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Abstract

Enhanced skin penetration of hydrocortisone can be desirable for treatment of several
diseases. Transdermal iontophoretic delivery of hydrocortisone solubilized in an aqueous
solution of hydroxypropyl-fS-cyclodextrin (HP-$-CyD) was investigated and compared
with chemical enhancement of co-solvent formulations.

The passive permeation of hydrocortisone through human cadaver skin was higher when
delivered from propylene glycol than when delivered after solubilization in an aqueous
solution of HP-B-CyD. However, the iontophoretic delivery of the 1% hydrocortisone—9%
HP-f-CyD solution was higher than the amount delivered passively by the 1% hydro-
cortisone-propylene glycol formulation, even if oleic acid was used as a chemical
enhancer. Tontophoretic delivery of 1% hydrocortisone with 3% or 15% HP-$-CyD was
lower than that of the 9% HP-f-CyD solution.

These data suggest that free hydrocortisone rather than complexes is predominantly
delivered iontophoretically through the skin and the HP-8-CyD complex serves as a
carrier to replenish depletion of hydrocortisone. HP-$-CyD prevents hydrocortisone from
forming a skin reservoir. Iontophoresis provides better enhancement of transdermal
delivery of hydrocortisone than the chemical approach when just sufficient HP-$-CyD is

added to solubilize the hydrocortisone.

Hydrocortisone is an anti-inflammatory cortico-
steroid used to treat skin diseases (Tauber 1994).
Enhanced penetration of hydrocortisone into the
skin might be useful for various topical or systemic
diseases (Fuhrman et al 1997) and chemical
enhancers (Michniak et al 1994) including cyclo-
dextrin derivatives (Arima et al 1990; Vollmer et al
1994) have been used for this purpose (Loftsson &
Siguroardottir 1994; Loftsson et al 1994; Preiss et
al 1995). Because cyclodextrins form inclusion
complexes with drugs, it has been suggested that
they might act as enhancers by interacting with
components of the skin (Szejtli 1994).

A physical mechanism for enhancing percuta-
neous absorption is the use of a mild current to
drive drug molecules into the skin, a process called
iontophoresis (Banga & Chien 1988). Iontophoresis
provides a driving force for charged molecules by
electrorepulsion. During iontophoresis, a flow of
water from anode to cathode occurs when the skin
is negatively charged. This is called electroosmosis
(Pikal 1992; Lin et al 1997). Solubilized neutral
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molecules, such as hydrocortisone, can be delivered
by taking advantage of this phenomenon. lonto-
phoretic delivery of hydrocortisone in the presence
of surfactant has been investigated (Wang et al
1993). The reported flux of hydrocortisone was low
because of the relatively poor aqueous solubility of
hydrocortisone and the limited solubilization
capacity of surfactants. Salt forms such as hydro-
cortisone sodium succinate and hydrocortisone
sodium phosphate result in higher iontophoretic
flux but these salt forms tend to be unstable (Seth et
al 1994). The salt forms of hydrocortisone have
ester linkages at C21 which might undergo hydro-
lysis during iontophoresis, especially when the pH
of donor and receptor solutions are changed, for
example by the use of platinum electrodes. The
problems resulting from the use of salt forms can
be avoided by using HP-$-CyD to solubilize
hydrocortisone.

In this study we chose hydroxypropyl-f-cyclo-
dextrin (HP-B-CyD) because of its excellent solu-
bility in water and the stability of its complexes.
The mechanism of enhancement of HP-f-CyD on
passive and iontophoretic transdermal delivery of
hydrocortisone was investigated. The skin reservoir
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effect of the HP-f-CyD-hydrocortisone complex is
also discussed.

Materials and Methods

Materials

Hydrocortisone was obtained from Sigma (St
Louis, MO) and tritium-labelled hydrocortisone
from DuPont NEN (Boston, MA). 2-Hydroxy-
propyl-f-cyclodextrin (degree of substitution 0-6)
was a gift from Wacker Chemie (Munich, Ger-
many). Scintillation fluid (Ultima-Gold) and Sol-
vable tissue and gel solubilizer were obtained from
Packard (Meriden, CT).

Human cadaver skin was obtained from the
National Disease Research Interchange (Philadel-
phia, PA). The skin was frozen within 12 h of death
and supplied as dermatomed (250 um) or full-
thickness skin. When required, epidermis was
separated from full-thickness skin by heating in a
water bath at 60°C for 45s, rubbing with two
spatulas and then teasing off the epidermis from the
underlying dermis by means of forceps. Once
received, the skin was stored at —80°C and then
thawed just before use. Oleic acid, N-(2-hydroxy-
ethyl)-1-piperazine-N'-(2-ethanesulphonic acid)
(HEPES), sodium chloride, sodium azide, mono-
basic and dibasic sodium phosphate, and propylene
glycol were obtained from Fisher Scientific (Pitts-
burgh, PA). Tetrabutylammonium hydroxide was
from Aldrich (Milwaukee, WI). Silver-silver
chloride electrodes were purchased from In Vivo
Metric (Healdsburg, CA).

Transdermal iontophoretic permeation studies

Valia-Chien cells were modified to furnish two
ports on each half-cell. One port served as the
sampling port and the other accommodated the
electrode. Unless otherwise specified, excised
dermatomed human skin was thawed and mounted
between the two half-cells. Experiments were per-
formed in triplicate. An external water bath main-
tained the temperature of the water circulating in
the jackets at 37°C, and the solutions in both
compartments were stirred continuously with star-
headed magnetic stirrers. Silver-silver chloride
electrodes were used because these do not cause
electrolysis of water. A silver wire was used as the
anode and a silver-silver chloride wire was used as
the cathode. For all experiments the anode was
placed in the donor solution which contained 4 mL
1% hydrocortisone with HP-$-CyD in 25 mM
HEPES buffer consisting of HEPES, sodium
chloride, and sodium azide. The pH was adjusted to
7-4 by addition of tetrabutylammonium hydroxide.
The receptor phase was filled with 4 mL phosphate-

buffered saline at pH 7-4. Unless otherwise speci-
fied a current of 0-5mA cm™2 was applied from a
commercially available power supply for 24h.
Sampling was continued for approximately 72h.
When 1-0-mL samples were withdrawn they were
replaced by 1-0 mL fresh phosphate-buffered saline.
At the end of some experiments the skin was
removed and digested with Solvable tissue solu-
bilizer. A ratio of 5mL solubilizer per g skin was
used and the mixture was incubated at 50 °C until
the skin had dissolved (typically 2 days).

All data are presented as meanzthe standard
deviation of the mean, unless otherwise specified.
Comparisons between two groups were by use of
Student’s #-test, P < 0-005 being regarded as indi-
cative of significance.

Analytical techniques

The residual radioactivity in the skin or the radio-
activity in the receptor samples was assayed by
liquid scintillation counting (LSC). For LSC ana-
lysis samples (0-5mL) were treated with Ultima-
Gold scintillation fluid (2 mL) and the radioactivity
measured. Hydrocortisone in the receptor com-
partment was also analysed by UV spectroscopy at
242 nm; the absorbance of the compound, with or
without HP-$-CyD, was found to be linearly
dependent on concentration in the range 0-8-
40 ,ugmL_l. A colorimetric assay for HP-S-CyD
was also tried. The assay takes advantage of the
phenomenon that the absorbance of a guest mole-
cule might be altered by complexation with
cyclodextrin, i.e. the absorbance of complexed
material can be shielded. Therefore, the amount of
HP-3-CyD was expected to be quantitated indir-
ectly by evaluating the absorbance of the uncom-
plexed material at the wavelength of maximum
absorption ... Phenolphthalein was mixed with
HP-$-CyD in hydroalcoholic solution and sodium
carbonate solution was added immediately before
assay at 550 nm.

Differential scanning calorimetry

The endothermic—exothermic change a material
undergoes during phase transition can be detected
by differential scanning calorimetry (DSC). It is
characteristic of pure substances and of some
homogeneous mixtures. Complexation of hydro-
cortisone with HP-$-CyD was investigated by DSC
performed with a TA instruments (Newcastle, DE)
DSC-2910 equipped with a TA instruments com-
puter. Scans were first run separately for pure
hydrocortisone and pure HP-$-CyD, then for a
physical mixture of both. Hydrocortisone and HP-
p-CyD were then dissolved in water in the ratio of
1:9 and the solution was lyophilized. The lyophi-
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lized powder was then analysed by DSC. Samples
were heated from 30°C to 260 °C at a scan rate of
10° min~".

Results and Discussion

This study compared the effectiveness of a HP-f-
CyD formulation delivered by iontophoresis as an
active enhancement mechanism for the topical or
transdermal delivery of hydrocortisone with that of a
passive approach in which the permeation at the same
concentration of hydrocortisone was promoted by use
of chemical enhancers. HP-§-CyD was added in
increments to 1% hydrocortisone suspension. It was
found that a minimum of 9% HP-$-CyD was required
to give a clear solution. Tritium-labelled hydro-
cortisone was added to these hydrocortisone—HP-f-
CyD solutions which were then used as donor solu-
tions in iontophoresis studies.

The formation of hydrocortisone-cyclodextrin
complexes was demonstrated by DSC studies.
Figure 1 shows the DSC profiles of pure hydro-
cortisone, pure cyclodextrin, a physical mixture of
hydrocortisone and HP-$-CyD, and hydro-
cortisone—HP-$-CyD complex. The endothermic
peak of pure hydrocortisone occurred at 225°C
whereas for pure HP--CyD there was no peak up
to 260°C. The physical mixture still shows the
hydrocortisone peak at approximately 225 °C, but
this peak is lost in the lyophilized powder, sug-
gesting that complexation has taken place. Preiss
et al (1994) used a similar approach and also found
that an inclusion complex of hydrocortisone with
HP-$-CyD does not give a peak for the melting of
hydrocortisone.

The passive permeation of 1% hydrocortisone—
9% HP-$-CyD solution was very low (Figure 2),
much lower than the passive permeation of 1%
hydrocortisone in propylene glycol. This seems to
suggest that HP-$-CyD is not complexing with skin
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Figure 1. Differential scanning calorimetry profile of hydro-

cortisone, HP-$-CyD, physical mixture and complex (from top
to bottom).
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Figure 2. Comparison of the transdermal permeation of 1%
hydrocortisone either by passive delivery from propylene
glycol (A), propylene glycololeic acid (H) or 9% HP-8-CyD
(V), or by iontophoretic delivery from 9% HP-§-CyD (@).

constituents in a non-specific manner because this
should have led to higher passive permeation.
Another possibility is that the highly hydrophilic
HP-$-CyD is unable to partition into the skin.

The iontophoretic delivery of hydrocortisone as
1% hydrocortisone—9% HP-B-CyD was much
higher than could be achieved by passive permea-
tion of hydrocortisone from non-aqueous vehicles,
even if a chemical enhancer such as oleic acid was
used (Figure 2). The much greater transport of the
hydrocortisone~HP-$-CyD complex by ionto-
phoresis might be because of the transport of the
entire complex across the skin. Alternatively, the
complex might serve as a carrier from which
hydrocortisone dissociates and is iontophoretically
transported.

To explore these possibilities further, ionto-
phoretic delivery of a 1% hydrocortisone—3% HP-
p-CyD suspension and 1% hydrocortisone—15%
HP-$-CyD solution was investigated. The 15%
concentration provided excess cyclodextrin
whereas 3% was insufficient to solubilize the
hydrocortisone and resulted in a suspension. These
data were compared with those from investigation
of 1% hydrocortisone—9% HP-f-CyD. The cumu-
lative amounts of hydrocortisone which had per-
meated after 72h were significantly (P < 0-005)
different, in the order 9% > 3% > 15% (Figure 3).
The stoichiometry of the complex between hydro-
cortisone and HP-$-CyD has been determined to be
1:3 (Preiss et al 1994). On the basis of this ratio
and the aqueous solubility of hydrocortisone there
should be 0-28 mgmL ™" of free form, 2-7 mg mL ™!
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of complex form, and 7-0mgmL~' of solid
hydrocortisone in the 3% HP-f-CyD solution.
However, almost all the hydrocortisone is present
as the complexed form in the 15% HP--CyD
solution and little free hydrocortisone is available
because the excess HP-B-CyD forces the equili-
brium towards the complexed form. This suggests
that high complexation of hydrocortisone does not
enhance iontophoretic transdermal delivery. To
verify this by direct comparison, the concentration
of hydrocortisone was reduced to 0-02% which is
close to its aqueous solubility in the absence of
HP-$-CyD. The iontophoretic delivery of 0-02%
hydrocortisone alone was found to be more
efficient than in the presence of 9% HP-S-CyD
(Figure 4), confirming that free hydrocortisone was
delivered more readily by iontophoresis than its
HP-$-CyD complex. These data suggested that
HP-B-CyD could be an aqueous carrier with a
relatively hydrophobic cavity in which the less
soluble compound was loaded and released when
the equilibrium of dissociation shifted owing to the
depletion of hydrocortisone by transdermal deliv-
ery. lontophoresis did not enhance the penetration
of the hydrocortisone—HP-$-CyD complex, which
was possibly too bulky to permeate the skin.

Although the trans-appendageal route might
possibly accommodate the complex, any potential
enhancement via this pathway does not, apparently,
predominate over that by the trans-cellular or inter-
cellular routes, which would only allow passage of
free hydrocortisone. This partly explains why ionto-
phoresis predominantly enhances the permeation of
the free form of hydrocortisone. However, excess
HP-$-CyD might retard the release of hydro-
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Figure 4. The cumulative permeation of 0.02% hydro-
cortisone with (¥) or without (A) 9% HP--CyD under
iontophoresis. A current of 0-5 mA cm ™ was applied for 24 h.

cortisone from the complexes while insufficient
HP-f-CyD fails to solubilize all the hydrocortisone.
Nevertheless, just sufficient HP-$-CyD can solu-
bilize hydrocortisone and maintain an optimum
dissociation equilibrium which continuously
replenishes free hydrocortisone for delivery.

Continued permeation of hydrocortisone was
observed beyond the termination of the current
(Figures 3, 4). The post-iontophoretic flux of
hydrocortisone ~ with 9% HP-f-CyD was
13-83+0-15 ugem™2h™", approximately 4- and
8-times higher than with 3% and 15% HP-S-CyD,
respectively (Table 1). It was not clear whether this
is because of reservoir formation or because the
integrity of the skin is compromised.

To identify the cause of the continued permea-

20001 tion, another experiment was performed in which
the donor solution was removed when the current
& was stopped but sampling from the receptor was
£ 1600+ continued. Full-thickness skin was used for this
@ study because the histological site of the skin where
3 reservoir might form was not clear. It was observed
§ 1200+ (data not shown) that permeation continued beyond
g iontophoresis but with reduced flux, suggesting
g 800- that a reservoir was formed. The amount of
>
=
é 400 Table 1. The flux rate of 1% hydrocortisone (ugcm 2h™").
© HP-8-CyD (%) Iontophoresis Post- Passive
iontophoresis
0 —
0 20 40 60 80 3 11-58+0-78 3.00£0-07
Time (h) 9 48-23£0-51 13-83+0-15 1.024+0-02
Figure 3. Iontophoretic delivery of 1% hydrocortisone with 15 3994036 179+0-10

3% (M), 9% (@) and 15% (A) HP-B-CyD in HEPES buffer at
pH 7-4. The current was stopped after 24 h.

All data are presented as meants.e.



TRANSDERMAL DELIVERY OF HYDROCORTISONE 639

Table 2. Formation of a reservoir of hydrocortisone in full-
thickness skin and in epidermal skin.

Amount of hydr(z)conisone
(ugem™)

Full-thickness skin Epidermal skin

243.42498.32
42-40+6-51

15-08+4-65
5:89+1-45

Cumulative permeation
Residual amount in skin

The donor solution contained 1% hydrocortisone and 9% HP-
p-CyD. All data are presented as meands.e.

Table 3. Formation of a reservoir of hydrocortisone with
different concentrations of HP-$-CyD and hydrocortisone.

Donor solutions of Amount of
hydrocortisone hydrocortiszone
(pgem™*)
0-02% Hydrocortisone alone 645-50+23-48
0-02% Hydrocortisone with 9% HP--CyD 36:07+4-15
1% Hydrocortisone with 3% HP-$-CyD 41.9713-86
1% Hydrocortisone with 15% HP-f-CyD 15-86+1-70

All data are presented as meants.d.

hydrocortisone remaining in the skin at the end of
these studies was also measured. It was found that
not all the amount in the skin had been released
during the study period, both for full-thickness skin
and for epidermis (Table 2). The amount of
hydrocortisone remaining in the skin was measured
for each group (Table 3). The skin used with 0-02%
hydrocortisone alone contained the highest amount
of the drug, suggesting that excess complexation of
HP-B-CyD prevents hydrocortisone from forming a
reservoir in the skin and supporting the hypothesis
that hydrocortisone is predominantly transported as
the free molecule.

Iontophoresis data were also generated for un-
labelled hydrocortisone only and analysed by UV
spectrophotometry. UV analysis of iontophoresis
data for hydrocortisone—HP-$-CyD  solution
resulted in a similar profile (data not shown) to the
LSC data. To answer the question whether HP-f-
CyD permeated through the skin, the assay of this
molecule in the receptor phase was desired.
Unfortunately, radiolabelled HP-$-CyD is not
commercially available, therefore other assay
methods were tried. The colorimetric assay dis-
cussed above was investigated but could not be
used because the data obtained from
phenolphthalein—-HP-$-CyD standard solutions at
Amax =3550nm did not show a linear relationship

between response and concentration. An attempt
was made to detect the presence of HP-S-CyD in
the receptor phase and the skin by differential
scanning calorimetry. The triplicate receptor phase
was combined and lyophilized to concentrate the
hydrocortisone in the receptor phase and the
resulting powder assayed by DSC. However, no
peak was observed, perhaps because the quantity
was too low to be in the sensitivity range of the
instrument. However, our indirect evidence as
discussed earlier suggests that hydrocortisone was
probably transported as the free form rather than as
a complex.

In summary, HP-$-CyD enhances iontophoretic
transdermal delivery of hydrocortisone if just suf-
ficient (9%) is used to solubilize the hydrocortisone
(1%). However, delivery was low if insufficient
(3%) or excess (15%) HP-B-CyD was used. The
enhancement observed with 9% HP--CyD might
result from high availability of free hydrocortisone
in solution as a result of dissociation of the com-
plex or renewal of amounts depleted by transdermal
transport. This enhancement was higher than that
observed with passive permeation of hydro-
cortisone from non-aqueous vehicles such as pro-
pylene glycol, even if oleic acid was used as an
enhancer.
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