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Porcine  ear  skin  is  widely  used  to  study  skin  permeation  and  absorption  of  ester  compounds,  whose  per-
meation and  absorption  profiles  may  be  directly  influenced  by in  situ  skin  esterase  activity.  Importantly,
esterase  distribution  and  activity  in  porcine  ear  skin  following  common  protocols  of  skin  handling  and
storage  have  not  been  characterised.  Thus,  we  have  compared  the  distribution  and  hydrolytic  activity  of
esterases  in  freshly  excised,  frozen,  heated  and  explanted  porcine  ear  skin.  Using  an  esterase  staining  kit,
esterase activity  was  found  to be  localised  in  the stratum  corneum  and  viable  epidermis.  Under  frozen
storage  and a common  heating  protocol  of  epidermal  sheet  separation,  esterase  staining  in  the  skin  visibly
sterase
ydrolysis
ro-drug
o-drug

diminished.  This  was  confirmed  by  a quantitative  assay  using  HPLC  to  monitor  the  hydrolysis  of  aspirin,
in  freshly  excised,  frozen  or heated  porcine  ear  skin.  Compared  to vehicle-only  control,  the  rate  of  aspirin
hydrolysis  was  approximately  three-fold  higher  in  the presence  of  freshly  excised  skin,  but  no different
in  the  presence  of  frozen  or  heated  skin.  Therefore,  frozen  and  heat-separated  porcine  ear  skin  should
not  be  used  to  study  the  permeation  of  ester-containing  permeants,  in  particular  co-drugs  and  pro-drugs,
whose  hydrolysis  or  degradation  can be  modulated  by  skin  esterases.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Esterases are found in the endoplasmic reticulum and cytosol
f many mammalian tissues (Beaufay et al., 1974; Harano et al.,
988; Lee et al., 1982). In human skin, the distribution of esterases is

nconsistent across the various skin layers (McCracken et al., 1993;
ontagna, 1955; Mutch et al., 2007). The presence of esterases in

he skin is important to the topical or transdermal delivery of drugs,
ecause the enzymes may  catalyse the hydrolysis of pharmaceu-
icals containing ester bonds. This can be disadvantageous in the
ase of ester derivatives that are intended to diffuse across the skin
ntact, as premature hydrolysis of the ester bonds in these drugs by
kin esterases may  greatly reduce their bioavailability (Sugibayashi
t al., 1999). However, topical ester pro-drugs or co-drugs, which

re themselves inactive but designed to be metabolised in the skin
o release the pharmacologically active moieties in situ, may  ben-
fit from the catalytic activity of skin esterases (Abdulmajed et al.,
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378-5173/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.ijpharm.2012.04.079
2006; Lau et al., 2008, 2011; Mavon et al., 2004; Takayama et al.,
1998).

Excised porcine ear skin has been widely used to model human
skin in a variety of pharmaceutical studies due to their structural
and biochemical similarities (Godin and Touitou, 2007; Levang
et al., 1999). However, rarely is esterase activity in such appli-
cations given adequate emphasis, except perhaps where in situ
metabolism is a desired outcome, such as in the case of topi-
cal pro-drugs (Abla et al., 2006) and co-drugs (Lau et al., 2010).
Since variations in esterase activity exists between species and
tissues (Cook et al., 1995; McCracken et al., 1993), in order to effec-
tively assess the in vivo pharmacokinetics for a topically applied
drug using in vitro models, it is essential to match the levels of
esterase activity as closely as possible to the in vivo setting, or at
least account for any discrepancies between them. Esterase activ-
ity in human, rat and minipig skin has been characterised with a
view to assess their suitability as ex vivo models of human der-
matopharmacokinetics (Jewell et al., 2007; McCracken et al., 1993;
Montagna, 1955; Prusakiewicz et al., 2006). To our knowledge, no
such assessment has been reported for porcine ear skin. This is of
particularly pressing concern considering the widespread use of

this model to assess topical and transdermal drug delivery, and
more so owing to the various modes of skin storage and manipula-
tion prior to such assessments which may  alter esterase activity. For
example, a number of studies have shown, variously in human, rat

dx.doi.org/10.1016/j.ijpharm.2012.04.079
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
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nd snake skin, that heating (at or above 60 ◦C) generally reduces
sterase activity, whereas esterase activity can be preserved fol-
owing storage at or below −20 ◦C (Asavapichayont, 2000; Beydon
t al., 2010; Hewitt et al., 2000; Nghiem and Higuchi, 1988). How-
ver, the latter findings have been contradicted in our laboratories
here frozen porcine ear skin previously demonstrated a reduced

apacity to hydrolyse ethyl butyrate compared to fresh porcine ear
kin (Abdulmajed et al., 2006). We  therefore considered it impor-
ant to probe deeper into the distribution and activity of esterases
n porcine ear skin.

The aim of this study was to qualitatively characterise the dis-
ribution of esterase activity in porcine ear skin at basal levels
nd following common protocols of skin storage and manipula-
ion for permeation studies. The practical impact of differences in
sterase activity between these tissues was assessed by examining
he hydrolysis of aspirin (acetylsalicylic acid), a model ester drug,
n fresh, frozen and heated porcine ear skin.

. Materials and methods

.1. Materials

Porcine ears were obtained from a local abattoir immediately
ost-mortem and prior to steam cleaning. Hanks balanced salt,
mmonium thiocyanate (NH4SCN) and the �-naphthyl acetate
on-specific esterase kit were obtained from Sigma–Aldrich
Gillingham, UK). Dulbecco’s modified Eagle medium (DMEM) and
oetal bovine serum (FBS) were purchased from Invitrogen (Paisley,
K). The Optimum Cutting Temperature (OCT) embedding medium
as obtained from Raymond A Lamb (Eastbourne, UK). All other

eagents were obtained from Fisher Scientific (Loughborough, UK).

.2. Skin preparation

Porcine ears were immersed in iced Hanks balanced salt solution
HBSS) for transportation to the laboratory. Following brief cleaning
nder running tap water, full-thickness skin was separated from
he underlying cartilage by blunt dissection using a scalpel. Hairs
ere removed with an electric hair clipper.

.3. Cross-sectional visualisation of skin esterase activity

Skin samples were cut into approximately 4 mm2 pieces and
mbedded in OCT embedding medium for cryosectioning. To
nvestigate the effect of explant conditions on skin esterases,
he skin samples were placed in HBSS or DMEM supplemented
ith 10% FBS, and incubated at 32 ◦C for 3, 6, 9 and 24 h

efore OCT embedding, alongside samples which were embed-
ed immediately to establish baseline esterase levels. Cryosections
10 �m)  were produced using the Leica CM3050 S cryomicrotome
Leica, Bensheim, Germany) and mounted on glass microscopy
lides. Non-specific esterase staining was performed using the �-
aphthyl acetate kit according to the supplier’s protocol, with

 slight modification. In brief, the cryosections were fixed in
 citrate–acetone–formaldehyde solution for 30 s, with rigorous
haking for the last 5 s. The slides were thoroughly rinsed with
eionised water and incubated for 10 min, at 37 ◦C, in the dark,
ith the substrate solution. Other slides were frozen at −20 ◦C

or a week, or heated at 60 ◦C for 15 min  to denature enzymes,
efore staining with the �-naphthyl acetate kit. All slides were

hen rinsed with deionised water and counter-stained with Har-
is’s haematoxylin. The specimens were examined by bright-field
icroscopy under the OlympusTM BH-2 microscope and represen-

ative micrographs taken with an OlympusTM DP-12 camera (both
rom Olympus, Oxford, UK).
 Pharmaceutics 433 (2012) 10– 15 11

2.4. En face visualisation of skin esterase activity

Full-thickness skin samples were used either without further
treatment or subjected to the following treatments relating to com-
mon  protocols used to prepare in vitro skin models for permeation
studies: (a) explanted in DMEM supplemented with 10% FBS, for
24 h at 32 ◦C; (b) frozen at −20 ◦C for 1 week; (c) heated in tap
water at 60 ◦C for 1 min; (d) incubated with 3.8% ammonium thio-
cyanate solution in phosphate buffered saline (pH 7.4) for 30 min.
Each skin sample was  then tape-stripped with adhesive tape to
extract cells for non-specific esterase staining. Seven successive
tape strips were obtained for each skin sample. However, the loss of
structural strength in heat- and chemical-treated skin samples ren-
dered complete tape strips progressively more difficult to obtain.
Non-specific esterase staining of the tape strips was as described for
the cryosections above but without counter-staining with haema-
toxylin.

2.5. Hydrolysis of acetylsalicylic acid

Freshly excised, frozen (−20 ◦C for 1 week) and heated (60 ◦C
for 1 min) porcine ear skin samples were used. Full-thickness skin
samples, each weighing 3 g, were cut to 4 mm2 (en face dimen-
sions) pieces and placed in universal bottles containing 8 mL  of
100 �g mL−1 aspirin solution in HBSS. At pre-defined time points,
a sample of aspirin solution was removed from each bottle, diluted
1:1 with the mobile phase, and analysed by high performance liquid
chromatography (HPLC).

2.6. High performance liquid chromatography analysis

Hydrolysis of aspirin yields salicylic acid (SA) and acetic acid. A
HPLC method was  developed to simultaneously assay aspirin and
SA. Samples were analysed at ambient temperature using an Agi-
lent 1100 series automated HPLC system. The instrument was fitted
with a Phenomenex C18, 5 �m,  250 mm × 4.6 mm column and a
Phenomenex C18, 3 �m,  30 mm  × 4.6 mm column (Phenomenex,
Macclesfield, UK). Detection wavelength was  set at 300 nm with a
flow rate of 1 mL  min−1. The injection volume for both aspirin and
SA was  100 �L. An isocratic elution programme was  used based on
the mobile phase of methanol (70%, v/v) and water (30%, v/v) at
pH = 2. Calibration curves were constructed separately for aspirin
and SA, each with a R2 of >0.99.

2.7. Statistical analysis

One-way ANOVA and Tukey post hoc tests were performed
using GraphPad Prism version 5.03 (GraphPad Software, La Jolla,
CA). Statistical significance was defined as p < 0.05.

3. Results

3.1. Localisation of esterases in porcine ear skin

In cryosections of porcine ear skin, counter-staining of cell
nuclei by haematoxylin enabled the stratum corneum, viable epi-
dermis and dermis to be distinguished visually (Fig. 1B). Black
staining of esterase activity was  observed in the epidermis of
freshly excised skin (Fig. 1A). The most intense staining, indicating
the greatest amount of esterase activity, was observed proximal
to the stratum corneum (SC). The SC was also stained in black,
suggesting considerable esterase activity on the skin surface. This

was  verified by examining tape-strips of freshly excised skin in a
separate experiment, whereby considerable esterase activity was
detected using the same histochemical method, in up to the fourth
tape-strip performed (Fig. 2). Conversely, the dermis was  entirely
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Fig. 1. Representative images depicting the distribution of basal esterase activity in cry
black  staining indicates a higher level of esterase activity. Skin pre-treatment: (A) freshly
corneum; E, epidermis; D, Dermis. Images are at same magnification. Scale bar = 200 �m.

Fig. 2. Esterase in the SC of porcine ear skin, visualised by histochemical staining
of  tape strips. Panel labels denote skin storage or handling conditions prior to his-
tochemical staining, and the tissue depth shown is identified in parentheses as the
tape strip number. Images are at same magnification. Scale bar = 100 �m.
osections of porcine ear skin, visualised by histochemical staining. More intense
 excised; (B) frozen at −20 ◦C for a week; (C) heated at 60 ◦C for 15 min. SC, stratum

devoid of black staining, suggesting that no functional esterase was
present within the dermis.

3.2. Esterase activity in frozen and heated skin

In frozen skin, epidermal staining for esterase activity was
greatly reduced (Fig. 1B). However, in the SC, the intensity of the
staining was  not noticeably different from freshly excised skin. In
skin samples which had been heated at 60 ◦C for 15 min, neither
the epidermis nor the SC exhibited positive staining for esterase
activity, suggesting obliteration of functional esterases by thermal
treatment (Fig. 1C). The first tape-strips of frozen and heated skin
corroborate these observations for the SC (Fig. 2). Consistent with
observations made in freshly excised skin, no staining of esterase
activity was  observed in the dermis of either frozen or heated skin.

3.3. Esterase activity in skin explants

Similar to freshly excised skin, positive staining for esterase
activity was observed in the viable epidermis and SC of skin
explants (Fig. 3). The presence of esterases in the SC was confirmed
by the tape-strips of skin explants following 24-h incubation in
FBS-supplemented DMEM (Fig. 2). Between the explants incubated
in HBSS and those incubated in FBS-supplemented DMEM,  there
was  no discernible difference in esterase activity until 24 h post-
incubation. At 24 h, esterase activity noticeably declined in those
skin samples explanted in HBSS (Fig. 3).

3.4. Hydrolysis of acetylsalicylic acid in the presence of porcine
ear skin

Generally, with all skin treatments and in the vehicle-only con-
trol, the concentration of aspirin decreased over time, accompanied
by a corresponding increase in SA concentration (Fig. 4A). The rate
of aspirin consumption also mirrored the rate of SA production
(Fig. 4B). In increasing order, the rate of aspirin hydrolysis was:
freshly excised skin > frozen skin > heated skin > vehicle-only con-
trol. The maximal rate of hydrolysis, obtained with freshly excised
skin, was  approximately 200% higher than that of the vehicle-
only control (p < 0.001 according to aspirin consumption; p < 0.05
according to SA production). Compared to in vehicle-only control,
the rate of aspirin hydrolysis was  not statistically significant in the
presence of frozen or heated skin. The rate of SA production was sig-
nificantly higher in the presence of freshly excised skin compared

to frozen (p < 0.01) and heated (p < 0.001) skin. Although statistical
significance was  not demonstrated (p > 0.05) in the rates of aspirin
consumption between freshly excised, frozen and heated skin, by
24 h, significantly lower levels of aspirin remained in the presence
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Fig. 3. Representative images depicting the effect of explant condition on the level of
esterase activity in porcine ear skin explants over time. Skin samples were explanted
in  HBSS or DMEM supplemented with 10% FBS for up to 24 h. The level of esterase
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Fig. 4. (A) Changes in aspirin and SA concentrations in the presence of vehicle-
only (circles), freshly excised skin (squares), frozen skin (triangles) or heated skin
(diamonds). (B) Comparison of the overall rates of aspirin hydrolysis under the afore-
ctivity in skin cryosections was visualised by histochemical staining. More intense
lack staining indicates a higher level of esterase activity. Images are at same mag-
ification. Scale bar = 200 �m.

f freshly excised skin compared to frozen and heated skin (p < 0.05
n both cases).

. Discussion

Although the distribution of esterases has been described in
uman skin and that of other animals, similar data are lacking for
orcine ear skin despite its prolific use in pharmaceutical stud-

es. Earlier studies have concluded that skin esterase distribution
nd activity may  vary from one species to another, and indeed
etween different sites in the same organism (Jewell et al., 2007;

ontagna, 1955; Prusakiewicz et al., 2006). Therefore, character-

sation of esterase distribution and activity in porcine ear skin is
aramount to validate this model for pharmaceutical investiga-
ions. An attempt by Meyer and Neurand (1976) to characterise
mentioned conditions. Data are mean ± standard deviation (n = 3; for vehicle-only
control, n = 2). ***p < 0.001, *p < 0.05 compared to vehicle-only control.

enzyme distribution in the skin of the domestic pig unfortunately
did not include an analysis of the porcine ear, hence the need for
the present study, which characterises the distribution and activity
of porcine ear skin esterases not only under basal conditions, but
also following common methods of culture, storage and handling
in the course of pharmaceutical studies.

Our results show that the epidermis was  most intensely stained
with the esterase staining kit, and is thus the major source of
esterases in porcine ear skin. The localisation of esterases in the
epidermis proximal to the SC is in agreement with a previous report
on esterase activity in human skin (Montagna, 1955). This perhaps
relates to the functional role of the epidermis as a metabolically
active tissue. We  were initially surprised at the finding of esterase
activity in the SC, since the SC is composed of non-viable corneo-
cytes, and an early study has reported no esterase activity in human
SC (Montagna, 1955). However, a more recent study has demon-
strated that the human SC is in fact metabolically active, and the

authors were able to quantify the hydrolysis of a methylumbellifer-
one acyl ester in human SC using an in vivo tape-stripping method
(Beisson et al., 2001). Furthermore, considering that the skin surface
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s a natural host to many microorganisms, some esterase activity
etected in the SC is likely to be of microbial origin. This is proba-
le as many microorganisms found on mammalian skin are known
o produce esterases (Zimmerman and Kloos, 1976). Regardless of
he origin of the esterases, the implications of their distribution in
orcine ear skin need to be considered carefully when designing
ermeation experiments for ester-containing permeants utilising
his skin model. The abundance of esterases on the skin surface may
redispose these permeants to hydrolysis before skin penetration
ccurs and consequently result in inaccurate skin permeability data
or the ester.

The staining results also demonstrate greatly diminished
orcine ear skin esterase activity following frozen storage at −20 ◦C.
dditionally, porcine ear skin esterase activity was virtually obliter-
ted following heating at 60 ◦C for 1 min  (Figs. 1 and 2). These were
orroborated by quantitative data comparing the rate of aspirin
ydrolysis, which produced SA in a 1:1 molar ratio, in the pres-
nce of freshly excised, frozen, heated skin or vehicle only (Fig. 4).
hese observations strongly suggest that, firstly, aspirin hydroly-
is was catalysed by porcine ear skin esterases, and secondly, the
kin esterases were denatured or otherwise inactivated to differ-
nt extents by the freezing process and thermal treatment. These
re important observations because freezing and heating are com-
only employed for porcine ear skin storage and manipulation (i.e.

eat-separation of epidermal sheets) for permeation experiments
Chilcott et al., 2001; Rastogi and Singh, 2003), but their effects
n porcine ear skin esterases have not been elucidated. For topi-
al ester pro-drugs and co-drugs, where in situ hydrolysis of the
arent ester compounds is anticipated, it is especially important
o consider the effect of freezing or heating skin samples on the
elease of therapeutically active constituents and thus efficacy of
he pro-drugs or pro-drugs.

Although freezing serves to preserve proteinaceous enzymes
y arresting enzymatic proteolysis, it also introduces mechanical
tress which leads to protein degradation in the process (Bhatnagar
t al., 2007). Freezing at −20 ◦C for 1 month has been reported to
ffectively inactivate �-glucuronidase and sulfatase in porcine ear
kin (Zalko et al., 2011). However, different enzymes may  be dif-
erentially susceptible to this mode of inactivation. In the case of
sterases, we are not aware of any pre-existing report about the
ffect of freezing on porcine ear esterase activity and its impact
n cutaneous drug metabolism. Indeed, Abla et al. (2006) used
orcine ear skin which had been frozen at −20 ◦C for up to 2
onths and still were able to verify hydrolysis of an ester pro-

rug in the skin, although it is not clear what proportion of the
ydrolysis was enzymatic or non-enzymatic. On the other hand,
he heat-separation procedure (60 ◦C for 1 min) described in this
tudy is a common protocol for epidermal membrane isolation,
lthough variations in incubation time ranging from 45 s to 2 min
xist between different protocols (Chilcott et al., 2001; Kassis and
ondergaard, 1982; Rastogi and Singh, 2003). Heat-separated epi-
ermal membranes thus derived have been used to evaluate skin
ermeation of pro-drugs (Bonina et al., 2001; Montenegro et al.,
007). For cryosections in this study, the incubation time was
xtended to 15 min  to ensure complete thermal denaturation of
kin esterases to provide sound negative controls for the histo-
hemical assessment of esterase activity. Interestingly, others who
sed heat-separated (60 ◦C for 2 min) human epidermal mem-
ranes to evaluate skin permeation of pro-drugs have reported a

ack of hydrolysis of the pro-drugs in the skin, due probably to ther-
al  denaturation of skin esterases (Bonina et al., 2001; Montenegro

t al., 2007). These results highlight the value of using freshly

xcised skin samples in investigations where skin metabolism of
he drug under investigation is of utmost importance.

The NH4SCN method of epidermal separation produced no
etectable esterase activity in the SC (Fig. 3). Thiocyanate (SCN−)
 Pharmaceutics 433 (2012) 10– 15

has been shown to inhibit certain enzymes, including prostatic
acid phosphatase (London et al., 1962) and carbonic anhydrase
(Davenport, 1940). Whether it inhibits esterases is not certain but
conceivable. Nevertheless, this is an important observation because
some researchers may  be compelled to use NH4SCN to obtain
epidermal membranes for permeation studies now that the heat-
separation protocol has been shown to inactivate skin esterases.
Chemical separation with NH4SCN has the advantage of being quick
and simple, but its effects on esterases need first to be ascertained
before it can be used as a sound replacement for heat separation of
epidermal membranes.

Furthermore, serum-supplemented DMEM is better able to pre-
serve skin esterase activity than HBSS, especially for durations
beyond 24 h. This may  be related to the pH-buffering capacity
of each culture medium, or it may  reflect the viability of the
skin explants. Enzyme activity is pH-dependent, and a decline
in culture may  indicate a deviation from the optimal pH as a
result of acidification of the culture medium by metabolic waste
products. Due to its lower bicarbonate and phosphate content,
and the absence of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), HBSS (4.2 mM bicarbonate; 0.78 mM phosphate) has
a lower pH-buffering capacity than serum-supplemented DMEM
(44 mM bicarbonate; 0.91 mM  phosphate; 25 mM HEPES) (Life
Technologies Corporation; Sigma–Aldrich Co. LLC). This, in addi-
tion to the absence of essential nutrients such as amino acids and
vitamins, may  make tissue deterioration more likely to occur in skin
explanted in HBSS. Consequently, net degradation of esterases may
be more likely to occur in skin explanted in HBSS due to the grad-
ual loss of cell viability and the inability of non-viable skin explants
to synthesise and replenish functional esterases. This is unlikely to
impact on tissue viability in the short term, and HBSS should pro-
vide a suitable medium for the transport of excised skin from the
abattoir to the laboratory within the time frame of a typical exper-
iment. For longer explants, the use of FBS-supplemented DMEM  is
warranted.

5. Conclusion

In conclusion, like in human skin, esterases in porcine ear skin is
localised in the epidermis, and appears concentrated just below the
SC. The SC of porcine ear skin also exhibits considerable esterase
activity. These esterases can metabolise topically administered
ester drugs, as demonstrated by the hydrolysis of aspirin in this
study. Furthermore, esterase activity in excised porcine ear skin is
significantly reduced by freezing and heating. For porcine ear skin
explants, the choice of culture medium may  have an impact on the
viability of the tissue, which will also affect the performance of
skin esterases. Since skin esterases are crucial for in situ activation
of topical co-drugs and pro-drugs, whereas in other applications
avoidance of drug metabolism by skin esterases may  be needed to
ensure system bioavailability, due consideration should be given to
the storage and handling conditions skin samples are subjected to
prior to experimentation.

Conflicts of interest

All authors declare no conflicts of interest.

References
Abdulmajed, K., McGuigan, C., Heard, C.M., 2006. Topical delivery of retinyl ascorbate
co-drug. 5. In vitro degradation studies. Skin Pharmacol. Physiol. 19, 248–258.

Abla, N., Naik, A., Guy, R.H., Kalia, Y.N., 2006. Topical iontophoresis of valaci-
clovir hydrochloride improves cutaneous aciclovir delivery. Pharm. Res. 23,
1842–1849.



nal of

A

B

B

B

B

B

C

C

D

G

H

H

J

K

L

L

L

W.M. Lau et al. / International Jour

savapichayont, P., 2000. In Vitro Viable Skin Model Development to Assess
Cutaneous Delivery and Metabolism of Ester-Type Compounds. Ph.D. Thesis.
University of Saskatchewan, Saskatoon.

eaufay, H., Amar-Costesec, A., Feytmans, E., Thines-Sempoux, D., Wibo, M.,  Robbi,
M.,  Berthet, J., 1974. Analytical study of microsomes and isolated subcel-
lular membranes from rat liver. I. Biochemical methods. J. Cell Biol. 61,
188–200.

eisson, F., Aoubala, M.,  Marull, S., Moustacas-Gardies, A.M., Voultoury, R., Verger,
R., Arondel, V., 2001. Use of the tape stripping technique for directly quantifying
esterase activities in human stratum corneum. Anal. Biochem. 290, 179–185.

eydon, D., Payan, J.P., Grandclaude, M.C., 2010. Comparison of percutaneous
absorption and metabolism of di-n-butylphthalate in various species. Toxicol.
In Vitro, 71–78.

hatnagar, B.S., Bogner, R.H., Pikal, M.J., 2007. Protein stability during freezing: sepa-
ration of stresses and mechanisms of protein stabilization. Pharm. Dev. Technol.
12, 505–523.

onina, F.P., Puglia, C., Barbuzzi, T., de Caprariis, P., Palagiano, F., Rimoli, M.G., Saija,
A., 2001. In vitro and in vivo evaluation of polyoxyethylene esters as dermal
prodrugs of ketoprofen, naproxen and diclofenac. Eur. J. Pharm. Sci. 14, 123–134.

hilcott, R.P., Jenner, J., Hotchkiss, S.A., Rice, P., 2001. In vitro skin absorption and
decontamination of sulphur mustard: comparison of human and pig-ear skin. J.
Appl. Toxicol. 21, 279–283.

ook, C.S., Karabatsos, P.J., Schoenhard, G.L., Karim, A., 1995. Species dependent
esterase activities for hydrolysis of an anti-HIV prodrug glycovir and bioavail-
ability of active SC-48334. Pharm. Res. 12, 1158–1164.

avenport, H.W., 1940. The inhibition of carbonic anhydrase and of gastic acid
secretion by thiocyanate. Am.  J. Physiol. 129, 505–514.

odin, B., Touitou, E., 2007. Transdermal skin delivery: predictions for humans
from  in vivo, ex vivo and animal models. Adv. Drug Deliv. Rev. 59,
1152–1161.

arano, T., Miyata, T., Lee, S., Aoyagi, H., Omura, T., 1988. Biosynthesis and localiza-
tion of rat liver microsomal carboxyesterase E1. J. Biochem. 103, 149–155.

ewitt, P.G., Perkins, J., Hotchkiss, S.A., 2000. Metabolism of fluroxypyr, fluroxypyr
methyl ester, and the herbicide fluroxypyr methylheptyl ester. I: During per-
cutaneous absorption through fresh rat and human skin in vitro. Drug Metab.
Dispos. 28, 748–754.

ewell, C., Prusakiewicz, J.J., Ackermann, C., Payne, N.A., Fate, G., Williams, F.M.,
2007. The distribution of esterases in the skin of the minipig. Toxicol. Lett. 173,
118–123.

assis, V., Sondergaard, J., 1982. Heat-separation of normal human skin for epider-
mal  and dermal prostaglandin analysis. Arch. Dermatol. Res. 273, 301–306.

au, W.M.,  White, A.W., Gallagher, S.J., Donaldson, M.,  McNaughton, G., Heard, C.M.,
2008.  Scope and limitations of the co-drug approach to topical drug delivery.
Curr. Pharm. Des. 14, 794–802.

au, W.M.,  White, A.W., Heard, C.M., 2010. Topical delivery of a naproxen-dithranol

co-drug: in vitro skin penetration, permeation, and staining. Pharm. Res. 27,
2734–2742.

au,  W.M.,  Ng, K.W., White, A.W., Heard, C.M., 2011. Therapeutic and cytotoxic
effects of the novel antipsoriasis codrug, naproxyl-dithranol, on HaCaT cells.
Mol. Pharm. 8, 2398–2407.
 Pharmaceutics 433 (2012) 10– 15 15

Lee, V.H., Iimoto, D.S., Takemoto, K.A., 1982. Subcellular distribution of esterases in
the  bovine eye. Curr. Eye Res. 2, 869–876.

Levang, A.K., Zhao, K., Singh, J., 1999. Effect of ethanol/propylene glycol on the in vitro
percutaneous absorption of aspirin, biophysical changes and macroscopic bar-
rier properties of the skin. Int. J. Pharm. 181, 255–263.

Life Technologies Corporation. Technical Resources – Media Formulations:
Basal Medium Eagle (BME) (1X) liquid. URL: http://www.invitrogen.com/
site/us/en/home/support/Product-Technical-
Resources/media formulation.172.html (accessed: 17.04.12).

London, M.,  Mc, H.R., Hudson, P.B., 1962. Unified theory of enzyme catalysis and
denaturation. II. Some effects of anions on prostatic acid phosphatase behavior.
J.  Gen. Physiol. 46, 57–73.

Mavon, A., Raufast, V., Redoules, D., 2004. Skin absorption and metabolism of a new
vitamin E prodrug, delta-tocopherol-glucoside: in vitro evaluation in human
skin models. J. Control. Release 100, 221–231.

McCracken, N.W., Blain, P.G., Williams, F.M., 1993. Nature and role of xenobiotic
metabolizing esterases in rat liver, lung, skin and blood. Biochem. Pharmacol.
45,  31–36.

Meyer, W.,  Neurand, K., 1976. The distribution of enzymes in the skin of the domestic
pig.  Lab. Anim. 10, 237–247.

Montagna, W.,  1955. Histology and cytochemistry of human skin. IX. The distribution
of  non-specific esterases. J. Biophys. Biochem. Cytol. 1, 13–16.

Montenegro, L., Carbone, C., Maniscalco, C., Lambusta, D., Nicolosi, G., Ventura, C.A.,
Puglisi, G., 2007. In vitro evaluation of quercetin-3-O-acyl esters as topical pro-
drugs. Int. J. Pharm. 336, 257–262.

Mutch, E., Nave, R., McCracken, N., Zech, K., Williams, F.M., 2007. The role of esterases
in the metabolism of ciclesonide to desisobutyryl-ciclesonide in human tissue.
Biochem. Pharmacol. 73, 1657–1664.

Nghiem, B.T., Higuchi, T., 1988. Esterase activity in snake skin. Int. J. Pharm. 44,
125–130.

Prusakiewicz, J.J., Ackermann, C., Voorman, R., 2006. Comparison of skin esterase
activities from different species. Pharm. Res. 23, 1517–1524.

Rastogi, S.K., Singh, J., 2003. Passive and iontophoretic transport enhancement of
insulin through porcine epidermis by depilatories: permeability and Fourier
transform infrared spectroscopy studies. AAPS PharmSciTech 4, E29.

Sigma–Aldrich Co. LLC. Product Information Basal Salt Mixtures – Hanks’
Balanced Salts. URL: http://www.sigmaaldrich.com/etc./medialib/docs/Sigma/
Formulation/h6136for.Par.0001.File.tmp/h6136for.pdf (accessed 17.04.12).

Sugibayashi, K., Hayashi, T., Morimoto, Y., 1999. Simultaneous transport and
metabolism of ethyl nicotinate in hairless rat skin after its topical application:
the effect of enzyme distribution in skin. J. Control. Release 62, 201–208.

Takayama, H., Watanabe, A., Hosokawa, M.,  Chiba, K., Satoh, T., Aimi, N., 1998. Syn-
thesis of a new class of camptothecin derivatives, the long-chain fatty acid esters
of  10-hydroxycamptothecin, as a potent prodrug candidate, and their in vitro
metabolic conversion by carboxylesterases. Bioorg. Med. Chem. Lett. 8, 415–418.
Zalko, D., Jacques, C., Duplan, H., Bruel, S., Perdu, E., 2011. Viable skin efficiently
absorbs and metabolizes bisphenol A. Chemosphere 82, 424–430.

Zimmerman, R.J., Kloos, W.E., 1976. Comparative zone electrophoresis of esterases
of  Staphylococcus species isolated from mammalian skin. Can. J. Microbiol. 22,
771–779.

http://www.invitrogen.com/site/us/en/home/support/Product-Technical-Resources/media_formulation.172.html
http://www.invitrogen.com/site/us/en/home/support/Product-Technical-Resources/media_formulation.172.html
http://www.sigmaaldrich.com/etc./medialib/docs/Sigma/Formulation/h6136for.Par.0001.File.tmp/h6136for.pdf
http://www.sigmaaldrich.com/etc./medialib/docs/Sigma/Formulation/h6136for.Par.0001.File.tmp/h6136for.pdf

	Distribution of esterase activity in porcine ear skin, and the effects of freezing and heat separation
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Skin preparation
	2.3 Cross-sectional visualisation of skin esterase activity
	2.4 En face visualisation of skin esterase activity
	2.5 Hydrolysis of acetylsalicylic acid
	2.6 High performance liquid chromatography analysis
	2.7 Statistical analysis

	3 Results
	3.1 Localisation of esterases in porcine ear skin
	3.2 Esterase activity in frozen and heated skin
	3.3 Esterase activity in skin explants
	3.4 Hydrolysis of acetylsalicylic acid in the presence of porcine ear skin

	4 Discussion
	5 Conclusion
	Conflicts of interest
	References


