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bstract

The topical therapy of nail diseases is limited by the low permeability of drugs through the nail plate. To increase drug penetration, the integrity
f the nail plate must be compromised to a certain extent. We hypothesised that keratinolytic enzymes might decrease the barrier properties of the
ail plate by hydrolysing the nail keratins, and thereby enhance ungual drug permeation. To determine enzyme action on nail plates, nail clippings
ere incubated at 35 ◦C, in the presence of keratinase at optimal pH for 48 h, after which the nail plates were examined using scanning electron
icroscopy. It was found that the enzyme acted on the intercellular matrix which holds nail cells together, such that corneocytes on the dorsal
urface separated from one another and ‘lifted off’ the nail plate. In addition, the surface of the corneocytes was corroded. Permeation studies
sing modified Franz diffusion cells and bovine hoof membranes as a model for the nail plate showed that the enzyme enhanced drug permeation
hrough the hoof membrane. The permeability and partition coefficients, and the drug flux were found to be significantly increased in the presence
f the enzyme. We can conclude that the enzyme, via its hydrolytic action on nail plate proteins, could increase ungual drug delivery.

tion

H
Z
m
b
f
p

e
a
t
o
t
k
G
i

2006 Elsevier B.V. All rights reserved.

eywords: Nail; Keratinase; Ungual drug delivery; Permeability; Drug permea

The two most common disorders of the nail unit are ony-
homycosis (fungal infections of the nail plate and/or bed) and
soriasis. Onychomycosis is normally treated with oral antifun-
als, while psoriasis necessitates repeated monthly injections of
orticosteroids into the nail folds. Ideally, these diseases would
e treated topically to eliminate the inherent side effects of the
urrent treatments such as pain, systemic adverse events and
rug interactions, and to increase patient compliance (Gupchup
nd Zatz, 1999; Murdan, 2002). The effectiveness of topical
herapy is, however, limited by the very poor permeability of
rugs through the nail plate. The latter is a compact structure
ade up of a large number of layers of dead, keratinised cells

nd can be divided into two parts: dorsal and ventral, the dorsal
ells being flatter and more closely connected to one another
han the ventral cells (De Berker and Forslind, 2004). So far,

nly a few chemicals that can increase drug penetration into the
ail plate have been identified. These ungual enhancers include
ulphhydryl-containing compounds (Sun et al., 1997, 1999; Van
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oogdalem et al., 1997; Kobayashi et al., 1998; Malhotra and
atz, 2002), such as N-acetyl cysteine, mercaptoethanol, N-(2-
ercaptopropionyl)glycine. It is thought that these enhancers act

y reducing the keratin disulphide bonds which are responsible
or the integrity of the nail keratins and hence, for the barrier
roperties of the nail plate (Sun et al., 1999).

Since the nail plate is composed mainly of keratins (Lynch
t al., 1986), we hypothesised that keratinolytic enzymes might
lso compromise the barrier properties of the nail plate, and
hereby act as ungual enhancers, due to their hydrolytic action
n the keratins of the nail plate. Keratin filaments and keratinic
issues such as skin stratum corneum and ground nail plate are
nown to be hydrolysed by keratinase (Friedrich and Kern, 2003;
radišar et al., 2005) and the release of soluble proteins follow-

ng incubation of nail plates with keratinase has been shown
Vignardet et al., 1999, 2001). It has also been reported that
apain (a protease of plant origin) degraded nail surface and
hat soaking nail plate in mixtures of papain and salicylic acid
ncreased the permeability of imidazole antimycotics through

he nail (Quintanar-Guerrero et al., 1998).

To test the hypothesis that keratinase can damage the nail
late and thereby enhance ungual drug delivery, the effects of
eratinase on nail clippings were determined using scanning
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distinguished due to the fact that they were closely bound to one
another (Fig. 1), the dorsal corneocytes of the enzyme-treated
nail plate were separated from one another (Fig. 2). The enzyme
acted in a concentration-dependent manner, such that when
M. Mohorčič et al. / International Jou

lectron microscopy and drug permeation profiles, in the
resence of keratinase, were determined using modified Franz
iffusion cells.

Fresh human nail clippings, obtained from volunteers, were
laced in a glass vial containing 1 mL of Tris–HCl buffer at pH
.5 (enzyme’s optimum pH) containing keratinase (from the fun-
us Paecilomyces marquandii, MZKI B-639), at 1 or 10 mg/mL,
nd were incubated at 35 ◦C for 48 h in order to observe the
ffects of keratinase on the nail plate. Since the enzyme activity
as known to decrease with time (following incubation in a liq-
id medium at 35 ◦C and pH 7.5, the enzyme was found to retain
round half of the initial activity after 7 h), an enzyme aliquot
as dissolved in the incubation solution every 12 h to retain the

nitial enzyme activity. Control experiments were conducted by
ncubating nail clippings in buffer only. At the end of 48 h, the
ail clippings were rinsed with distilled water, cut into three por-
ions, sputter gold-coated and observed using scanning electron

icroscopy (Philips/FEI XL30, Eindhoven, The Netherlands).
Permeation experiments were conducted, using pre-soaked

ovine hoof membranes (150–200 �m thick) and metformin
ydrochloride as model nail plate and model drug, respectively,
o investigate the effect of keratinase on ungual drug perme-
tion. Metformin hydrochloride was selected for its small size;
he latter has been found to be the most important physico-
hemical property which influences ungual drug permeation
nd is inversely related to permeation (Kobayashi et al., 2004).
ovine hoof membranes were used as a model for the nail plate
ue to the limited availability of nail plates and the similari-
ies between the two structures: both are keratinic tissues; upon
ncubation with keratinase, soluble proteins are released from
oth nail plate and hoof membranes (Vignardet et al., 1999);
T-Raman spectroscopy has revealed that both hoof and nail ker-
tins exist predominantly in an �-helical conformation (Edwards
t al., 1998) and Baden and Kubilus (1984) showed similar
mmunologic properties of hoof and nail fibrous proteins, with
espect to cross-reaction between antibodies to soft and hard
brous keratin. In addition, hoof membranes have been shown

o be suitable models for nail plates in transungual permeation
xperiments (Hemidy et al., 1994) and the relationship between
he permeability coefficients of bovine hoof membrane and of
uman nail plate has been reported to be

og PN = 3.723 + 1.751 log PH

here PN is the permeability coefficient through the nail plate
nd PH is the permeability coefficient through the hoof mem-
rane (Mertin and Lippold, 1997). Modified Franz diffusion
ells, previously reported by Kierstan et al. (2001) were used.
hese cells consist of a quartz cuvette as the receptor compart-
ent and a stainless steel cap, which holds the donor phase

nd enables the hoof membrane to be held securely in place.
hese diffusion cells enable the continuous measurement of
rug concentration in the receptor phase without the need for
ampling. The permeation area of the membrane was 2.1 mm2,

hile the donor phase was 70 �L of Tris buffer, pH 7.5, con-

aining 2 g/L metformin and 30 g/L keratinase. The permeation
ells were setup as described by Kierstan et al. (2001) and the
iffusion cells were placed on a magnetic plate in an incubator at

F
(

f Pharmaceutics 332 (2007) 196–201 197

5 ◦C. The absorbance of the receptor phase was read at 231 nm
very hour for up to 35 h. The drug concentration in the recep-
or compartment was calculated from a Beer Lambert plot and
he cumulative amount of metformin/area in the receptor cell
as plotted against time. To determine permeability, partition

nd diffusion coefficients, the equation below was used to fit the
xperimental data (Scheuplein, 1967; Diez-Sales et al., 1996).
ecause of the lack of data between time points 12 and 21 h,
nly the readings obtained from time 0 to 12 h were used to fit
o the equation below

(t) = APhC

[
D

t

h2 − 1

6
− 2

π2

∞∑
n=1

(−1)n

n2 exp

(
−Dn2π2t

h2

)]

here Q(t) is the quantity of drug which passes through the
embrane and reaches the receptor phase at a given time, t, A

he actual diffusional surface area, P the partition coefficient of
he permeant between the membrane and the donor vehicle, h the

embrane thickness, D the diffusion coefficient of the permeant
n the membrane and C is the concentration of the permeant in
he donor solution. P and D were calculated through fitting the
heoretical equation to individual in vitro permeation data sets
sing Origin® software. The permeability coefficient, Kp, was
alculated as PD/h. Estimates of lag time were calculated as lag
ime = h2/6D. Flux was calculated as flux = KpC. Student’s t-tests
ere conducted (SPSS 14.0 software, SPSS Inc.) to detect differ-

nces, if any, between the permeability, partition and diffusion
oefficients, flux and lag time of control and enzyme-assisted
ermeation profiles. A value of P < 0.05 denoted significance in
ll cases.

Scanning electron microscopy (SEM) revealed that kerati-
ase acted on the intercellular matrix that holds the cells of
he nail plate together. Thus, in contrast to the control nail
amples where the individual dorsal surface cells cannot be
ig. 1. SEM micrograph of the dorsal side of the nail plate incubated in buffer
control).
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ig. 2. Upon incubation with keratinase (10 mg/mL), the corneocytes on the dor-
al nail surface separate from one another, as keratinase acts on the intercellular
atrix.

ail clippings were incubated in a solution containing the lower
nzyme concentration of 1 mg/mL (compared to 10 mg/mL in
ig. 2), corneocyte detachment from their neighbours occurred

o a lesser extent, as shown in Fig. 3. Very little is known about
he intercellular matrix present between nail cells. De Berker
nd Forslind (2004) have suggested that it is composed of
roteins (and/or mucopolysaccharides), which are likely to be in
random coil state. If the intercellular proteins are in a random
oil state, this would increase the likelihood of enzyme attack,
he random coil state being associated with disorder, which may
avour access of the enzyme to its substrate. Separation of the
orsal nail cells from their neighbours was confirmed when the
ail plate cross-section was viewed (Fig. 4). The cross-section
iew also shows that only a small portion of the nail plate (the

ost exposed part) was severely disrupted by the enzyme. The

eeper nail layers were either unaffected or affected to a very
mall extent. This is probably due to the limited diffusion of
he large enzyme molecule (MW ≈ 33,000) into the nail plate.

ig. 3. Upon incubation with a lower concentration of keratinase (1 mg/mL),
ewer corneocytes on the dorsal nail surface separate from one another, compared
o Fig. 2.
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ig. 4. A cross-section view confirms nail cell separation upon incubation with
eratinase.

imitation of enzyme activity to the exposed part of the nail
in practice, to the dorsal nail surface) may be sufficient for
nhanced ungual drug delivery, as the dorsal nail surface is
nown to be the main barrier to ungual drug permeation and
ts removal, by filing, has been shown to increase drug flux
hrough the nail plate (Kobayashi et al., 1999).

In addition to acting on the intercellular matrix, keratinase
orroded the surface of corneocytes (Fig. 5). Corrosion led to
striated corneocyte surface and it is possible that the ridges

epresent bundles of keratin fibres, which have been exposed
ollowing digestion of the intracellular proteins present among
eratin fibres. It is known that in sheep fur, keratin fibres are
eld together by globular, cystine-rich proteins whose disulphide
inks act as ‘glue’ (Fleckman, 1997). A similar arrangement of
eratin fibres held by globular, cystine-rich proteins might occur
n nail plates, in which case, a preferential action of the kerati-

ase on the globular proteins (rather than on the keratin fibres)
ould expose the fibres. In general, one can expect degradation
f globular proteins (which are water-soluble) to be easier than

ig. 5. As well as acting on the intercellular matrix, keratinase corrodes the
urface of nail corneocytes.
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Fig. 6. (a) Cumulative mass (mcg) of permeant/mm2 through enzyme-treated
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membrane between the control membranes and those that were
exposed to enzyme (Fig. 7a and b).

The permeation experiments with the enzyme had been con-
ducted for up to 29 h, without the addition of fresh enzyme to the
oof membrane: (�) 140 �m, (�) 170 �m, (�) 190 �m, (©) 190 �m. (b)
umulative mass (mcg) of permeant/mm2 through control hoof membrane: (+)
90 �m, (�) 180 �m, (×) 180 �m, (©) 190 �m.

hose of fibrous ones (which are mainly insoluble), as shown by
radišar et al. (2005) and Friedrich and Kern (2003).
The permeation profiles of the model drug, metformin, in the

resence and absence of keratinase are shown in Fig. 6a and b,
espectively. After an initial lag, the drug concentration in the
eceptor phase started to increase, more so in the presence of
eratinase, than in its absence. A high variability was observed
n the permeation profiles; some of the variability is attributed
o the different thicknesses of the membranes used and some
o the inherent variability of the biological hoof tissue. Mem-
rane thickness was taken into account in calculations. The flux

nd the permeability coefficient through the enzyme-exposed
ovine hoof membrane were significantly higher than those of
he control (t-test, P < 0.05, Table 1). In the presence of ker-
tinase, membrane permeability was more than doubled; this

able 1
ransport parameters of metformin through bovine hoof membrane, in the pres-
nce and absence of enzymes

Control Presence
of enzyme

iffusion coefficient (×10−5 mm2/min) 13.2 (2.6) 13.8 (8.4)
artition coefficient 1.7 (0.2) 4.7 (2.8)
ermeability coefficient (×10−3 mm/min) 1.2 (0.3) 2.9 (1.5)
ag time (min) 45.1 (8.9) 55.4 (48.2)
lux (×10−3 �g/mm2 min) 2.5 (0.6) 5.7 (2.9)

ean (S.D.) are shown, n = 5–6.
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hows that keratinase could have potential as an ungual chem-
cal enhancer. The partition coefficient, but not the diffusion
oefficient, was significantly higher (t-test, P < 0.05, Table 1),
hich indicates that the enzyme-induced increased permeabil-

ty of the hoof membrane was due to increased partition of the
rug into the membrane. Altered drug partition into the hoof
embrane indicates a change in the properties of the enzyme-

xposed hoof membrane. Such a change could be a result of
eratinase-induced release of soluble proteins from hoof mem-
ranes, reported by Vignardet et al. (1999). Interestingly, dif-
usion coefficient did not change in the presence of enzyme
t-test, P > 0.05). Such a lack of change could be due to the
act that the enzyme only attacked the uppermost layers of the
xposed hoof membrane, such that diffusion of the drug through
he bulk of the membrane was unchanged. This is supported by
canning electron microscopy on cross-sections of hoof mem-
ranes (performed at the end of the permeation experiments)
hich showed no observable difference in the bulk of the hoof
ig. 7. SEM micrographs of a cross-section of (a) control and (b) keratinase-
xposed hoof membrane show no difference in the bulk thickness of the mem-
rane.
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onor compartment. Since the enzyme is known to retain only
round 50 and 23% of its initial activity after 7 and 24 h incuba-
ion in an aqueous medium, respectively (unpublished data), the
ontinued enhanced permeation of the drug in the later stages of
he experiment (Fig. 6a) shows that the enzyme-induced damage
o the bovine hoof membrane was irreversible for the duration of
he experiment. This was expected, as once the hoof proteins had
een hydrolysed by the enzyme, with resulting morphological
hanges, repair of the dead tissue was not possible. The irre-
ersible damage to the hoof membrane and continued enhanced
rug permeation indicate that, in practice, it might be sufficient
o pre-treat diseased nail plates with an enzyme formulation, for
xample, using a transdermal-type patch for several hours, after
hich the patch would be removed and drug application would

ake place, for example via the application of a drug-containing
ail lacquer. Neither the patch nor the nail lacquer is expected to
nterfere with the patient’s normal activities. Application of the
nzyme formulation as a pre-treatment for a few hours would
esolve the problem of enzyme’s loss of activity with time fol-
owing its application. In future, experiments where the enzyme
s applied as a pre-treatment, i.e. before drug application should
e conducted to determine the feasibility of changing nail plate
ermeability before drug application. Such a possibility would
bviate the need for co-formulating the drug and the enhancer
ithin one vehicle, which would render formulation easier, in

erms of drug and enzyme solubility, stability, pH of vehicles,
tc. Experiments must also be conducted using nail plates, to test
ransferability of hoof membrane results to nail plates treated
ith enzymes. It must be remembered that the hoof membrane,
hile used extensively as a model for the nail plate in the ungual

esearch field, is still different to nail plates.
From these studies, we observed that keratinase produced by

. marquandii disrupted the nail plate by acting on the intercel-
ular matrix as well as on the nail corneocytes. The keratinase
nzyme increased the permeability of bovine hoof membranes,
sed as model for the nail plate. The results suggest that ker-
tinase enzymes may act as ungual enhancers to increase the
ermeation of topically applied drugs into the nail plate.
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