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Abstract

Skin is commonly stored frozen and then thawed prior to use for in-vitro permeation experiments.
Does frozen storage of skin alter its barrier property? Numerous studies have found contradictory
answers to this question. In this study, the steady state flux and lag time of diethyl phthalate (DEP)
were measured for fresh human skin and skin frozen at -85 °C for 1, 2, 3, 6, 9, 12, and 18 months,
with 10% glycerol as cryoprotective agent. No significant differences in steady state flux were
found between fresh and previously frozen samples (P = 0.6). For lag time, a significant (P =
0.002) difference was found among all groups but comparisons with fresh skin were not
significant. Does glycerol have a cryoprotective effect? The steady state flux and lag time of DEP
and caffeine were measured through human skin stored at —85 °C for up to 12 months with and
without 10 % glycerol. No significant differences in steady state flux or lag time were found
between samples stored with or without glycerol for either DEP or caffeine (P = 0.17). These
findings support the use of frozen skin to measure the passive permeation of chemicals in studies
unconcerned with viability and metabolism.
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INTRODUCTION

Previously frozen excised human skin is normally used in permeability studies because fresh

skin is rarely available at the exact time in-vitro permeation experiments are conducted.
Numerous studies have addressed the effect of storage conditions on skin permeability, but
with imprecise or contradictory results. It has been shown that storage diminishes the

metabolic activity of the skin [1], but the effect on the physical barrier properties of the skin

was not clear from these results. Studies on the subject have employed diverse objectives

and methods, rendering their findings difficult to compare. Furthermore, there is an inherent

variability associated with percutaneous absorption, raising the question of the exact
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variability that conclusively demonstrates frozen storage has a significant effect. For
example, caffeine permeation has a higher variability in comparison to more lipophilic
compounds [2]. Hydrophilic compounds may follow different pathways and may also bind
to polar groups as well as keratin or cornified envelopes [2].

In vitro permeation experiments may use epidermal membranes, dermatomed, or full
thickness skin. The use of epidermis only is the most physiologically defensible, as it more
closely mimics the in vivo situation where continuous blood flow within the watery dermis
acts as a sink in much the same way as the receptor compartment of an in vitro setup. The
watery dermis in dermatomed and especially in full thickness skin acts as an additional
barrier, which may be substantial, that does not exist in the in vivo setting. On the negative
side, epidermal membranes are obtained by heat separation (60 °C for 1-2 min followed by
peeling from dermis) which destroys metabolic activity. They are fragile and can be prone to
leaks if hair follicles are damaged in the separation process. Nevertheless, their use is
broadly accepted by advisory and regulatory agencies [3].

Some international advisory and regulatory agencies offer recommendations regarding the
use of previously frozen skin for in vitro dermal absorption testing. The Organization for
Economic Cooperation and Development (OECD) guidance allows its use for all
compounds that are not dermally metabolized [3]. The International Programme on
Chemical Safety in their Environmental Health Criteria on dermal absorption state that
human skin can be stored at =20 °C up to one year [4]. The EU Scientific Committee on
Consumer Products recommends storage at —20° C or lower, with no specification on
duration [5]. The US Environmental Protection Agency (EPA) permits “frozen (-20 °C)”
storage for up to 3 months, provided that barrier properties of the samples can be confirmed
[6]. These conditions echoed the European Cosmetic Toiletry and Perfumery Association’s
(COLIPA) guidelines for dermal rate testing of cosmetic ingredients [7].

A number of studies have been published that address the issue of frozen skin storage and
potential deleterious effects on barrier function as measured by skin permeability to various
compounds. Previous studies are summarized in Tables 1 and 2. Table 1 describes results on
human skin and Table 2 presents results for animal skin. From these data, the overall picture
remains one of uncertainty: some investigators found no evidence of an effect of freezing on
barrier function, while others have found significant effects. Notably, one study [26] found
adverse effects of storage at —80 °C of dermatomed pig skin. This single study prompted the
OECD [3] to proclaim that “Skin should not be stored at very low temperatures since it has
been shown that the storage of skin at —80°C can enhance permeability.”

Several techniques, other than permeability, have been used to assess the skin barrier,
including transepidermal water loss, resistance or impedance [31] and imaging techniques.
Multiphoton excitation fluorescence microscopy found tissue structural damage due to
frozen storage correlated to increasing permeation of caffeine, with damage most
pronounced in skin stored at —80°C [17]. Regardless of any effects on barrier function, heat
separation and skin freezing ought not to be used in permeation studies requiring skin
viability and metabolism [32].
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The present work was prompted by anecdotal evidence in our laboratory which suggested
that skin barrier function is maintained for well over a year following our protocol (heat
separated human epidermis (HEM) saturated in buffer with 10% glycerol as cryoprotectant
and stored at —85 °C). The present work was designed to quantitatively assess this
observation and also to address the OECD prohibition against low-temperature skin storage
[3]. The permeation of diethyl phthalate (DEP) through HEM from a single skin donor, fresh
and stored up to 18 months at —85 °C with 10 % glycerol, is presented here. Also studied
was the effect of frozen storage with and without glycerol on the skin permeability of two
model permeants, DEP and the hydrophilic compound caffeine. Multiple skin donors were
used in this second part of the study. During the course of the study, a freezer failure went
undiscovered for at least 2 days, which permitted the study of the effect of thawing and
refreezing on barrier function.

METHODS

Chemicals and solutions

Diethyl phthalate (DEP) of 99% purity was obtained from Sigma-Aldrich, Saint Louis,
Missouri. Caffeine of 99.0% purity (Fluka brand) was obtained from Sigma-Aldrich, Saint
Louis, Missouri. Table 3 presents some physical properties of these compounds.

The buffer used was Hanks Balanced Salt Solution (Gibco, Invitrogen, Carlsbad,
California), with 50 mg/L of gentamicin sulfate, 0.32 g/L of sodium bicarbonate, and 5.96
g/L of HEPES (Sigma, Saint Louis, Missouri). The pH of the buffer was adjusted to 7.4 at
37°C. The buffer was filtered (Pore sizes: 0.2um, SFCA, Nalgene, Thermo Fisher Scientific,
Rochester, New York) and degassed prior to use by warming to 40°C and stirring under
laboratory vacuum. Donor formulations consisted of water saturated with excess DEP or 20
mg/mL caffeine in water.

Skin sample preparation and storage

Human skin samples were used for these studies. Skin was obtained from breast reduction
surgeries from 4 Caucasian females, ages 38 — 62 years, from the West Virginia University
Skin Bank. Skin was obtained fresh on the day of surgery and heat-separated epidermal
membranes (HEMSs) were prepared by submersing the skin in buffer at 60°C for 60 seconds.
Epidermis was separated from remaining dermis using cotton swabs. A pool of buffer, with
or without 10% (v/v) glycerol, was placed on a cutting board. The epidermal membrane was
floated onto the buffer and epidermal discs were cut using a stainless steel punch (1.59 cm
diameter). Discs were floated onto a pool of buffer with or without glycerol, covered with
gauze and wrapped in foil. The discs were used fresh or were stored in a freezer at —85°C.
Fresh (unfrozen) epidermal discs served as control; these were never in contact with
glycerol. Fresh discs were placed in a refrigerator (4 °C) until used within 2 days of
harvesting. The freezer temperature was registered on a graphic chart changed weekly.

A freezer malfunction after ~9 months of storage led to thawing of some skin samples to
room temperature for 2—4 days, after which the skin was refrozen. This incident motivated a
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study of the effect of thawing and refreezing on barrier function, after a total of 12 months
storage.

Sample size

A sample size of six discs was selected for each treatment. Based on an expected coefficient
of variance in permeability of about 30%, it is possible to find a significant difference if two
groups exhibit about a 1.75-fold or greater difference, with 95% confidence [33]. This
statistical power was deemed reasonable, as differences in means exceeding 2-fold are
commonly reported in studies of in vitro dermal absorption [34]. It may be important to
point out that studies of this nature cannot be used to conclude that there is “no difference”
among treatment groups: insignificant differences in mean values provide, at best, weak
support for the null hypothesis.

For the DEP permeation studies with glycerol as cryoprotectant, HEM from a single
individual human donor were used to eliminate the effect of inter-individual variability. This
benefit is offset by the question of generalizability across other donors; however the
permeability results for this donor agree with previously published data (described in
RESULTS). For other studies, HEM from 1 or 2 donors were used.

Permeation studies

HEMs were thawed at room temperature, then floated on a pool of buffer for ~20 min. They
were mounted on Franz-type (static) diffusion cells (1.6 cm? diffusion area and 5 ml
volume, PermeGear, Inc., Hellertown, Pennsylvania) with dialysis tubing (MWCO 12—
14,000, SpectrumLabs Inc., Rancho Dominguez, CA) used as a membrane support. After
mounting, the skin was rinsed 3x with water. Skin discs were equilibrated overnight with pH
7.4 buffer in receptor compartments. The skin surface was maintained at 32°C by
recirculating water at 37°C through the diffusion cells jackets. Each set of experiments was
performed with six diffusion cells (n = 6) all sets from the same skin donor. Prior to the
dosage TEWL measurements were performed. For DEP, 500 pL of donor was placed in the
donor compartments and samples taken at 0, 0.5, 1, 2, 3, 4, 5, 6, and 8 hours, replenishing
with fresh buffer after each sampling. For studies at 12 and 18 months of storage, the
exposure duration was extended to 24 h. Donor solution was replaced every 2—4 hours to
assure “infinite dose” conditions. For caffeine, the same conditions were used but sampling
was done at 0, 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 12, 22, 23, and 24 hours. Donor solution was
replaced at 4, 8, 12, and 22 hours.

HPLC analysis

Aliquots of 20 pL from each sample were analyzed in an Agilent 1100 HPLC system. For
DEP, an Onyx Monolithic C18 column, 3 x 100 mm (Phenomenex, Torrance, California,
USA) was used and maintained at 22 °C. The isocratic mobile phase consisted of
acetonitrile-water (40:60) at a flow rate of 1 mL/min. DEP was detected at a wavelength of
232 nm with a retention time of 2.7 min. Calibrations were performed over the range 0.01 to
25 pg/mL prior each experiment, and they were linear (r2 = 0.999). The limit of detection
was LOD = 0.01 ug/mL and limit of quantification LOQ 0.025 pg/mL.
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For caffeine, a Kinetex C18 column, 4.6 x 100 mm, 2.6 um particle size (Phenomenex,
Torrance, California, USA) was used and maintained at 22 °C. The isocratic mobile phase
was acetonitrile-water (10:90) at a flow rate of 0.6 mL/min. Caffeine was detected at 272 nm
with a retention time of 6.4 min. Linear (r2 = 0.999) calibrations over the range 0.01 to 50
pg/mL were performed prior each experiment. The LOD was 0.01 pg/mL and the LOQ was
0.03 ug/mL.

Calculation of in-vitro permeability parameters

The sampled concentrations were corrected to account for the amount of test substance that
had been removed from the receptor at each sampling time. The total amount of chemical
that had penetrated the skin into the receptor fluid, normalized by the area of exposed skin
(m(t)) was calculated from the measured receptor concentrations at each sample time point,
taking into account the amount removed with each sample. Steady-state flux (Jsg) and lag
time (tag) were calculated by nonlinear regression to the experimental data, as described
previously [35]. Briefly, for each diffusion cell, the best fit of the data to the first 7 terms of
the diffusion equation for a homogeneous membrane [36] was determined using SigmaPlot
12.5 (Systat Software):
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The analysis yields estimates for the 2 variables Jss and tjag. The quality of the regressions
were excellent, with an average r2 of 0.999 and a minimum of 0.979. The permeability
coefficient, k,, was calculated as

k JS S

p:Fd’ (2

Where Cg is the donor concentration (here, the average measured quantities).

Statistical analyses

Steady state flux and lag time of DEP permeation through skin stored 0, 1, 2, 3, 6, 9, 12, and
18 months were analyzed with One Way Analysis of Variance (ANOVA) for multi-groups
using SigmaPlot 12.5, which executes the Shapiro-Wilk normality test and the equal
variance pairwise multiple comparison procedures. When a significant difference of P <
0.05 emerged, an additional method, Holm-Sidak, was run to compare all groups to the fresh
skin control. Linear regressions were done using SigmaPlot. The statistical analysis of the
effect of glycerol was done with the t test, also using SigmaPlot. For each storage duration
studied, the comparison was made between skin stored with and without glycerol.
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Effect of frozen storage with glycerol on DEP permeation

The cumulative penetration of DEP through fresh skin and skin stored at —85 °C with 10%
glycerol up to 18 months is displayed in Figure 1 and results are tabulated in Table 4. The
average donor concentration was 1020 = 199 pg/mL. The average values for the six discs are
displayed for each storage duration. All data were included in the analysis; no data were
rejected as outliers. As shown in Figure 2 and Table 4, the DEP steady state flux ranged
from its highest value after 1 month storage, 21.6 pg/(cm?h) to 17.8 pg/(cm? h) for three
months storage, a 1.22fold decrease. The overall average was 19.6 + 4.2 pug/(cm? h)
(coefficient of variance of 21.4 %). The ANOVA found that the differences in the mean
values among the treatment groups were not great enough to exclude the possibility that the
difference was due to random sampling variability; there was not a statistically significant
difference (P = 0.6).

The DEP lag time, also plotted in Figure 2, varied from a lowest value of 0.41 hours at two
months storage to 0.94 hours at 18 months; a 2.3-fold increase. The average lag time was
0.66 hours and the coefficient of variance 37.5 % overall. The differences in the mean
values among the treatment groups were greater than would be expected by chance; there
was a statistically significant difference (P = 0.002). However, multiple comparisons with
the control group (fresh skin) showed no significant differences.

To observe if extended frozen storage led to an exposure duration-dependent deteriorating
effect on skin barrier, the chemical exposure was extended to 24 hours for both 12 and 18
month storage studies. The steady state fluxes from the longer exposures were compared to
the ones obtained using only the initial 8 hours of exposure data (Table 4). The differences
in the means of steady state fluxes and lag times were not great enough to reject the
possibility that the difference was due to random sampling variability, flux: P > 0.8; lag
time: P > 0.4).

Effect of frozen storage with and without glycerol on DEP permeation

To evaluate the cryo-protective effect of glycerol, HEM samples were stored with and
without glycerol for 3, 6, and 12 months at —85°C prior to DEP permeation testing. The
steady state fluxes and lag times of DEP through these skin samples are compared in Figure
3 and Table 5. No significant differences were found (flux: P > 0.4; lag time: P > 0.15).

Effect of frozen storage and thawing with and without glycerol on DEP permeation

Two sets of six discs, one with glycerol and the other without, were stored for a total time of
12 months but thawed 9 months into storage time. Data are listed in Table 5. The steady-
state flux values were 28.3 + 3.8 and 30.4 + 7.9 pg/(cm2h) and the lag time values were 0.74
+ 0.15 and 0.53 £ 0.28 h respectively. Neither were significant. There are significant
differences between these values and corresponding values at 12 months without thawing.
However, these two skin sets were derived from 2 different individuals, and so intra
individual variance is a confounding influence.
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Effect of frozen storage with and without glycerol on caffeine permeation

To evaluate the cryo-protective effect of glycerol on skin permeation to a hydrophilic
chemical, caffeine, HEM samples with and without glycerol were stored for 4, 8, and 12
months at —85 °C. The average measured donor concentration was 19465 + 1272 pg/ml (CV
6.5 %). The caffeine steady state fluxes and lag times through fresh and 4, 8 and 12-months
stored skin are presented in Figure 4 and Table 6. The difference in the mean values of
steady state flux and lag time with and without glycerol was not great enough to reject the
possibility that the difference is due to random sampling variability; all P = 0.34.

DISCUSSION

The present study was designed to evaluate the change in barrier function of heat separated
human epidermis with storage duration at —85 °C. Results indicate that barrier function is
preserved with storage up to 18 months with glycerol as a cryoprotectant. The average DEP
permeability through fresh and frozen skin stored up to 18 months with glycerol was (1.98 £
0.52) x 1072 cm/h, the steady state flux 19.64 + 4.20 ug/(cm?h) and the lag time 0.67 % 0.25
h, similar to the results from our previous study [37]. The overall coefficient of variance
(CV) for steady state flux of DEP was 21%, similar to intra-donor permeability CV on
previous studies [2, 38]. The differences in the mean values of lag time for DEP among the
treatment groups were greater than would be expected by chance (P = 0.002). However,
multiple comparisons versus the control of fresh skin by the Holm-Sidak method showed no
significant differences. The regression indicated a slight increase of lag time with storage
time, although others reported a decrease in lag time [17, 29].

A hydrophilic chemical, caffeine, was the second model chemical tested and it was used to
investigate the cryoprotective effect of glycerol. Limited skin availability permitted the
study only up to 12 months storage. The overall average permeability of caffeine through
human skin fresh and stored up to 12 months with and without glycerol was (1.5 £ 0.79) x
1074 cm/h, the steady state flux 2.95 + 1.5 ug/(cm?h) and the lag time 2.3 + 1.5 h—results
comparable to other studies [2, 34, 39], although one study reports a permeability ten times
higher [17]. The coefficient of variance for steady state flux was 44.5% for the samples with
glycerol and 51% for the ones without glycerol and 49.8% overall. The CV was higher than
DEP, perhaps due to the hydrophilic nature of caffeine and the inter-donor skin variation.

The addition of 10% glycerol made no statistically significant difference in DEP or caffeine
steady state flux for samples stored up to 12 months. For caffeine the CV of steady state flux
was slightly smaller with glycerol (44.5%) than without glycerol (51%) but for DEP the CV
was 25.4% with glycerol and 18.7% without. Also there was not a significant trend on the
CV versus length of storage for both DEP and caffeine. Several authors recommend the use
of glycerol [40, 41] since it is a known a cryo-protective agent. Our original hypothesis was
that storage with glycerol maintained barrier function compared with storage without
glycerol; however, our results do not support that premise.

Previous works analyzing the effect of frozen storage on skin permeation are listed in Tables
1 and 2. In summary, permeation in general increases with frozen storage in the range of 2-3
times for about half of all studies, with most of these from non-human studies. Some of the
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studies that found a significant effect from frozen storage are discussed below. It is
interesting to note several of those studies with human skin [17, 19] only observed storage
time up to 6 weeks. Neilsen et al. [17] concluded that tissue structural damage due to storage
correlated to increasing permeation of caffeine, with effects most pronounced with storage at
—80 °C for 3 weeks, based on very few samples: only two donors with a total of 3 samples
(one diffusion cell for donor #1 and two diffusion cells for donor #2), resulting in a 4-fold
increase in permeability for donor #1 and 1.7-fold increase for donor #2. Donor #1 is
disproportionately responsible for the overall results, and the low sample number renders
their conclusion statistically uncertain. On the other hand, their results were supported by
tissue structural changes that were observed with deteriorating barrier function. Kemppainen
et al. [19] found a 2.4-fold increase in the rate of permeation of skin stored at —60 °C for 10
days versus fresh skin; they included 83 samples from multiple donors. Ahlstrom et al. [29]
investigated the effect of freezing on the permeation of hydrocortisone (log Kqy, 1.43)
through canine skin stored at =20 °C for 1, 4, 8, and 12 months. They found that the pseudo-
steady state flux of hydrocortisone through skin frozen for 1, 4, 8, and 12 months was 1.27,
1.34, 1.90, and 1.85 times greater than through fresh skin. This represents a clear increase
with storage time.

Babu et al. [28] found a 2.2- fold increase in flux of melatonin (log Kqy, 1.2) with 10%
glycerol and a 5-fold increase without glycerol through hairless rat skin stored 6 months. For
nimesulide (log Kqy 2.6) the increase in flux was 2-fold and 2.5-fold with and without
glycerol. Their sample size was 9 for all experiments. For nimesulide a large increase in flux
occurred in the first 4 days and then decreased to about 2-fold and stayed constant from then
on. Their study clearly shows an effect of frozen storage on permeability of those two
compounds on rat skin as well as the benefit of glycerol for melatonin permeation. Their
results cover reasonable period of storage as well as an appropriate number of samples.

It is unclear why the results from the present study fail to observe an adverse effect on
barrier function with frozen storage duration. Perhaps the results depend on the permeating
chemical, however our results with caffeine contradict the findings of Neilsen et al. [17].
Furthermore, from other data generated in our lab using different donor formulations, there
have appeared to be no significant differences in permeability over storage duration time. It
therefore seems prudent for individual labs to test their own results using the particular
storage conditions within their lab.

Some potential limitations of this study have been identified. First, only breast tissue was
used here. It is known that skin from different body parts exhibits different permeation
properties for a given chemical. Breast and abdominal skin are most commonly used in
absorption studies through human skin [3]. It may be conceivable that skin other than breast
skin exhibits different effects from freezing.

Second, skin from only one human donor was used in the DEP permeation study on the
effect of freezing duration with glycerol (Figs. 1 and 2; Table 3). The motivation was to
eliminate intra-individual variability. A limitation of this approach is that only one donor has
been studied which may not be representative of other human donors. However, as pointed
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out in the RESULTS section, the permeability results for this donor are well within the data
range of previously published results.

The model compounds studied here represent a small range of MW (194.2 and 222.2) and a
moderate range of lipophilicity (log Kq,y —0.07 to 2.47). Results presented here for caffeine
and DEP may not be applicable to other chemicals of differing properties.

Finally, results may have been affected by the type of buffer. A balanced salt solution such
as the HEPES-buffered HBSS used here for both frozen storage and as receptor fluid, is a
solution made to a physiological pH and salt concentration. Balanced salt solutions provide
the cells with water and inorganic ions, while maintaining a physiological pH and osmotic
pressure. It is possible that the use of simpler saline solutions (e.g., phosphate buffered
saline (PBS)) may lead different results.

CONCLUSIONS

The results from this study of DEP permeation through human epidermal membranes fresh
and previously frozen at — 85 °C for 1, 2, 3, 6, 9, 12, and 18 months, showed no significant
effect from frozen storage. Furthermore, skin seems to conserve its permeability after 24
hours of chemical exposure under the conditions described here. As others have
demonstrated, there is no doubt that freezing affects the structure of skin, but the present
studies suggest that barrier function is maintained. The addition of 10% glycerol made no
statistically significant difference in DEP or caffeine permeability for samples stored up to
12 months. The barrier property of epidermal membranes appears to be robust. These results
support the use of skin frozen at —85 °C for up to 12 months or more for studies on barrier
function. These conclusions may not apply to frozen storage at higher temperatures, and
should be considered in light of possible limitations described previously.

References

1. Fahmy FS, Navsaria HA, Frame JD, Jones CR, Leigh IM. Skin-Graft Storage and Keratinocyte
Viability. British Journal of Plastic Surgery. 1993; 46:292-295. [PubMed: 8330085]

2. Akomeah FK, Martin GP, Brown MB. Variability in human skin permeability in vitro: Comparing
penetrants with different physicochemical properties. Journal of Pharmaceutical sciences. 2007;
96:824-834. [PubMed: 17177207]

3. Testing and Assessment. 28. Paris: 2004. OECD (Organisation for Economic Co-operation and
Development) Guidance document for the conduct of skin absorption studies. OECD Environmental
health and safety publications.

4. World Health Administration. 235. Geneva: 2006. IPCS: Dermal Absorption. International
Programme on Chemical Safety. Environmental Health Criteria. editor

5. SCCP/0970/06: Basic Criteria for the in vitro assessment of dermal absorption of cosmetic
ingredients, updated March 2006, adopted by the scientific comittee on consumer products (SCCP)
during the 7th plenary meeting; 28 March 2006; 2006.

6. US EPA. In vitro dermal absorption rate testing of certain chemicals of interest to the occupational
safety and health administration. Fed Reg. 2004; 69:22402-22441. April 26, 2004.

7. COLIPA. Guidelines for percutaneous absorption. The European Cosmetic Toiletry and Perfumery
Association; 1997.

8. Burch GE, Wilson T. Rate of Insensible perspiration (diffusion of water) locally through living and
through dead human skin. Archives of Internal Medicine. 1944; 74:437-444.

Skin Pharmacol Physiol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Barbero and Frasch

Page 10

9. Franz TJ. Percutaneous absorption on the relevance of in vitro data. The Journal of investigative

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

dermatology. 1975; 64:190-195. [PubMed: 123263]
10.

Astley JP, Levine M. Effect of dimethyl sulfoxide on permeability of human skin in vitro. Journal
of Pharmaceutical sciences. 1976; 65:210-215. [PubMed: 1255452]

Bronaugh RL, Stewart RF, Simon M. Methods for in vitro percutaneous absorption studies. VII:
Use of excised human skin. Journal of Pharmaceutical Sciences. 1986; 75(11):1094—7. [PubMed:
3820104]

Harrison SM, Barry BW, Dugard PH. Effects of Freezing on Human-Skin Permeability. Journal of
Pharmacy and Pharmacology. 1984; 36:261-262. [PubMed: 6144776]

Van der Bijl P, Van Eyk AD, Thompson IOC. Effect of freezing on the permeability of human
buccal and vaginal mucosa. South African Journal of Science. 1998; 94:499-502.

Nakai JS, Stathopulos PB, Campbell GL, Chu I, Li-Muller A, Aucoin R. Penetration of
chloroform, trichloroethylene, and tetrachloroethylene through human skin. Journal of Toxicology
& Environmental Health Part A. 1999; 58(3):157-70. [PubMed: 10522647]

Moody RP, Yip A, Chu I. Effect of Cold Storage on In Vitro Human Skin Absorption of Six 14C-
Radiolabeled Environmental Contaminants: Benzo[a]Pyrene, Ethylene Glycol, Methyl Parathion,
Naphthalene, Nonyl Phenol, and Toluene. Journal of Toxicology and Environmental Health-Part
A-Current Issues. 2009; 72:505-517.

Dennerlein K, Schneider D, Goeen T, Schaller KH, Drexler H, Korinth G. Studies on percutaneous
penetration of chemicals - Impact of storage conditions for excised human skin. Toxicology in
Vitro. 2013; 27:708-713. [PubMed: 23219852]

Nielsen J, Plasencia I, Sorensen J, Bagatolli L. Storage Conditions of Skin Affect Tissue Structure
and Subsequent in vitro Percutaneous Penetration. Skin Pharmacology and Physiology. 2011;
24:93-102. [PubMed: 21196813]

Swarbrick J, Lee G, Brom J. Drug Permeation Through Human-Skin. 1. Effect of Storage-
Conditions of Skin. Journal of Investigative Dermatology. 1982; 78:63-66. [PubMed: 6119346]

Kemppainen BW, Riley RT, Pace JG, Hoerr FJ. Effects of Skin Storage-Conditions and
Concentration of Applied Dose on [H-3] T-2 Toxin Penetration Through Excised Human and
Monkey Skin. Food and Chemical Toxicology. 1986; 24:221-227. [PubMed: 3957174]
Pitman IH, Downes LM. Cattle and Sheep Skin Permeability - A Comparison of Frozen and
Reconstituted Skin with That of Fresh Skin. Journal of Pharmaceutical sciences. 1982; 71:846.
[PubMed: 7120082]

Yazdanian M. The Effect of Freezing on Cattle Skin Permeability. International Journal of
Pharmaceutics. 1994; 103:93-96.

Sintov AC, Botner S. Transdermal drug delivery using microemulsion and aqueous systems:
Influence of skin storage conditions on the in vitro permeability of diclofenac from aqueous
vehicle systems. International Journal of Pharmaceutics. 2006; 311:55-62. [PubMed: 16431047]

Caon T, Simoes CMO. Effect of Freezing and Type of Mucosa on Ex Vivo Drug Permeability
Parameters. Aaps Pharmscitech. 2011; 12:587-592. [PubMed: 21541829]

Takeuchi H, Mano Y, Terasaka S, Sakurai T, Furuya A, Urano H, Sugibayashi K. Usefulness of
Rat Skin as a Substitute for Human Skin in the in Vitro Skin Permeation Study. Experimental
Animals. 2011; 60:373-384. [PubMed: 21791877]

Sintov AC, Greenberg |. Comparative percutaneous permeation study using caffeine-loaded
microemulsion showing low reliability of the frozen/thawed skin models. International Journal of
Pharmaceutics. 2014; 471:516-524. [PubMed: 24866271]

Hawkins GS, Reifenrath WG. Development of An Invitro Model for Determining the Fate of
Chemicals Applied to Skin. Fundamental and Applied Toxicology. 1984; 4:5133-S144. [PubMed:
6724204]

Hadzija BW, Ruddy SB, Ballenger ES. Effect of Freezing on lontophoretic Transport Through
Hairless Rat Skin. Journal of Pharmacy and Pharmacology. 1992; 44:387-390. [PubMed:
1359052]

Babu RJ, Kanikkannan N, Kikwai L, Ortega C, Andega S, Ball K, Yim S, Singh M. The influence
of various methods of cold storage of skin on the permeation of melatonin and nimesulide. Journal
of Controlled Release. 2003; 86:49-57. [PubMed: 12490372]

Skin Pharmacol Physiol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Barbero and Frasch

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

Page 11

Ahlstrom LA, Cross SE, Mills PC. The effects of freezing skin on transdermal drug penetration
kinetics. Journal of Veterinary Pharmacology & Therapeutics. 2007; 30(5):456—63. [PubMed:
17803739]

Nicoli S, Santi P. Suitability of excised rabbit ear skin - Fresh and frozen - for evaluating
transdermal permeation of estradiol. Drug Delivery. 2007; 14:195-199. [PubMed: 17497351]
White EA, Orazem ME, Bunge AL. Characterization of Damaged Skin by Impedance
Spectroscopy: Chemical Damage by Dimethyl Sulfoxide. Pharmaceutical Research. 2013;
30:2607-2624. [PubMed: 23820866]

Wester RC, Christoffel J, Hartway T, Poblete N, Maibach HI, Forsell J. Human cadaver skin
viability for in vitro percutaneous absorption: storage and detrimental effects of heat-separation
and freezing. Pharm Res. 1998; 15:82-84. [PubMed: 9487551]

van Belle G, Martin DC. Sample size as a function of coefficient of variation and ratio of means.
The American Statistician. 1993; 47:165-167.

van de Sandt JJM, van Burgsteden JA, Cage S, Carmichael PL, Dick I, Kenyon S, Korinth G,
Larese F, Limasset JC, Maas WJM. In vitro predictions of skin absorption of caffeine,
testosterone, and benzoic acid: a multi-centre comparison study. Regulatory Toxicology and
Pharmacology. 2004; 39:271-281. [PubMed: 15135208]

Frasch HF, Barbero AM. Application of solid-phase microextraction to in vitro skin permeation
experiments: example using diethyl phthalate. Toxicology in Vitro. 2005; 19:253-259. [PubMed:
15649639]

Crank, J. The mathematics of diffusion. 2nd. Oxford: Clarendon Press; 1975. p. 51

Frasch HF, Barbero AM. A paired comparison between human skin and hairless guinea pig skin in
vitro permeability and lag time measurements for 6 industrial chemicals. Cutaneous & Ocular
Toxicology. 2009; 28(3):107-13. [PubMed: 19552540]

Larsen RH, Nielsen F, Sorensen JA, Nielsen JB. Dermal penetration of fentanyl: Inter-and
intraindividual variations. Pharmacology & Toxicology. 2003; 93:244-248. [PubMed: 14629737]
Nanayakkara GR, Bartlett A, Forbes B, Marriott C, Whitfield PJ, Brown MB. The effect of
unsaturated fatty acids in benzyl alcohol on the percutaneous permeation of three model
penetrants. International Journal of Pharmaceutics. 2005; 301:129-139. [PubMed: 16019171]
Reifenrath, WG.; Kemppainen, BW. Skin Storage Conditions. In: Bronaugh, R.; Maibach, H.,
editors. In Vitro Percutaneous Absorption: Principles, Fundamental, and Applications. CRC; 1991.
p. 115-125.

Kasting GB, Bowman LA. Electrical Analysis of Fresh, Excised Human Skin - A Comparison with
Frozen Skin. Pharmaceutical Research. 1990; 7:1141-1146. [PubMed: 2293212]

Skin Pharmacol Physiol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Barbero and Frasch Page 12

160 -
® fresh
140 - O 1 month
v 2 months
A 3 months
120 - ®m 6 months
O 9 months
- ¢ 12 months
e 1001 ¢ 18 months
-Eé regression curves
G
w0 80 4
[9)]
(4]
=
05
O 60 -
40
20 4
0 -
I I | | |
0 2 4 6 8
Time (h)
Figure 1.

DEP permeation through heat separated human epidermis. Mass accumulation in receptor
compartments through skin stored up to 18 months at —85°C. Shown are means, n = 6 per
group, all samples derived from a single human donor. Solid lines represent nonlinear
regressions of the data with the diffusion equation (eq. 1).
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Figure 2.
Steady State flux (top) and lag time (bottom) of DEP through heat separated human

epidermis stored up to 18 months at —85°C. Mean + SD, n = 6 per group from a single
donor.
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Figure 3.
Effect of glycerol on DEP steady state flux (top) and lag time (bottom) on human epidermis

stored at —85 °C. Mean + SD, n = 6 per group. *: Significant difference (P <0.02) between
corresponding value at 12 months without thawing.
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Figure 4.
Effect of glycerol on caffeine steady state flux (top) and lag time (bottom) for skin stored at

-85 °C up to 12 months. Mean + SD, n = 6 per group.
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Effect of storage at —85 °C with (+) or without (=) glycerol on caffeine permeation. Shown are mean and (SD)

Table 6
forn==6.

Storage Duration (months) | 4 8 12
Jgs (ug/(cm?hy)) + 2.51(0.93) | 2.91(1.46) | 3.25(1.55)

- 2.98(1.42) | 3.29(2.41) | 3.33(0.28)
Kp (107 cm/h) + 1.29 (0.47) | 1.49 (0.75) | 1.67 (0.80)

- 1.53(0.73) | 1.69 (1.24) | 1.71(0.14)
tiag (M) + 2.55(1.54) | 1.85(1.23) | 2.67 (3.09)

- 2.30(0.65) | 2.70 (1.74) | 1.07 (0.19)
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