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Abstract

The localisation of primaquine was studied within epidermal membranes following the application of a topical dose. A depth
profile was constructed by tape-stripping human epidermis following permeation of a 70fgaehition of primaquine in
Miglyol 840. Comparative binding studies of primaquine were carried out on isolated human stratum corneum and whole
epidermis, using normal and delipidised tissue. An additional study was undertaken using bovine keratin powder as a model of
human keratin. The depth profile showed that primaquine decreased with depth and decreasing keratin content, and the total
primaquine recovered (15.5 mgci was 300< the amount of extractable lipid. Binding to delipidised skin was saturable,
whereas binding to normal skin was unsaturable, reflecting the high miscibility of drug in the lipid domains as opposed to a
finite, but large number of binding sites on the corneocytes. Binding was greater for stratum corneum than stratum corneum plus
viable epidermis, probably due to greater accessibility of corneocytes keratin. Binding was dose dependent, although binding
to delipidised skin was far greater than to normal skin, demonstrating that primaquine had an affinity for lipoidal regions and
an even higher affinity for the proteinaceous domains of the stratum corneum. This was supported by high saturable levels of
primaquine binding to bovine horn keratin. The results indicated extensive binding to corneocyte keratin has a significant effect
on reservoir formation and the permeability of primaquine across human skin. It is speculated that the large amount of keratin
presented at the skin surface may be an evolutionary protective process for the sequestration of ingressing molecules.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction During the course of our investigations it was noted,
upon dismantling the diffusion cells after termination
Primaquine is an anti-malarial drug that has previ- of the permeation experiments, that the diffused areas
ously been observed to permeate skin with relatively were deeply stained red—the colour of primaquine—
high fluxes in vitro from a Miglyol 840 (M840) ve- indicating significant drug retentiof\@lter and Kurz,
hicle across both hairless rat skiMdyorga et al., 1989. The issue of penetration mechanism is recur-
1996 and human skinNlorris et al., 1998 In addi- rent within the field of transdermal drug delivery and
tion, high flux across human skin was observed in a current opinion dictates that the major factor involves
subsequent evaluation involving primaquine applied the diffusion of permeant molecules through the nar-
as drug-in-adhesive patchekéns and Heard, 1999  row channels between adjacent corneoctyes of the
stratum corneum. Interactions with protein, predomi-
"+ Corresponding author. Tekt44-29-2087-5819: nantly keratin, which accounts for 95% of the_ stratum
fax: +44-29-2087-5819. corneum would not be expected to be a significant
E-mail addressheard1@cf.ac.uk (C.M. Heard). factor, especially for a lipophilic drug. However,
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apparent saturation of the skin tissue with primaquine
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glass vials. Periodically, 100 aliquots were sampled

suggested otherwise, prompting us to investigate fur- and the primaquine concentration determined.

ther the localisation of the drug within skin and probe
the extent and significance of keratin binding.

Consequently, a series of in vitro experiments were
performed aimed at investigating the interaction be-
tween primaquine and different domains of human
epidermis. Firstly, a depth profile was constructed
of primaquine within epidermal tissue following the
administration of a topical dose and attainment of
steady state flux. This was followed by a comparative
study of the binding of primaquine to excised human
epidermis and stratum corneum, in both the normal
and delipidised states, to determine relative binding
to these tissueB@nning and Heard, 2002Finally,
binding of primaquine to bovine horn keratin was
examined to model the direct binding of the drug to
the keratin present in the epidermis.

2. Materials and methods
2.1. Materials
Primaquine diphosphate was purchased from

Sigma (Poole, UK) and converted to the viscous dark
red liquid free baseJeans and Heard, 199%ce-

2.3. Preparation of human epidermal tissue

After thawing, subcutaneous fat was removed from
the skin by blunt dissection. The skin specimens were
then immersed in water at 6C for 55s enabling
the epidermal membranes to be carefully peeled away
from the underlying tissue using forceps. These were
then floated onto aluminium foil, dried gently using
tissue and finally cut into either 1 or 2 énsections
using a surgical blade.

2.4. Depth profiling

Heat separated epidermal membranes (2)amere
placed upon filter paper supports, mounted in six
Franz-type diffusion cells, and receptor phase added
(pH 7.4 PBS). Cells were dosed with 1 ml aliquots of
70mgmt?! primaquine in M840 and at steady state
flux (Morris et al., 1998 the cells were dismantled,
the membranes recovered, wiped then immobilised
on PVC board using cyanoacrylate adhesive. They
were then subjected to tape-stripping using regular
adhesive tapeRerkins and Heard, 1999The first
four strips were discarded, but each subsequent strip

tonitrile, methanol, perchloric acid 60% (all HPLC was placed into 15ml screw-capped vials. To each
grade), chloroform (general laboratory reagent) and vial 3ml of methanol was then added such that the
Ultrafree—MC Millipore centrifuge tubes, containing tape was completely immersed in the liquid and the
0.45pm internal filter inserts were purchased from vials shaken for 24 h on a shaking plate. Solutions
Fisher Scientific, Loughborough, UK. M840 was a were decanted into glass tubes and the methanol
gift from Condea Chemie, GmbH, Germany. Beef evaporated in a vacuum oven overnight. The residues
pancreatic trypsin, was obtained from (Merck, Poole, were redissolved in 5001 of methanol and mixed
UK). Keratin powder, prepared from processed and on a vortex mixer for 3x 10s per tube. These so-
purified bovine horn, was obtained from ICN Biomed- lutions were then decanted into Eppendorf vials and
icals, Poole, UK. Ultrapure water was drawn from a centrifuged at 14,000 rpm for 5min. Finally, 200
Barnstead E-pure system (Fisher Scientific, Lough- aliquots of the supernatant were transferred to HPLC
borough, UK). Phosphate buffer saline (pH 7.4) was autosampler vials. The mean primaquine extracted
prepared by standard methods. Abdominal female from each individual tape strip was plotted against
cadaver skin (age range 55-85) was obtained from athe strip number in order to construct a depth profile.
local mortuary and stored at20°C until required. It was not possible to carry out a similar study using

delipised skin as the tissue was not sufficiently robust.
2.2. Stability studies

2.5. Isolation of stratum corneum

0.5mgmt? solutions of primaquine in M840,

ethanol and mobile phase (see HPLC analysis) were Epidermal specimens (2 &ywere immersed in &
maintained at 37C for 7 days in clear glass and amber 10~“% trypsin in phosphate buffer saline solution (pH
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7.4) for 24h at 37C. This method was similar to added to eachBanning and Heard, 2002The re-
a previously reported methodP¢llett et al., 199y sulting suspensions were stirred on an autostirrer to
except that upon removal from the trypsin solution, maintain homogeneity. The experiment was carried
de-ionised water was used to was the tissue, ratherout at room temperature, with a 21 h contact time (an
than hexane in order to avoid potential delipidisation. equilibrium study using a primaquine concentration
of 2mgmi! indicated that a contact time of 21h
2.6. Delipidisation of epidermis/stratum corneum was required before the binding process reached com-
pletion). The keratin powder (together with bound
Delipidisation of viable epidermis and stratum primaquine) was separated from remaining un-
corneum samples was achieved using a previously bound primaquine free base by ultracentrifugation
published method Wertz and Downing, 19897 (13,000rpm, 2h). Bound primaquine was extracted
Briefly, the tissue was extracted by successively shak- from recovered samples of keratin (0.015g) by soni-
ing in three solvent mixtures (2:1, 1:1, and 1:2 chlo- cation (5 min) with chloroform:methanol 2:1 (1.5 ml).
roform:methanol) each for 2h. The skin specimens The liquid filtrates obtained were collected, and the
were finally shaken overnight in methanol then dried keratin was recovered once again. The extraction pro-

under vacuum. cess was repeated on a further two occasions and the
liquid filtrates combined. The product was evaporated
2.7. Skin binding studies to dryness using a rotary evaporator {(4Q) 5min)

and the residue was reconstituted in 2 ml of mobile
The skin samples were placed into Eppendorf phase. The binding study was run three times in total.
vials, each containing 1 ml of primaquine in M840
solution (0.1, 0.5, 1, 2, and 5mgm). Four repli- 2.9. HPLC analysis
cates of each concentration were performed. The
samples were mixed for 18 h using a blood tube ro- HPLC analysis was performed using a Hewlett-
tator (Bibby Stuart Scientific, UK) in an incubator Packard 1100 automated system. Data was acqui-
at 32°C. At the end of this period the skin samples red using JCL6000 software (Jones Chromatography,
were separated from unbound primaquine and M840 Hengoed, UK). A Phenomenex Kingsorb pub
by ultracentrifugation: 14,000rpm for 30min in a C18 (250 mmx 4.6 mm) column was used along
Centurion 8000 centrifuge. Bound primaquine was with a mobile phase composed of acetonitrile,
extracted from epidermal or stratum corneum speci- methanol, 60% perchloric acid and ultrapure water
mens with a three-stage extraction process, involving (25.9:4.91:0.56:68.63) and flow rate of 1.2 mlmin
3 x 3ml of chloroform:methanol solution (2:1). Ex- The injection volume was 20l and detection was by
tracts were pooled and evaporated to dryness usingUV at 254 nm. The retention time under these condi-
a rotary evaporator (4@C). The residue was recon- tions was approximately 8 min. Standard solutions of
stituted with 2 ml of HPLC mobile phase. To validate 0.0125, 0.025, 0.05, and 0.1 mgmhlreceptor phase
the primaquine extraction method, four epidermal were used in the construction of a calibration plot,
specimens (normal and delipidised) were treated aswhich provided a linear regression of 1 and calibration
described above, using primaquine concentrations of coefficient of 3.438%mol~1.
0.1 and 5mgmitl. After 18h three successive ex-
tractions were performed (as above) and the extracts
evaporated to dryness, reconstituted with 2ml of 3. Results and discussion
mobile phase and analysed by HPLC.
In the clear glass vials decomposition was ob-
2.8. Binding to bovine horn keratin served in all three test solutions: M840, the mo-
bile phase and ethanok{: 5.95¢°, 6.21¢° and
Bovine keratin powder (0.04g) was weighed into 3.42e%moll~1h~1, respectively). The solutions in
6 x 15ml glass vials and 1 ml samples of primaquine the amber glass vials were unaffected, indicating
free base in M840 (2, 4, 6, 8, and 10 mgml were that decomposition was a photochemically induced
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Fig. 1. Depth profile for the localisation of primaquine in human skir=(6, =SEM).

process. All experimentation was subsequently per-
formed under light exclusion.

The red-stained diffusional areas were circular cor-
responding exactly to the diffused areas, indicating
that there had been no discernible lateral diffusion
of drug within the skin tissue. The depth profile of
primaquine in the epidermal membrane is shown
in Fig. L The plot, which terminated at strip num-
ber 22 (epidermal/dermal junction), indicated that
primaquine was distributed throughout the stratum
corneum and viable epidermis in high concentrations.
As is typically observed with such procedures, there
was an inverse relationship between the amount of pri-

so much drug could be accomodated entirely within
the intercellular lipid domains. In earlier work involv-
ing doxycycline Banning and Heard, 2092he skin
extraction/extractable lipid concentration factor was
lower at approximately 9. Doxycycline is much more
hydrophilic than primaquine, and the lower value may
have been a result of greater thermodynamic barriers
experienced in crossing corneocyte/lipid interfaces.
Tape-stripping is at best a crude technique for prob-
ing skin localisation as, for example, the amount of
material removed per strip can vary considerably and
is subject to much operator variability. Nevertheless,
it is worth considering the significance of the progres-

magquine and depth. The amount of primaquine on each sively lower amounts of primaquine associated with

strip was summated to provide an indication of the to- deeper stratigraphic levels within the epidermal tissue,
tal primaquine per unit area: in this case the total was as flux had been at steady state and the tissue effec-
approximately 13mgcm? (19% of applied dose). tively saturated. The stratum corneum is continually
This mass is some 300 times greater than the amountbeing renewed and is the end product of epidermal

of extractable lipid present in the same unit area in the
stratum corneum: approximately 5.8 cnm 2 (de-
rived fromAbrams et al., 1993 In terms of moles, the
factor was 600 (® x 10~°mol cm2 primaquine; in
the order of & 10~ 7 mol cm2 lipids). Although these

differentiation, whereby living cells undergo cornifi-
cation as they progress outwards through the different
layers of the underlying viable epidermis. A feature
of the epidermal cornification process is the increas-
ing relative proportion of corneocytes and keratin as

figures do not account for the covalently bound lipids the epidermis evolves. Significant drug—corneocyte
of the stratum corneum or the extractable lipids in the interaction, and in particular keratin which comprises
viable epidermis, it remains highly implausible that the vast majority of the corneocytes/stratum corneum,



C.M. Heard et al./International Journal

of Pharmaceutics 257 (2003) 237-244 241

350 T
—®— SC delipidised
—&— epidermis, delipidised
300 1 —O— SC native
o~ —7/— epidermis, native
£
O 2501
2]
=1
2 200-
3
o
Qo
2 1507
3
o
]
g 100 1
P
Q
50 1

initial conc,mg/ml

Fig. 2. Binding or primaquine to excised human epidermis

offers a plausible explanation of both the high amount
of primaquine bound in the epidermal tissue and the
increasing amount of drug in the outer reaches of
the tissueOsamura et al. (1984ttributed this effect

to the higher water content of the lower layers and
poorer adherence of the guinea pig skin cells to the
discs. However, visual inspection of each stripping
showed this was not the case on this occasion.

Fig. 2 shows the results obtained from the skin
equilibrium-binding experiments. It displays binding
as a function of primaquine concentration, for epider-
mal and stratum corneum tissues, in both normal and
delipidised states. Binding of primaquine to all skin
samples was concentration dependent. Significantly
greater amounts of primaquine bound to delipidised
tissue than the normal tissue. This was surprising given
high lipophilicity of primaquine and skin lipid, yet it
supports the hypothesis in the previous section. An ex-
planation may involve increased accessibility of drug
molecules to the binding sites following the removal
of the non-covalently bound lipid which effectively
block access to such sites.

For the native samples, binding was approximately
linear, indicating that the stratum corneum in normal

and stratum corneum (native and delipidised) £SEM).

concentrations investigated. This observation is con-
sistent with those made in previous studies, where
the concentration-binding relationship of drugs to skin
and skin layers was linear and non-saturaMergczel
and Maibach, 1972; Artuc et al., 1980; Menczel et al.,
1984. This could perhaps be rationalised in terms of
regular solution theory, in that primaquine, M840 and
the stratum corneum all possess a solubility parame-
ter of approximately 10Nlorris et al., 1998; Fedors,
1974; Liron and Cohen, 1984nd are therefore theo-
retically extensively miscible. However, as discussed
earlier, the differences in the amounts recovered from
the skin and the capacity of the extractable lipids,
makes this unlikely unless there was considerable ex-
pansion of these domains. For the delipidised skin,
the relationship was non-linear suggesting that bind-
ing to delipidised (essentially proteinaceous) stratum
corneum was saturable. This again can be rationalised
in that, without the presence of the lipid domains, the
drug would be no longer miscible with the tissue and
saturability implies that corneocytes (including ker-
atin contained within) possess a finite (yet quite large)
number of binding sites.

Raykar et al. (1988proposed that partitioning into

skin has a net non-saturable primaquine capacity at thethe stratum corneum is the sum of partitioning into
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Fig. 3. Validation of the extraction process, following determination of primaquine from three successive extractions of epidermal samples.

the lipids, the corneocytes and a solvent. According to was not removed by the delipidisation process. Some
their theory, the stratum corneum lipid removal should of the primaquine which bound to the delipidised
have resulted in a decrease of partitioning into the stratum corneum sample, and indeed to the normal
stratum corneum as opposed to the increase observedstratum corneum sample, may therefore have been lo-
However, several other researchers have reported thiscalised in this covalently bound lipid monolayer. This
apparent increase in drug binding, following delipidi- is more likely should it exist in the form of discrete
sation {Valter and Kurz, 1988; Surber et al., 1990; domains Percot and Lafleur, 2001 Validation ex-
Kurz and Fichtl, 200}l Partitioning of drug into the  periments showed that the recovery procedures used
stratum corneum cannot simply be considered as par-extracted some >95% of total primaquine bound to
titioning of the drug independently into the two sepa- the tissuesKig. 3).
rate phases. It follows that the binding of primaquine  Fig. 4 indicates dose dependent binding of pri-
to corneocytes in delipidised stratum corneum is not maquine to the bovine horn keratin. The keratin
indicative of the degree of corneocyte binding in intact binding—concentration relationship was generally sig-
stratum corneum. However, it does demonstrate the moidal, indicating that a co-operative binding process
high affinity of primaquine for corneocytes/keratin. was occurring and again suggests that, at sufficiently
More primaquine was found bind to the stratum high primaquine concentrations, keratin binding sites
corneum than the stratum corneum plus viable epi- present in corneocytes are saturable. Although not
dermis, both normal and delipidised. This probably particularly representative of human epidermal ker-
reflects greater accessibility of the drug to the stratum atin, bovine horn keratin does provide an indicative
corneum Keratin, as in the case of stratum corneum model (Mertz and Downing, 1987; Idei et al., 2001
plus viable epidermis, only one face of tissue was stra-  Overall, the data indicated that the binding of pri-
tum corneum—the other face was the lower reaches maquine to the epidermal tissue gave rise to the depo-
of the viable epidermis with much lower amount of sition of a considerable concentration of drug within
keratin. It should be borne in mind that the covalently the skin—the so-called ‘reservoir’. The data suggests
bound lipid component of the corneocyte envelope that the major location for the binding was probably
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Fig. 4. Binding of primaquine to bovine horn keratin as a function
of initial concentration of primaquine in M840 solution & 3,
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the keratin which forms the bulk of corneocytes
(Downing, 1992, although other proteins (e.g. cor-
neocyte envelope) might also have been involvddi(

et al., 200). Binding to proteins present in corneo-
cytes can therefore greatly influence the distribution
and pharmacokinetics of drugs, administered either
dermally Hashiguchi et al., 1998 or transdermally
(Walter and Kurz, 1988; Banning and Heard, 202
On the other hand, low protein binding was found

to produce a tendency for greater subcutaneous tar-

geting (ranagimoto et al., 1999 Implicit in this is

that the permeation process involved sequential pas-

sage through relatively hydrophilic corneocytes and
hydrophobic lipid bilayers. This is contrary to reg-
ular skin permeation theory as it is widely believed
that the multiple partitioning processes required to

traverse the stratum corneum in such a manner make

it an unlikely route, although it is consistent with
Chandrasekaran et al. (198@ho proposed the exis-
tence of bound and freely diffusible drug molecules
within the stratum corneum. We would further pos-
tulate that upon commencement of the permeation

process, permeant molecules are adsorbed onto ker-

atin throughout the epidermis of the diffused skin
until a situation is reached where all the binding sites
become fully occupied or saturated. At this stage
further permeant molecules would then be able to
bypass corneocyte binding sites relatively unhindered
and, with the permeation of additional molecules

of Pharmaceutics 257 (2003) 237-244 243

altogether bypassing corneocytes via the intercel-
lular lipids (Roberts and Pugh, 1996steady state
is attained.

Keratin binding would therefore appear to dictate
the retentive capacity of the stratum corneum/epider-
mis, depending on the affinity of the permeant. More-
over, the common view of the skin as a ‘barrier’ may
be too simplistic as such sequestration has more in
common with a cattle grid. It is speculated that ker-
atin binding may in fact be a deliberate evolution-
ary process designed to deactivate potentially harmful
permeant chemicals before they are able to reach the
system.
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