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In-vitro Permeability of the Human Nail and of a Keratin
Membrane from Bovine Hooves: Influence of the Partition
Coefficient Octanol/Water and the Water Solubility of Drugs on

their Permeability and Maximum Flux
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Abstract

Penerration. of homelogous nicotinic acid esters through the human nail and a keratin membrace from bovine
hooves was investigated by modified Franz diffusion cells in-vito to study the ransport mechanism,
The partition coefficient octanol/wster PCoapw Of the esters was over the range 7 0 > 51000. The
eavility coefficient P of the pail plate as well as the hoof membranc did pot increase with increasing
ition coafficient of lipophilicity of the pepetrating substance. This indicates that bath barriers behave like
Ky‘drophilic gel membranes rather than lipophilic partirion membranes as in the esse of the sranun comeum.
Penewation studies with the model compounds paracetamol and phenacetin showad that the maximum flux was
first 3 function of the drug solubility i water or in the swollen keratio matriy. Dissociation hindered the
diffasion of benzoic acid and pyridine through the hoof membrane. Since keratin, 2 protein with ar isoclectric
paint of about 5, i¢ also charged, this recuction can be arributed o an exclusion of the dissociating substance
duc w the Donnan cquilibritn. Nevertheless, the simultanaous enhancement of the water soiubility makes a
distinct increase of the maximum flux possitle. . )
In order 10 screen drugs for potential topical application to the nail plate, anenton has to be paid mainly 10
the water tolubitity of the compound. The bovine hoof metubrafic may éerve as an appropriate mode! for the
oail,

Fimgal discases of the nail plate account for up to 30-45% of
all %c:{wg rycoses and the prevalence among the popelation
ofitheindasttial nations is about 9% (Evans 1990), Serious
infactions are treated with systemie antimycotics over several
months, which exposes the organism to & consideradble amount
of drug. Siace the introduction of nail 1acquers, opical mreat.
ment has become more and more successful for light and
intermediate mycoses (Qadripur et al 1981; Polak & Zaug
1?90:% Asisel 1992; Noling & Seebacher 1993; Haris &
Beyson 1995).

Until now there has been no commonly accepted in-vitro
mode] for testing new, topically applicable drugs. Becausc
human pails are not available in & sufficient number, a model
based oo membrangs from the bovine hoof was develaped, the
stiucture and permeability of which equates with those of the
htiman ridil. Up to now the meckanism of nail penetration is
largely uncertain. From investigations of the penetration of
homologous zlcohols dwough the nail plate, Walters et al
(1983, 1985b) concluded that it is 2 hydrophilie gel membrane.
They postulated an additional lipophilic route for the diffusion
of lipophilic substances, Therefore, the present work examines
the dependency of the permestility of both the nail plate and
the hoof membranc on the partition coefficient berween 1«
octanol and water (PCac, w). Homologous nicotinic acid esters
were used as mode! compounds with PCoyyw values over the

" range 7 to » 51 00G (Table 1).

Comespondenee: B. €. Lippeld, Department of Pharmaceutical
Technology. Heinr‘z:h-l-leine-lmmity. Universitstsstr. 1, D-40225
Dusscldor, Germany.

However, the maximum amount of drag, reaching the side
of action per time afier application to a0 area A, is more
interesting than the permesbility, While in the case of a Lipo-
phitic partirion membrane the maximum fux depends on the
drug solubility in the vehicle and the partition cosflicient
(Ragedom-Leweke & Lippold 199%), {r incresses with grow-
ing water solubility in the case of hydrophilic gel membranes,
The dependency of the maximum flux through the pail plate
and the hoof membrane was investigated with the model
compounds paraceiamal and phenacetin whose soiubilities in
water differ from cach other by a factor of 17 (Cuw= 16800
and 950 ;g L™, PCogw =57 and 708, respectively).

The sclubility of acidic or basic substances in water can be
increased greatly by dissociation. Eahancement of the max-
imum flux through the nail plate is possiblc only when the
deerease of the permeability cocfficient due to dissociation is
not too strong. lons cannot penatraie lipid membranes due (o
low partitioning into the membranc, However, they ace able 1o
overcome hydrophilic gel membranes (Zaikov et al 1988). In
this respact the penetration of the model compounds benzoic
actd {pK, 4-19) and pyridine {pK, 519, throngh the boof
membrane was investigated at pH 2.0 and 7-4, In these railieus
they arc neasly compietely dissociated or undissociated. The
nieutral benzy! alcohol served as 2 standard in oeder to consider
the possible influsnce of the pH value on the keratin swelling.

Materisls and Methuds
Chemicals
Phosphate buffer soluticn with sedivm chooride pH 74 (DAR
1996}, hydrochloric acid buffer pB 2:0 or aiamonium chloride
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' Subsiance MW Cow_, Cioer_, PCauprw
(mg mL™") (mg mL"™")
T Methyl nicotinate  * 1371 1106 7624 65
t Ethy! nicotinace 1511 47 1034 2
! Buty! nicolinais 1792 1.45 715 22
| Heayl nicotinate 2073 017 548 3233
¢ Octyl nicotinae 2353 001 527 51182
R MW = molecular weight, C.w—solubmty in water, Cyn =solubility is Liogtanel, PCoyw=
i purtion coefficient between ! -octznol and water.
' . .
buffer pH 10-0 (DAB 1996} were used as vehicles. All soluions Anel
" e ytieal conditions
were sw.ndardiud_ to an lonie screngt.h of 0158, Mg.!hyi. ﬂhy.l. In the case of hoof membnne: the detsrminadon of the
' buty.! ang l’gexyl mconnaie were obiained fromm Aldrich-Chemie acceptor concentration was carried out spectrophotometrically
X (Sk@‘:‘m)' oetyl mcotma't.e from the Dspmmam of Pharma (Zciss DMR 10, Oberkochen). The houtly<collecied samples
¢ ceutical Chemisuy of the University of Disseldorf, paracetamol (" oo ed ot the leng-wave maximum and thereafter
from Bochringer Ingelhcim KG (ngelheim), phenacedn from 0 7o 'y ihe coss of the nail plates the samples had to be
t Ba:ver AG (Leverkusen), benzoic acid fmm Cassar & Lm:entz anajysed by HPLC due to the smaller fluxsz. The concentrabon
(Hilden), benzy] aloohal from Janssen Chmuca‘(Gocl‘ Belgium) was assayed by s modular HPLC unit (LC-6A, Shimadzu,
L andthfnyr;d!ned from S;f[ Gmbmmzbu;g%m g“?’ Duisburg) equipped with an sutomatic satple injsotion mod-
! rs‘:d o an “e"\::,’ we e pw ﬁfsu e distil :' ten ule {SIL-6B), system conuoller (SCL-6B), UV-VIS-spectro-
» (Seelze, Germany). Water was us hly distilled. photometer  (SFD-6AV) and an  inwgrator (CR 4AX
' Diffusion cells _ Chromatopae). The analyses were carrisd our at ambiens
¢ Two diffsrent diffusion cells were used for the investigatons  SRECTArURe with a 125 x4 me ml‘fm“ packed with
: of the nsil plates and hoof membranes (Mertn 1995). Both gcmg‘"ﬁm RJ;‘,}S' 3 jm particle d“’fm’”” E. lek'
3 cells were modificadions of the Franz diffusion chamber (Franz um: .[) I:r;c "_ pnl::st;iconnsung ° t";:t:,ma k’_‘[ wa'r.cx:
: 1975). The verdcally oriented danar and acceptor compar. O Metonitrlie/waier mixtures was pumped at flow raies ran
, ment were joined together by clamps and contsined 100 or ging from 1 (0 2 mL min™", Ihjection volumes varied between
50 mL, respectively. As curvad nails must be fixed under 5 and 150 uL. The m”"“nm; of md:::m?}es was caleulated
v pressure to seal the cell, the two-part doner comparmment was from peak areas by the exiemal stan method.
built from stainless steel. The nail plate was fixed butween o
these two parts screwing them together. Solubilities
4 After a rough estimate in 2 preliminary experiment, the armount
Preparation of the nail plates and hoof membranes Of substance corresponding to twize the eolubility was mixed
4 Healthy nails of the big toc were taken from dead men and  with 20=50 ml. solvent i a 100 mL glass bottle by rotating at
women, aged 19-61 years, 24 h post mortem at the latest.  32°C. After 24 h the samples were filtered first by paper
r Adhering tissue of the nail bed or nail fold was removed by the  {Schleicher & Schuell, Dassel) and after that by cellulose
method of Kligman and Christophers (Kligman & Christe-  acetate membrane flter (0-45 pm, 25 mm @) with a filter
> phers 1963), With the venral side downwards the nails were  device of stainless steal (Sarording, Goningen). All matsrials
placed on a cotton pad which was sozked with 0.5% typsinin  Were equilibrated ar 32°C. Spectrophotometrical ssay of the
. phosphate buffer pH 7-4 and tempered at 37°C over a period of  toneentration followed immediately to prevent precipilation.
10 h. Afterwards the dssue was removed with tweezers, the
ails rinsed with distilled water and put intc water for 24 hto  Penetrarion studies
’ remove remaining trypsin, Because keratin is hardly decom-  After filling the acceptor comparnment, the swollen aal plate
posed by proweinases (Falbe & Regitz 1989), this method  or hoof membrane was inserted in the diffusicn cell. The cells
> enabled receipt of intact neil plates, were squilibrated at 32°C in a water bath {thermosta: Julabo
Hooves were taken from freshly slaughccred cottle, fid of  Paratherm IM, Juchheim Laborechnik, Seelbach), thea
» adhering cotmectve and cartilzginous tissue and put {nto warer 100 mI. donor liguid was added and samples were taken rom
for 24 h. Afterwards sbout 100 gm thick membranss were  the acceptor ponodically. The measuring interval was de:sr-
. take.n fron the distal part of the ball hom with 2 microtome  mined by the penstrstion rate. If it was high enough (heof
(Reichert & Fang, NuBloch). The heof piecss wers strong  membrane) the samples were taken hourly. In the case of the
eacugh not need embedding, cven in the swollen state. The nail plate samples were collseted duily or weskly because of
b : 0 ] p P ¥ 4
membranes wene punched with a diameter of 25 mmand dricd  the Jow permeability and dhersfore long test period. Siaee ait
. it room temperature, Careful inspecton of the hoof mem- investigations with nail plates were analysed by HPLC, the
branes by clectron micrascopy did #ot show any pares through samples (1:7 mL) could nor be rerurned Hur had to ba replacad
the membranss but only cavides. The thickness of the swollen by bufter solution. The acceptor dilution was corrected arithe
+ nfnls and membranes wers measured with 2 micrometer cal- metically (computsr-aided). The mcdia wers preserved with
liper ('_I‘ess lMicmmnsmr, Renens, Swizerland), in the case of  0-02% sodium azide in the cese of a long test period. The
? the nails with the help of a metal ball (5-5 mm diameter). acceptor was mixed by a magnetic stirrer (Tkamag EOA ¢ with
13
»
*
et S ——e. .
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Influence of the partition coefficient vctanol/water on the
permeability coefficient
The evaluation of the data is based on Fick's law;

dM Dg-4
T‘=-%T~(Cno—cu) n

in which dM/dt is the penetrating amount per time, Dy the
effectve diffusion coefficient in the basrier, hy the thickness of
the barrier, and Cyp and Cga the coneentration in the bamier
on the donor and the acceptor side, respectively. As the con-
centration in the barrier is normally unknown, Cygp is 1eplaced
by FCpyv-Cv, in which PCy,v is the partition cosfficient bar-
rier/vehicle and Cv is the vehitle concentration of the pene-
mating ¢compound in the donor, The term D3 PCay is cafled
permeability coefficient P. On the condition that not more that
10% of the drug amount in the donor penetrates, P can be
calevlated from the slope of 2 plot M vs &0

MoDr PG ACy  PAG

If P is dependent on the lipophilicity. then it grows with
increasing PCg,y. This term is normally unpknown and its
determination is difficolt. So PCav is approached by the
partitien cozfficient octanol/water (PCocw) in the case of
biological membranes. Considering the equation of Collander
{1947), who quantified the relationship between PCoq v and
PCy v, log P can be calcnlatad fom:

gP=logDy+b+a-log PCo/w (3)

@

¥ the solubility properties of octanol and the lipid barrier are
not the same, the slope 4 diffars more or less from *the ideal
value of unity but is distinctly greater than 0. But if the barriar
bebives like 2 hydrophilic ge! membrane, then the perme-
abijity 15 ind=pendent of the PCociyw and the slope becomes 0.

The permeability coefficients of the hoof membrane (Py)
exceeded that of the nail plate (Py) 10- to 30-fold (Fig. 1).
Unlike the hoof membrane, where the lag-time was only a few
minutes, siady-state pepetration through the nail plate
occurred after 1G (methyl nicotinate) up 10 30 Chexyl nicoti-
nate) h. The plot of F vs PConyw in 2 logarithmic scale
ac¢ording to eguation 3 does rat show 3 positve slope. Rather
the permeability of the hoof membrane is independent of the
lipophilicity of the penetrating substances (P=0.05). How-
ever, the decease of the permesbility in case of the nail plate is
highly significant (P =0-01), but als¢ contradicts the model of
2 partition membrane. It can be ¢xplained by the decreasing
diffusion cocfficient due 1o the ingreasing molecular volume. It
¢an only bt assumed why this factor has ne influence in the
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during the whole courss. - R
The donor concentration of methyl, ethy! and butyl nicoti- m .9 1-";4_ _D!N
nate was about 1000 mg L™, while hexy] and octy] nicotinate -
were used as saturated solutions at 32°C. Qetyl nicotinate was o
investigated only with the hoof membsrane due to its low -
solubility and low flux. Paracetamol and phenacetin were used -
as saturated solutions at 32°C. In the case of the investigations -84
of charge influence the donor concentrations were between
1000 (pyridine) and 5000 mg L.~7 (benzoie acid).
i = g ’ 3 I T A
Results and Diseussion : ? T p T 2
Les PCocow

FIC. 1. Relauonship betwaen permeability coefficient P and partition
coefficiant ectanel/water w of the nicotinic acid csicrs across
human nail plaie (M) and bovine hoof membrane (@) at 32°C (n= 3=8,
eans £5.4), MN=methyl nicotinate, EN=ethy] nicotnate,
BN =buty! aicotinate, HN=hexy! nicatinatz, ON =octyl nicotinate.
Pincm® s~

case of the hoof membrane: comptred with the nail plate the
kesatin matix in the hoof membrane s probably wider-
meshed, so that the increasing molecular weight reduses the
diffusion cosfficicn: anly insignificantly. The salargement of a
molecule suly in one direction, as is the cass with hemologs,
merely leads 1o 2 small decraase of D, because the cross
sectioft remmaing constant assuyming orientation in the direction
of diffusion (Flynn et al 1974). :

Althaugh the permeabilities presented here are in the sarme
order of megnitude as the results of Walters ot ) (1983,
1985k), there is an cssential difference in that the decrsase of
the permeabllities from the Co- to the Cyealeonol (from
16 % 107% 16 7.5 x 1078 cm s~ i mouch stronger but the
diffusion coefficients are nearly the seme. The authors justificd
the assumption of a drcreasing partdon coefficient nall/watar
with an endergoniz wransfer of a methyl group from water inte
the: nail compariment. This explanation is only conclusive
when the affinity of a substance to the gail plate decreases
faster than its affinity to water with increasing lipophilioity.
Harrison & Spealanan (1958) also reposted z decreasing dif-
fusion of n-glcancles in keradn with increasing chain length
A3 pure glcohols were used for these investigations, the per-
meabilities decreased probably because of the reduced swel-
ling of keratin or increasing moleetlar volume. Our resulrs
with homologous nicotinic acid esters correspond with the
investigations of Walters nt a! (1983, 1485b) as far g¢ the nai}
plate is characterized ag o hydrophilic gel membrane rather
than 4 lipophilie partition membrans. In contrast to the strstum
someum, the lipid conent of the nail plate is much lower (01~
1% (Walters & Flynn 1983); summum comeum 15% of dry
weight (Flynp 1985)). The high water content of the swollen
nal plate (about 27% (Martin 1995)) indicates the presence of
& hydrophilic gel membrane, too. The hoof membraac behaves
similarly: there is no dependency of the PCourw o the lipo-
philicity on the permeability of the penemating drug.

Maximum fuzes and water solubifitis

The equation for calculating the maximum fux (Imax) fellews
directly from the first Fiek's law (egn 1). Jinas i€ the amount of
substance that penetrates tarough a barrier of the ares A anc
the thickness by per uni: of tme from & sanurated solution
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FIG. 2. Relationship berween the j0garithm of the maximui fux Strax
(1000 um) and the logatithm of the wamer solubility of the model
compounds paracetamol (PAR) and phenacetin (PHE) seross human
nail plate &) and bovioe Loof m:mb;uel(i) at 32¢C (1:|=4,
means 8.4}, Jue (1000 pm) in mgem™ 8™ Cuuinmg L™,

(sink-conditions):

=M _ P
= TA =i O ®

Taking the logarithms results i
P
log Ty = logﬁ—-{-log Cw 5
B

Neglecting cffects of the molecular volume and 2ssuming 2
hydrophilic gel membrane, the term log P/hg in equation 5 is
constant and the meximum Bux is only dependent on the
solubility of the drug in water. Then we éxpect, for a plot of
logarithmic maximum fluxes vs logarithmic water solubilides,
4 linear correlation with the ideal slepe of unity. This was
confirmed by the resufts of the nail plate (slope 1.082) as well
as the hoof membrane (slope 1.003, Fig. 2). For better ¢com-
parability the maximum Buxes wers standardized to # baries
thickness of 1000 um. The slight positive deviation of the
slope in the case of the nail plate was expluined by the stronger
influence of the molecular size an the permeability, The denser
nerwork of Alamentous keratn compared with that of the hoof
membrane exhibited more resistanes to the mare voluminous
phenacetin than to parcetamol. This was expressed not only
by the lower maxipum flux (Fig. 2, but also by the lower
permeability  coefficient calculated from  these results:
1784032 x 10" cm®s™"  for  paracetamol  and
1402047 x 107® cm® s~ for phenacetin rcspectively,

It has to be emphasized that the maximym flux of a sub-
stance firstly depends on its water solubility and, considering

JUN-29-1598 18:59 FROM  MACROCHEM CORPORATION TO WALTERS, K.
MN-VITRD PERMEABILITY OF NAIL AND KERATIN 13
that, this investigazion with only two mode| compounds must
-4.84 b¢ intarpreted carcfully. This sgrees with the model of a
hydrophilic gel membrane where the solubility in the bamier,
E -50 PAR which determines the maximum flux, comesponds to the
2 m = 1003 solubility in the swelling medium that is water. In contrast, the
g &5 meximum flux through & lipophilic panition membrane is 3
K function of the panition cosfficient and the solubility in the
5 59 vehicle. Approaching the solubility in the barrier by the solu.
2 -85 P M =105z bility in octanol, comgplex equations result. With their help
meximum fuxes can be prediceed by knowledge of the drug
7.0 soludility in the vehicle and in octanc] (Hagedom-Leweke
| v r r T . v ] & Lippold 1995). The consequence is that one has to pay
28 30 32 34 L 3':._ I8 4D 42 44 atiention primayily to tha highly different water sojubilites and

02 Cow

only secondly to the more similar permeability coefficients in
order to screen drugs for potential topical application to the
nail plat,

Pengiration of elecirolvies

Dissociation of benzoic acid and pyridina lad io a reduction of

their penetration rits through the hoof membrane, Table 2
shows that the permeability coefficients of the jonie forms
were sigmificantly lower than those of the neutral form.
Becauss the pencrration of benzyl sleohe]l decreases sig-
nifieantly by & half (+-test, 2 = 0.05) aftcr the transidon from an
acidic to a neuwal or basic miliey, the neurral sompound serves
s a standard. To this end the quolients of the permesbility
cocfficiznts Phenzois weid OF Puyrigi, and Pocuzyt wioonor are built
and compared with each other (Table 3).

Dissociation reduces the diffusion rate of banzoic acidtoa
fifth and that of pyridine w a quarter. Assuming the iseelcctric
peint of keratin is about 5 (Marshall 1983}, it i positively
charged at pH 2.0 and negatively charged &t pH 7.4, Howaver,
nothing is known about the charge density. The decrease of
penetration caused by dissociation is due to the Donnan cffect
(Meares 1968; Higa ct al 1990, 1991) or the elsctrostatic
repulsion betwesn the membrane and the diffusing molecule
(Kobayashi et 2l 1994), At pH 7.4 benzonte is @ co-ion (o the
negatively charged keradn and hepee it i displaced from the
membrane; the lower concentration gradient then leads Wwa
reduction of the permesbility, In the case of an asidic mili¢u,
the pyridinium-cation is displaced from the now positvely
charged keratn leading to a decraased peneuation comparcd
with the neutrai form. Neverheless, diffusion of ionie sub.
stances through the hoof membrane confirm the assumption of
8 hydrophilic gel membrane (Zaikov et &l 1988).

Some authors attribute the lowering of the electrolyte dif-
fusion through charged polymers to sorption effects (Mediey
1937; Meares 1968; Zaikov et al 1988). Since only the free

Table 2. Permeshility coefficisats of venzyl aloohol, benzoie acid and pyridine

through the bovine hoof membrane,

pH Fermeability costficient (10™® omd 57 )

Benzyl zlcoho! 2.0 78.24 £ 16.45
74 41 72+7.07
o 100 4378 840

Benzoie acid 20 12621643
- 74 129136
Pyridine 20 19-14::7:05

74 448021035

Temperaturs = 32°C (ns4, moans +5.d.).
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Table 3. Permeability coefficients of benzoic acid (Ppac) and pyI-
idine (Fpys) through the bovine hoof membrane pH 2.0 and 74,

standardized to benzyl al¢ohol (Pear):
pH Paac/PaaL Prvr/PraL
Bernzoic acid 20 100
erzoic acid 28 1% »
- by y
Pyriding ’3 02

Temperatre =32°C (2 =4).

fracdon i¢ able to penemase, sorpon to fanctional groups
could lcad to a decrease of the concentration gradient, How-
ever, investigadons with polydimethylsiloxane films contain-
ing a silics Sller show that sorption oniy causes 3 prolongation
of the lag-time but nct a reduced steady-state  flux
(Flynn & Roseman 1971). Due to the dynamic exchenge of the
free gubstance berwesn membrane and donot solution, the
resulting concentration of the frae drug in the membrane will
not alter after the adjustment of the sorption equilibtzum at the
steady state end is independent of the degres of saturation of
the functional groups, ot the condition that there is no decrease
of the donor concentrztion by the sorption, Therefore, an
inrerpretation of the hindere¢ penetration of charged malecules
is preferred on the basis of the Donuan potential.

The reduced permaability of the neweral compound benzyl
aleotiol it pH 7-4 as compared with pH 20 is probably cansed
by a deceass of the keratin swelling due to the charge inversion
of the kerarin at the transition from an acidic to a neutral or bagic
environment. The wezk, not significant increase of the pene-
tration of the benzy! alcohol changing the pH from 7-4 to 10-0
loads further support to this hypothesis, because the nmber of
negatively charged groups in keratin (IEP~5) at pH 100 is
neasly the same as in a milieu of pH 74,

Applying these results to the human nail, they contradic: the
investigations of Walters et al (1985a). who could net find a
dependency of the nail permeability of micanazele on the
degree of dissociation. Maybe this eontradiction i% explained
by the higher ionie sttength of the solutions; in this case the
influence of the Dorman equilibrium is lowered. Since the
amino 4¢id composition of keratin is dependent on the species
(Fraser & MacRae 1973), the differsni results could also be
put down te varying cherge densities of hoof and nail keradn.
The reduction of the hoof permeability 1o & quarter cauced by
complete dissociation of the substance is much lower than the
possible eahancement of the sclubility of hardly soluble acids
and bases. So the solubility is increased a hundred fold at 99%
degree of ionization (assuring sufficient solubility of the salt).
Since the maximum Bux is primadly a function of the solu-
bilicy in water (see above), it is possible to heighizn the per-
meability of both the hoof membrane and the nail plate by
dissociation of the penetrating drug if the milieu in the barmies
causes no precipitatior of the substance.
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