN). Thin glass rods
were attached to the motors by bits of tightly fitting tubing and these drove
the teflon stirring propellers inside the cell. The stirring adequately mixed the
donor solutions and suspensions without causing visible disturbance of the
membrane. The area available for diffusion between compartments was 0.636

cm?.

Experimental determination of permeability coefficients

The experimental determinations of the steady-state fluxes of the steroids
through the silicone rubber membranes proved to be a challenging problem for
the hydrocortisone series. Due to large differences in physicochemical prop-
erties within the series and given the limits of sensitivity of the HPLC system,
it was impossible to determine steady-state fluxes for the entire series using a
single experimental procedure. In all studies, however, the stirring rate was
kept at 150 rpm, the temperature was maintained at 25°C, the donor and
receiver solvents were double distilled water, the area of the membrane was
0.636 cm? and the thickness of the membrane was 0.0075 cm.

Hydrocortisone and esters from acetate through butyrate permeate silicone
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rubber at slow rates. The experimental procedure for these compounds and the
valerate ester was chosen to maximize the permeation rate and the experimen-
tal sensitivity. Large excesses of each drug were equilibrated with water at
25°C and the saturation concentration of the slurry was confirmed by previous
methods. The saturated and concentrated suspensions were transferred to the
donor compartment. During a diffusion run, the donor contents were exchanged
daily with fresh suspension to obviate problems associated with bacterial growth
within the media. The donor compartment’s contents were frequently sampled
and there was no occasion where there was a detectable departure from satu-
ration during the course of an experiment.

The entire receiver contents were withdrawn at set time intervals selected
to insure that sink condition existed throughout each experiment. Each sam-
pling was followed by two total rinses of the receiver. The three aliquots were
pooled in a single tapered 15 ml test tube and brought to dryness using a micro-
flash evaporator. Additional samples and their rinses were added to the same
test tube until a sufficient amount of drug was present in the test tube for
reliable assay. The drug was then reconstituted in 200 ul of methanol contain-
ing, as an internal standard, a non-interfering hydrocortisone 21-ester, and
the contents were vortexed for at least 30 min. Samples (10-100 ul) were drawn
for analysis by HPLC, the sample volume depending on the compound.

Possible decomposition into hydrocortisone was monitored in the receiver
compartment throughout the course of each experiment. Irrespective of the
ester, the quantities of free hydrocortisone were analytically insignificant. Trial
runs of the entire assay procedure were performed beginning with known, trace
amounts of hydrocortisone mixed with its esters. Recovery of the intact esters
and hydrocortisone was reproducible and essentially complete. It was never
less than 90% of known amounts.

The solubilities of the hexanoate and heptanoate esters were too low to suc-
cessfully apply the receiver accumulation method. However, the permeability
rates of hydrocortisone 21-valerate, 21-hexanoate and 21-heptanoate were suf-
ficiently fast that first-order rates of depletion from the donor department to
a sink could be measured in a reasonable period of time. Therefore, stock solu-
tions of drug were freshly made for each experiment and placed in the donor
compartment of the cell. This compartment was rinsed twice with stock solu-
tion, then the initial concentration was determined. Appropriate sampling
intervals were selected for each ester such that a 10% or greater depletion of
the donor concentration was measured at the end of each sampling interval.
After each sample was taken from the diffusion cell, the remaining donor com-
partment solution was removed, the compartment was rinsed and then filled
with fresh stock solution at the original concentration. The assay method, which
evidences free hydrocortisone when it is present, indicated that hydrolysis of
the ester to hydrocortisone did not occur to a significant extent within the time
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course of the runs. The receiver compartment was continuously flushed with
water over the course of the experiments to maintain the sink condition.

Data reduction

Experimental data is presented in Fig. 3 illustrating the method of deter-
mination of the permeability coefficients of hydrocortisone and esters from
acetate through valerate. In order to obtain sufficient hydrocortisone 21-ace-
tate for a single assay, a time interval of 48 hr was required. The total amount
of drug collected every 48 hr (two 24 hr samples) was approximately 0.5 ug.
Roughly 1.0x 10~ 2 ug entered the receiver compartment every hour.

Permeability coefficients for the receiver accumulation procedure were cal-
culated for each sample from the following expression:

Vg (dC/dt)
P==4wo

where Vy is the volume of the receiver compartment, 1.6 ml; A is the area of
the exposed membrane, 0.636 cm? and Vg (dC/dt) is the steady-state flux
through the total barrier. The value of dC/dt was determined by taking the
ratio of the total amount permeated in an interval of time to the length of the
time interval. The term AC is the concentration differential across the mem-
brane. This was effectively equal to the saturation concentration in the donor
as, through total exchange sampling, a near zero receiver concentration (sink
condition) was closely approximated. The number of samples correspond to
the number of peaks shown in Fig. 3. None of the compounds evidenced detect-
able lag times within the extended time frames of the experiments.

The experimental method for the permeability coefficient determinations of
the valerate, hexanoate, and heptanoate esters of hydrocortisone is illustrated
in Fig. 4 with experimental data for hydrocortisone 21-heptanoate. The change
in the donor concentration with respect to time is given by the following
equation:

C,

na:-—

(1)

1 kt (2)
where % is the rate constant for the first order disappearance, C, is the donor
concentration at time zero, and C, is donor concentration at time ¢. The perme-
ability coefficient is obtained from:

Vo

P=k n

(3)

where Vp, is the donor compartment volume (1.4 ml). Results for sequential
intervals were averaged to get the final permeability coefficient values.
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Fig. 3. Plot showing the cumulative amounts of hydrocortisone 21-acetate which penetrated a
silicone rubber membrane over two-day periods in a continuous experiment running eight days.

The permeability coefficient for a run was the average of the permeability coefficients calculated
for all sub-intervals in the run.
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Fig. 4. Semilogarithmic plot illustrating the donor depletion method used to obtain permeability
coefficients for the higher esters. The particular data are for a run with hydrocortisone 21-hep-
tanoate. In this instance sampling intervals were 1.5 hours in duration, at which point the ester
concentration drops 33-38% of its initial value. The permeability coefficient assigned to a run was
the average of the individual permeability coefficients for the 1.5 hr sub-intervals.
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TABLE 2

Permeability coefficients for hydrocortisone and hydrocortisone n-alkyl 21-esters at 25 ° C through
fillerless silicone membrane with thickness of 0.0075 cm

Compound Number Number of Permeability
of runs experiments coefficient and
std dev. (cm/hr)

Results from receiver assay:

Hydrocortisone 1 4 7.4 (+0.8)x10°°
Hydrocortisone 21-acetate 1 4 2.3 (+0.08) X103
Hydrocortisone 21-propionate 1 5 5.8 (+£0.5) %1073
Hydrocortisone 21-butyrate 1 5 2.2 (+0.4) X102
Hydrocortisone 21-valerate 1 4 8.5 (+1.0) <1072
Results from donor assay:
Hydrocortisone 21-valerate 2 8 9.7 (+1.0)x102
Hydrocortisone 21-hexanoate 2 5 45 (+0.2) x10!
Hydrocortisone 21-heptanoate 2 5 6.4 (£0.2) x10?!

Results

Solubility data and appropriate supportive data for hydrocortisone and its
homologous 21-esters are given in Table 1. Solubility is expressed both in mg/ml
and mol/] units.

Permeability coefficients are summarized in Table 2. It should be noted that
the permeability coefficient for the valerate was determined by each of the
methods. The values are in good agreement and an average value of 9.1 X102
cm/hr was used in the following data analysis.

Discussion

In designing drug delivery systems one is generally faced with the problem
of choosing a drug from a group of pharmacologically comparable compounds
which best meets route dependent activity and drug delivery requirements.
Membrane permeation factors can be deciding factors. In the absence of exper-
imental data on permeability, the choice of the drug might be based on chem-
ical structure but to do so one has to have a clear idea of the absorption
determining structural features. T. Higuchi [9] discussed the issues here with
regard to drug delivery through the skin and pointed out that thermodynamic
concepts can be applied to compound selection because a drug’s thermody-
namic activity within its formulation determines its rate of absorption. The
maximum attainable activity and thus the maximum attainable flux are
achieved when the drug is saturated in its vehicle. The drug which has the
highest relative activity in its saturated state may be the best drug from the
drug delivery standpoint. The activity of a saturated crystalline organic solid
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is determined by intracrystalline association, which is dependent on bonding
groups and also on the spacial arrangement of the molecules. Molecular pack-
ing often changes dramatically and in unpredictable ways with molecular mod-
ification and thus relative thermodynamic potentials of saturated analogs and
derivatives can and do vary appreciably. Limiting mass transfer rates generally
directly parallel relative activities. Since classical thermodynamics does not
provide a means of ordering thermodynamic activities of different substances
on a common scale, Higuchi [ 9] suggests that we use the solubilities of analogs
in apolar hydrocarbon solvents as the measure of relative activity. This has
been done in the present work. While activity coefficients are not set forth
explicitly, they have been effectively incorporated using regular solution the-
ory. The theoretical generalizations of Higuchi [9] are borne out.

Before analyzing the data in the above regards, an early and unusual obser-
vation in the research is worthy of note. The present studies were begun with
commercial 0.0127 cm thick silicone rubber sheeting (Silastic 372 Medical
Grade Sheeting, Dow Corning, Midland, MI). A 25°C permeability coefficient
for hydrocortisone of 2.0 x 10~° cm/hr was determined. However, exception-
ally long lag times, in excess of 70 hr, were also observed. Exhaustive extraction
of the membranes with methylene chloride immediately after the diffusion
experiments drew out large amounts of hydrocortisone. The membrane/water
partition coefficient calculated from the extracted material was on the order
of unity. Using a previously determined value for the diffusivity of hydrocor-
tisone in polydimethylsiloxane, 1.62xX 1073 cm®/hr [6,10] and the observed
partition coefficient (1.0) yielded a permeability coefficient, KD/h, greater
than 1 X 10~ ! cm/hr, a value which is orders of magnitude larger than experi-
mentally determined.

Commercial silicone sheeting contains a collodial silica filler and the adsorp-
tion of permeants to the surface of this filler during their diffusive transit has
been reported [11-13]. Roseman [11] indicated that apparent membrane/
water partition coefficients for selected steroids were increased by the presence
of the relatively coarse filler material found in Silastic™ 382 [7]. The parti-
tion coefficient of 17-hydroxyprogesterone was increased 2.5-fold over that
found for fillerless silicone rubber. Flynn and Roseman [12] reported that the
extent of filler adsorption increased with increasing polarity of alkyl p-ami-
nobenzoates test permeants, a trend also followed by the steroids studied by
Roseman.

Higuchi and Higuchi [14], Paul and Kemp [13], Most [15] and Flynn and
Roseman [12] have demonstrated that adsorption lengthens lag times in pro-
portion to the amount of permeant adsorbed. The exaggeratedly long lag time
found when hydrocortisone permeated the Silastic™ 382 [7] membranes was
totally inconsistent with the known diffusivity of this compound in polydi-
methylsiloxane and led to the suspicion that hydrocortisone was extensively
bound to the filler. Inconsistencies in membrane/water and hexane/water par-
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titioning also supported this view. Analysis of the permeability data and solu-
bility data together indicated that for every hydrocortisone molecule which was
free and mobile in the silicone rubber about 1000 hydrocortisone molecules are
immobilized via adsorption. The steady-state permeation rate thus was low
not because of low diffusivity but because of a very small true silicone/water
partition coefficient (estimated to be about 2.4 xX10~*). To eliminate filler-
related complications as these, fillerless silicone rubber membranes were made
and used in the remainder of the experiments. Here hydrocortisone’s steady-
state permeation rate was consistent with that found for the commercial mem-
branes containing filler but, at the same time, lag times were so short that they
could not be experimentally distinguished from zero in experiments with 24 hr
sampling periods.

Based on previous work involving the permeation of polydimethylsiloxane
membranes by alkyl p-aminobenzoates [1], it was reasoned that permeability
coefficients through a hydrocortisone ester series spanning six methylene units
might reflect the influences of both the membrane and hydrodynamic bound-
ary layers. The total diffusional resistance would be the sum of the resistances
of the hydrodynamic layers on each side of the membrane and the resistance
of the silicone rubber membrane. It has been shown that the steady-state
permeability coefficient, P, for the membrane-boundary layer series barrier
takes the general form [16]:

Dm Daq Km/aq
PnDag + 2 aq Do Ko jag

where Ds are diffusivities, hs are thicknesses and K, /,, is the membrane/water
partition coefficient. The subscripts ‘m’ and ‘aq’ refer to the membrane and
the aqueous boundary layer. At the same time, partitioning of homologs between
aqueous and hydrophobic media follows the relationship {16]:

(Km/aq)n = (Km/aq)o 10" (5)

where n is the homolog chain length, (K, .,), is the hypothetical partition
coefficient at n=0 (an intercept value) and z is the methylene increment
obtained as the slope of a plot of log (K,,/.,). versus n. Figure 5 shows that
partitioning of the hydrocortisone homologs between hexane and water follows
the expected exponential pattern. Past work with alky! p-aminobenzoates
established parallels in hexane/water and-silicone oil/water partitioning
behavior [17]. It follows that:

Dmea (Km/aq) 0 107*
PnDag + 2R (Kijag) 0 10™
This suggests that permeability coefficients should be directly dependent on

the partition coefficient when n is small and should be partitioning indepen-
dent when n is large.

P = (4)

P =

(6)
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Fig. 5. Semilogarithmic plot showing the hexane/water partition coefficients of hydrocortisone
(arbitrarily plotted on y-axis at n=0) and its 21-alkyl esters. It can be seen that the partition
coefficients of the esters increase exponentially with increasing alkyl chain length. The ratios of
experimentally determined molar solubilities in hexane and water are taken as the partition
coefficients.

An estimate of the total effective thickness of the boundary layers, > h,,, can
be made in order to establish an upper limit for the attainable permeability
coefficient in this system. The aqueous diffusion coefficient for hydrocortisone
should be near 2.5X10~7 cm?/sec, a value reported by Flynn et al. [18] for
progesterone, since progesterone and hydrocortisone are roughly the same
molecular size. Given the relative lack of diffusivity sensitivity to molecular
volume in liquid media, even the addition of the ester linkages should not pro-
foundly lower D,, and the value of 2.5 10~7 cm®/sec can be considered rep-
resentative for the entire hydrocortisone series. The effective aqueous boundary
thickness for this diffusion cell assembly at a stirring rate of 150 rpm has been
determined from the limiting permeability coefficient of homologous alkanols
by Behl and Flynn (unpublished results) to be 0.025 cm. Substitution of these
estimates for D,, and h,, into eqn. (6) under the circumstances that
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Fig. 6. Semilogarithmic plot of experimentally derived permeability coefficients versus alkyl chain
length of the esters. Hydrocortisone’s value is plotted on the y-axis at n=0 though it is not a
homolog. The open circles evident for the 21-valerate, 21-hexanoate and 21-heptanoate are the
actual data. The filled-in circles for all compounds are permeability coefficients corrected to remove
the influence of the hydrodynamic boundary layers. This correction was without measurable effect
on the permeability coefficients of hydrocortisone and its 21-esters through the butyrate. The
dotted line on the graph indicates the boundary layer control limit determined previously using
alkanols. It can be seen that, after the boundary layer correction is made, the permeability coef-
ficients increase systematically and exponentially even as partition coefficients increase.

2haq D (Kijaq)o 107> by, D, gives 1.0 cm/hr as the limiting value for the
mass transfer coefficient as the membrane/water partition coefficient becomes
large (boundary layer control value).

The experimental permeability coefficients (Table 2) can be linearized to
partition coefficient dependent, pure membrane values by factoring out this
boundary layer resistance. Both experimental and corrected values for the
permeability coefficients are plotted in Fig. 6 on a semilogarithmic scale as a
function of chain length. From the positions of the boundary layer adjusted
points it is clear that the hexanoate and heptanoate esters are under the influ-
ence of the boundary layers. When the boundary layer influence is factored
out, all ester permeability coefficients fit well to an exponentially increasing
pattern. Regression analysis for the line drawn through the boundary layer
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normalized data yields a slope of 0.61, the methylene increment for permea-
bility, and a y-intercept of —4.0. Providing diffusivities in polydimethylsilox-
ane are little affected by the chain length increases, the methylene increment
of permeability for these steroid esters should be essentially the same as the
7-value for their silicone rubber/water partitioning. The m-value from hexa-
ne/water partitioning determined from Fig. 4 is 0.698. The difference in these
n-values, 0.09, is larger than might be anticipated given the similarities of the
media and may indicate that diffusivity does decrease some through the series.

In the absence of boundary layer influence, the steady-state flux per unit
area, J,, of an ester diffusing from a saturated agqueous solution, through the
membrane and into a receiver sink is simply the product of the true membrane
permeability coefficient, P,,, and the aqueous solubility. Thus:

Jss - PmS2,aq (7)

where S, ,, is the molar solubility of the permeant in water. The true mem-
brane permeability coefficient may also be defined as:

_ Dme/aq ~ QIE SZ,m

P _— = 8
" hm h‘m SZ,aq ( )
where S, ., is the molar solubility of the permeant in the membrane, and thus:
D,
Jss = -E; S2,m (9 )

Thus, the boundary layer adjusted flux determined from external saturated
solutions of these steroids should increase exactly as their solubilities in the
membrane increase, at least to the extent that D, is invariant and the bound-
ary layers are uninvolved.

Polydimethylsiloxane is a low cohesive energy density material. Michaels et
al. [19] have estimated its solubility parameter to be 7.6 (cal/cm®)'/? using
Small’s molar attraction constants [20]. The value for hexane is similar, namely
7.27 (cal/em®) /2, The likeness in the solvent properties of these two media is
seen in the strikingly parallel solubilities of the n-alkyl p-aminobenzoates within
them [17]. In a previous study we have shown that hydrocortisone’s solubility
in hexane fits the general expectations of regular solution theory [6]. It seems
reasonabla that the solubilities of its esters in the silicone rubber matrix should
also follow regular solution patterns of behavior. The solubilities for the hydro-
cortisone series in polydimethylsiloxane can be estimated on this basis and
theoretically factored into the permeation results. Taking this approach, the
mole fractional solubilities for hydrocortisone and all of its esters were calcu-
lated using the previously determined solubility parameter value of 12.4 for
hydrocortisone and ester solubility parameters derived therefrom using molar
attraction constants [6]. These derived solubility parameters were, in turn,
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used to estimate ideal solubilities with the aid of the hexane solubility data.
Mole fraction solubilities in the silicone rubber polymer were then calculated
and converted to mol/cm?. This allowed fluxes in units of mol/cm?-hr to be
calculated. Since the silicone rubber used in these studies is almost entirely
composed of polymer chains consisting of repeating dimethylsiloxy units with
a molecular weight of 74, a solvent molecular weight of 74 was used for the
polymer in the theoretical calculations. The mole fractional solubilities were
converted to molar concentrations by the following expression:

1000
M,d,
where M, is the molecular weight of the dimethylsiloxy unit and d, is the den-
sity of the polymeric material. The experimentally determined density for fill-
erless polydimethylsiloxane was 0.84. All derived data are given in Table 3.

Steady-state fluxes from saturated aqueous solutions were predicted from
egn. (9) and the theoretically estimated solubilities in silicone rubber (Table

3). Since the actual value of the ratio D,,/h,, is unknown, the solubility esti-
mate for hydrocortisone 21-acetate in polydimethylsiloxane was assumed real,
which provided an arbitrary reference value for D /h,, of 5.9x10~2 cm/hr.
The predicted fluxes of the other esters were, in this way, normalized to hydro-
cortisone 21-acetate’s. In Fig. 7 predicted fluxes are compared with the exper-
imental fluxes, which appear both as the experimental values and as
experimental values corrected for the boundary layer influence. An increase
greater than 100-fold is projected in flux from the acetate to the heptanoate
ester but only a little over a 50-fold increase is actually seen. Nevertheless,
regular solution flux predictions roughly agree with the experimental values
and, more importantly, the projected shape of the theoretically determined
pattern is the same as that of the experimental data. There is a systematic,
gradual departure of the regular solution predictions from the actual trend
such that a relatively large discrepancy is seen for the heptanoate ester. This,
of course, is in part due to the fact that the heptanoate is the most distant from
the acetate ester, the reference point to which the curve is normalized. Given
the several tiers of assumptions, the overall fit to regular solution theory is
satisfying. The failure of the approach to give an exacting fit to the data is in
part rooted in the approximate nature of the molar attraction constants and
partial molar volumes used in the analysis. Small errors in these magnify upon
repetitive additions of the same moiety (CH,) to the molecule. It is of partic-
ular interest that the saturated state flux of hydrocortisone 21-acetate is less
than hydrocortisone’s saturated state flux despite the fact that hydrocortisone
is considerably more polar. The regular solution approach predicts this order
for the two fluxes, amongst other aspects supporting Higuchi’s [9] idea that
solubility in the membrane is generally the discriminating factor in rate
determination.

S2,m - X2,m (11)
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TABLE 3

Estimated solubility parameters of hydrocortisone 21-esters and also estimated solubilities of
hydrocortisone and its 21-esters in polydimethylsiloxane

Compound 1% (EV )7 &% AHS Xowa® SS
(em?)  (cal-cm?®)? (cal/em®)'2  (kecal) (M/1)

Hydrocortisone 293 3633 12.4 8.1 58x107% 9.4x1077
21-acetate 313 3381 124 7.1 40x10"% 6.5x1077
21-propionate 329 4014 12.2 5.1 29x1077 4.7x107°
21-butyrate 345 4147 12.0 5.1 6.3x10°7 1.0x10°°
21-valerate 362 4280 11.8 4.6 14x10°% 2.2x10°°
21-hexanoate 378 4413 11.7 4.1 44x10% 7.0x10°®
21-heptanoate 394 4546 11.5 2.5 1.6X1075 25x10~*

*Estimated molar volume. For hydrocortisones see Ref. [6]. Others based on 293 cm?® for hydro-
cortisone and partial molar volumes of added/subtracted functional groups [22].

"Molar attraction constant. For hydrocortisone (EV_)'?=4,V,,. For the esters estimated from
hydrocortisone’s molar attraction constant and function group molar attraction constants of Hoy
[21}. For example, for the acetate ester:

(EVm 3/;/2 = (EVm ) %lézgirucortisona - (EVm) ilxg:lroxyl + (EVm) ;éfer carboxyl + (EVm) rlxghhyl Eroup or
(EV)12 acotate = 3633 — 226+ 327+ 148.

<Solubility parameter of solute. For hydrocortisone see Ref. [6]. For the esters calculated from
d,=2(EV,_,)}"*/V,.The > (EV,)"? is done as in footnote (b).

YEstimated from known mole fraction solubilities in hexane at 25°C, estimated solubility param-
eters, experimentally determined melting points and estimated molar volumes using a solubility
parameter for hexane of 7.3 (cal/cm?®) /2 Solubilities are low and the volume fraction of the sol-
vent in the calculation is set at unity with little error.

*Mole fraction solubility in polydimethylsiloxane calculated from the regular solution equation
Inx, =d4H; (T;—T)/RT,T— (6,—8,)> V,,/RT.

Molar solubility in polydimethylsiloxane caleulated from eqn. (11) (see text).

Overall, the alkyl chain length influence upon permeability of silicone rub-
ber within the hydrocortisone series has been shown to be in striking parallel
with hexane/water solubility ratios. By analogy, it is apparent that the parti-
tioning step between water and membrane is principally responsible for the
permeability coefficient pattern. Apparently diffusivities of the homologs within
the membrane do not vary greatly, which is as expected. Despite the size of the
molecules, the hydrodynamic boundary layer resistance becomes a rate con-
trolling factor for the higher chain length esters, the effect being especially
pronounced for the heptanoate. A potentially important observation relevant
to topical administration of these compounds is the large increase in steady-
state flux from saturated solutions. The destabilization of the crystalline struc-
ture with increasing length of the alkyl chain leads to increases in solubility in
the nonpolar polymer matrix and, correspondingly, increases in flux. Melting
points of hydrocortisone 21-esters increase beyond a chain length of seven and
on this basis alone one can confidently predict that the solubilities of the hex-
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Fig. 7. Semilogarithmic plot of boundary layer corrected flux from saturated solutions versus alkyl
chain length of the hydrocortisone 21-esters. Hydrocortisone is arbitrarily plotted at n=0. The
open circles are the actual experimental values. Measurable boundary layer influence is evident
for the valerate through heptanoate esters. The open triangles are permeability coefficients cal-
culated from regular solution theory estimates of solubility in the silicone rubber. These are nor-
malized to the acetate. It can be seen that the entire profile can be well approximated theoretically
as long as there is one defined point (acetate in this instance). The gap between predicted and
actual values widens as the alkyl chain length is increased. This is believed to be mostly the result
of additive error in estimating the solubility parameters of the esters.

anoate and heptanoate esters in the silicone rubber matrix are maximum within
the homologous series. This point, coupled with the transition to boundary
layer control as the alkyl chain length approaches seven, means that the hex-
anoate and heptanoate esters of hydrocortisone have the highest transport
rates from saturated solutions within the series. It is expected but remains to
be shown that advantageously high fluxes of these compounds can be achieved

through skin.
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