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Abstract

Objectives The chick chorioallantoic membrane (CAM) was explored as a biological
membrane for use in the study of drug permeation with a Franz diffusion cell.

Methods The CAM was removed from fertilized chicken eggs of embryo age 9-18 days.
The permeation profiles of nicotine through the fresh CAM were first obtained with a Franz
diffusion cell. The permeation profiles of nicotine through frozen CAM, snake skin, pig
skin, pig retina and pig buccal mucosa were also determined and compared with those of
the fresh CAM.

Key findings The permeability coefficient of the CAM varied with its age. The CAM at
embryo age 13 was the most robust, showing the lowest standard error in permeability. It was
thus chosen for comparative studies with snake skin, pig skin, retina and buccal mucosa. The
CAM was found to be most similar to the buccal mucosa in terms of permeation profile and
permeability coefficient values. Frozen CAM was also found to have a higher permeability
coefficient than fresh CAM. The enhanced permeability was attributed to freezing, which
affected the integrity of the CAM structure.

Conclusions From the findings, CAM shows potential as an alternative to the pig buccal
mucosa as an in-vitro buccal model. The robustness of the CAM for drug permeation studies
is affected by its age.

Keywords buccal mucosa; chick chorioallantoic membrane; permeation

Introduction

Chick choriollantoic membrane

The chorioallantoic membrane (CAM) is also known as the chorioallantois and is derived
from two extra-embryonic membranes: the chorion and allantois. The chorion and allantois
start to fuse together to form the CAM at about 4 days after the egg is laid."! The day the egg
is laid is known as embryo age (EA) 0.

Besides being a respiratory and excretory organ, the CAM provides support to the
underlying extra-embryonic blood vessels such as the vitelline vessels found on the surface
of the yolk. The CAM is also involved in the transport of sodium and chloride from the
allantoic sac, which is located close to the amnion sac, and calcium from the eggshell to the
vasculature.

Histologically, the CAM consists of three layers: ectoderm, mesoderm and endoderm.™
In addition to angiogenic, vasoreactivity and irritancy studies,”" the CAM has also been
used as a model for the human skin,”® eye™ and endocrine system.!"”!

Angiogenesis and irritancy studies have involved the application of test substances on the
CAM surface. The change in vessel density and vessel growth are determined in angiogen-
esis studies,?* whilst vessel damage is assessed in the evaluation of irritancy.”" Skin grafts
have been placed on the CAM when used as a model for human skin.®™ The reaction of the
CAM to irritants has been used as an alternative to the Draize test to predict ocular
irritation.” The influence of environmental factors on the CAM has been studied to indicate
the effects of ecological changes on the endocrine system.!"”!

The CAM has been extensively used and it is of interest to employ it as an in-vitro model
for drug permeation studies because chicken eggs are markedly easy to obtain and use.
Hence the aim of the study was to compare the permeation profile of a model drug between
the CAM and other biological membranes, to assess its suitability as a biological membrane
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for permeation studies. The other biological membranes
studied are commonly used to represent human tissue: snake
and pig skin were used to represent human skin whilst pig
buccal mucosa and retina tissue represented human buccal
mucosa and retina tissue, respectively. As tissues are usually
preserved in the freezer, this study also determined the influ-
ence of freezing on the CAM tissue. Nicotine was used as the
model drug as it possesses good solubility in both polar and
non-polar solvents. Its low molecular weight does not repre-
sent a limiting factor to drug permeation,!"' hence it is suitable
for assessing the influence of the various biological mem-
branes on drug permeation.

Materials and Methods

Materials

Freshly laid, fertilized specific pathogen-free (SPF) chicken
eggs of the White Leghorn strain were purchased from
Chew’s Agriculture, Singapore. The White Leghorn strain is
commonly used for experiments. L-nicotine (>99%, Acros
Organics, USA) was used as a model drug. Shed skin of the
King Cobra, Ophiophagus Hannah, was a gift from Khon
Kaen University, Thailand. Pig abdominal skin, buccal
mucosa as well as retina tissue were obtained from 4-month-
old Yorkshire-Duroc mix breed female pigs (Animal Holding
Unit, National University of Singapore). Disodium hydrogen
orthophosphate dodecahydrate (BDH Chemicals, England),
sodium dihydrogenphosphate dehydrate (Nacalai Tesque,
Japan) and sodium chloride (Merck Germany) were used to
prepare isotonic phosphate buffer.

Approval from the Institutional Animal Care and Use
Committee (National University of Singapore) was obtained
for CAM older than EA 10.

Methods
Preparation of membranes for study

Cellulose membrane

A membrane composed of regenerated cellulose (Sartorius
Stedim Biotech, France) was used to support the test biologi-
cal membrane in the Franz diffusion cell. The cellulose mem-
brane, with a pore size of 0.45 pm, was cut into a circular disc
of diameter 34 mm. The test biological membrane was placed
on top of the cellulose membrane.

CAM

The eggs were incubated at 37°C for different periods of time
to produce CAM of different embryonic age. The CAM was
harvested by first making a hole at the blunt end of the egg
with a sharp pair of forceps. The eggshell was then cut in half
along its length and the contents of the egg emptied, leaving
the CAM adhered to the underside of the shell beneath the
inner shell membrane. Normal saline was used to wash the
surface of the CAM, after which the CAM was carefully
removed from the inner shell membrane with a pair of
forceps. The CAM was rinsed in normal saline again and
immediately used in the permeation study or frozen for use at
a later date. The thickness of the CAM was also measured
with a micrometer at at least three different locations, and the
measurements were averaged.
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King Cobra skin

The shed King Cobra skin was washed and dried at room
temperature before being cut into discs and stored at room
temperature. The skin discs were hydrated by soaking in
isotonic phosphate buffer in a covered Petri dish for 30 min
prior to use.

Pig skin

Freshly harvested pig skin was frozen at —30°C and thawed
prior to preparation. The hair on the skin was trimmed with a
pair of scissors. The skin was then cut into appropriate sizes,
rinsed with normal saline and soaked in isotonic phosphate
buffer for 30 min prior to use.

Pig buccal mucosa

The sample supplied consisted of the buccal mucosa with
underlying fat and muscle tissue. Because of this the speci-
men was first treated by soaking in hot water at 60°C for 2 min
to facilitate the removal of the mucosal layer from the base
material tissue with a pair of forceps. The buccal mucosa was
cut into appropriate sizes, washed with normal saline and
soaked in isotonic phosphate buffer for 30 min prior to use.

Pig retina tissue

The retina tissue was carefully removed from the back of the
pig eyeball using a pair of forceps. The retinal tissue was then
washed with normal saline and soaked in isotonic phosphate
buffer for 30 min prior to use.

Permeation study

Permeation studies were carried out with the use of the
Hanson Microette® apparatus (Hanson Research, USA),
which consists of six Franz diffusion cells in a vertical
arrangement. Each diffusion cell consists of a lower receptor
compartment and an upper donor compartment, jacketed at
37°C and connected by a central orifice of diameter 15 mm.
The test membrane, with an underlying supporting cellulose
membrane, was placed on a Teflon disk with a central orifice
of diameter 8 mm or 15 mm and clamped between the donor
and receptor compartments. The donor compartment was
filled with 1 ml of drug solution while the receptor compart-
ment was filled to its capacity with 7 ml of isotonic phosphate
buffer. Sampling using a vacuum-controlled autosampler
was conducted over pre-determined time intervals. Sink con-
ditions were maintained with the continuous use of a helix
stirrer set at 600 rpm, topped-up with fresh isotonic phosphate
buffer in the receptor compartment following sample with-
drawal. The samples collected were analysed by HPLC. The
permeation study was carried out in triplicate.

HPLC analysis

The quantification of nicotine was performed with
reversed-phase HPLC using a C-18 column (Hypersil, 5 pum,
4.6 mm X 200 mm). The mobile phase consisted of 0.05 M
sodium acetate and methanol in the proportion of 88 : 12 v/v,
with 0.5% v/v triethylamine. The pH of the mobile phase was
then adjusted with glacial acetic acid to pH 4.2. The flow rate
was set at 1 ml/min with sample injection volume of 20 ul and
nicotine was assayed spectrophotometrically at 259 nm.
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Under these conditions, the calibration plot for nicotine
between 0.0005 and 0.2% v/v demonstrated good linearity
and reproducibility (1* >0.99).

Data analysis

Sink conditions were maintained in the receptor compart-
ment. As such, the amount of drug that permeated through the
membrane can be described by Equation 1.1

i=n-1

My [n]=V,-C[n]+V,- Z{C[n—l]} (1)

where M+[n] is the cumulative amount of drug transported
across the membrane at time ¢, C[n] is the concentration of
drug in the receptor medium at time 7, V; is the volume of the
receptor medium, V; is the volume of sample removed for
analysis at each sampling point and £{C[n — 1]} denotes the
summation of the previously measured concentrations.

Steady-state flux can be determined by Fick’s first law of
diffusion, which is descriptive of the steady-state diffusion
through a membrane (Equation 2).

do 1
=% _kcC 2
aA P @

where J is the steady-state flux, Q is the amount of drug that
permeates through the membrane, ¢ is the exposure time, A is
the area of application, K, is the permeability coefficient and
Cp is the concentration of drug applied.

The cumulative amount of drug that permeated through the
membrane per unit area Q/A was calculated and plotted as a
function of time, 7. Steady-state flux J was obtained by linear
regression analysis of the initial linear portion of the plot. The
K, value was obtained by dividing the steady-state flux value
by the concentration of drug applied.

Statistical analysis

Statistical analysis of the permeability coefficients of nicotine
through the CAM, pig skin, snake skin, buccal mucosal and
retinal tissue was performed using the Kruskal-Wallis test
(SPSS, Version 11, Lead Technologies, USA). A significance
level of P < 0.05 denoted significance in all cases.

Results

The total duration of experimentation was varied as prelimi-
nary investigations showed that the pig skin and snake skin
required a longer time for nicotine to permeate compared to
the other biological tissues. Hence a longer experimental time
was allowed for the pig skin and snake skin. The other bio-
logical membranes were found to reach maximum permeation
in a much shorter time and the experimental time was corre-
spondingly shortened.

Cellulose membrane

In a separate control study, the cellulose membrane was
used without any biological membrane to determine its effect
on drug permeation. The amount of nicotine that permeated
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18 aSnake skin (n=3, P < 0.05)

+Pig skin (n=3, P < 0.05)

161 eFresh CAM (EA 15) (n=5, P < 0.05)
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Figure 1 Permeation profiles of nicotine through different membranes.
Values shown are expressed as mean = SEM.

through the cellulose membrane was rapid, reaching a plateau
in less than an hour (Figure 1). The high permeation rate
clearly demonstrates minimal permeation resistance caused
by the cellulose membrane. Results obtained for the cellulose
membrane showed a smaller variation compared to the bio-
logical membranes. Being synthetic, the cellulose membrane
has precise composition, unlike the biological membranes,
which have slightly variable composition.

Permeation profile of fresh CAM

The typical permeation profile of nicotine through the CAM is
depicted in Figure 1. Irrespective of embryo age, the total
amount of nicotine that permeated through the CAM reached
a plateau after about 5 h. The CAM thickness increased lin-
early with embryo age (> = 0.94) (Figure 2). The permeation
coefficient was found to vary with embryo age (P < 0.05)
(Table 1). This suggests that the composition of the CAM,
which varied with age, had some effect on drug permeation.

The change in K, values with embryo age could be roughly
accounted for by the morphological change of the ectoderm
(Table 1). The K, value of fresh CAM decreased after EA 11
and reached a minimum at EA 13 before increasing at EA 14,
decreasing at EA 15, increasing again at EA 16 and finally
reaching a plateau at EA17 and EA 18 (Figure 3). However,
the K, values from EA 15 to EA 18 can be regarded as almost
similar because of the overlapping standard errors.

Frozen CAM

The permeation profile of nicotine through the frozen
CAM at EA 13 is shown in Figure 1 and the permeability
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coefficients of the frozen CAM at EA 9 to EA 18 are shown
in Table 1. In comparison with the permeation of fresh CAM,
the amount of nicotine that permeated through the frozen
CAM was significantly higher (P < 0.05) at each correspond-
ing fresh CAM of the same EA (Table 1). However, the plot
of K, vs EA for fresh and frozen CAM showed similar trends
(Figure 3). The minima in permeation were observed around
EA 13-14.
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r2=0.94

180+
160+

N
B
o

120+
100+

[e2) ]
o o
! !

Average thickness (um)

N B
o o
! I

o

11 13 15 17 19
Embryo age (days)

o

Figure 2 Average thickness of CAM at different embryo age.

Table 1 K, values of test membranes with nicotine
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Permeation studies using animal tissues

The permeation profile of nicotine through pig skin shows that
the total amount of permeated nicotine was lower than in fresh
and frozen CAM. In addition, it took a longer time for nicotine
to reach a plateau in pig skin than in the CAM (Figure 1).
Permeation through snake skin was slower than in the other
biological membranes. The rate of permeation of nicotine is in
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Figure 3 Plots of EA vs K, for nicotine through frozen and fresh
CAMs.

Embryo Permeability P value Standard error Coefficient of

age coefficient, K, of mean variance
Fresh CAM 9 0.129 <0.05 0.0029 4.98
(n=15) 10 0.180 <0.05 0.0128 15.9
11 0.181 <0.05 0.0143 17.7
12 0.152 <0.05 0.0160 23.5
13 0.127 <0.05 0.0062 10.9
14 0.170 <0.05 0.0222 29.2
15 0.130 <0.05 0.0167 28.7
16 0.156 <0.05 0.0103 14.8
17 0.130 <0.05 0.0144 24.8
18 0.132 <0.05 0.0125 21.2
Frozen CAM 9 0.188 <0.05 0.0043 5.06
(n=5) 10 0.202 <0.05 0.0104 11.5
11 0.357 <0.05 0.0072 4.53
12 0.292 <0.05 0.0148 11.3
13 0.217 <0.05 0.0074 7.58
14 0.199 <0.05 0.0026 2.96
15 0.238 <0.05 0.0259 243
16 0.291 <0.05 0.0009 0.758
17 0.334 <0.05 0.0032 2.12
18 0.307 <0.05 0.0026 1.86
Snake skin (n = 3) - 0.011 <0.05 0.0023 36.8
Pig skin (n=3) - 0.003 <0.05 0.0002 13.4
Pig retina (n = 3) - 0.473 <0.05 0.1580 57.9
Pig buccal mucosa (n =3) - 0.133 <0.05 0.0362 47.1
Cellulose membrane (n = 3) - 1.777 <0.05 0.1280 12.5
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agreement with the findings from a previous study."*' The K,
value of the snake skin was significantly lower than those of
fresh and frozen CAM but higher than that of pig skin as the
shed snake skin was considerably thinner and had no under-
lying tissues.

The organs and membranes of pigs have been considered
to be structurally similar to their counterparts in humans.
However, the permeation profile of nicotine through retina
tissue showed that the total amount of permeated nicotine was
significantly higher than those for fresh and frozen CAMs. In
fact, the average K, value of the retina was the highest among
the biological membranes tested. For the buccal mucosa, nico-
tine permeation was markedly higher than through fresh
CAM. However, the K, values of the buccal mucosa and fresh
CAM were comparable. The pig buccal mucosa in this study
was found to be 44 times more permeable than the pig skin,
which is widely used as a human skin model.

Discussion

Cellulose membrane

The function of the cellulose membrane was to provide
support to the test biological membrane placed across the
orifice between the donor and receptor compartments. Hydro-
phobic membranes were avoided as they were found to be
poorly wetted by the aqueous media used. Poor wetting of the
membrane was found to affect the permeation of nitroglyc-
erin." The cellulose membrane used was easily wetted,
mechanically strong when wetted and did not pose any sig-
nificant barrier to drug permeation. Hence, it did not hinder or
alter the rate of nicotine permeation through the biological
membranes studied.

Permeation profile using fresh CAM

The change in K, values with embryo age could be roughly
accounted for by the morphological changes of the ectoderm.
The CAM consists of three layers: the ectoderm, mesoderm
and endoderm. These grow at different rates and exhibit dif-
ferent morphological characteristics. The ectoderm is made
up of a majority of cuboidal cells while the mesoderm consists
of blood vessels and cells with fibrillar material. The endo-
derm consists of squamous and cuboidal cells. As the egg
matures, these cells change to columnar type and large inter-
cellular spaces appear after EA 16. Light and electron micros-
copy have shown that the ectoderm layer is the densest, with
closely packed cells. The ectoderm layer is therefore likely to
be the greatest barrier to permeation. After EA 10, the ecto-
derm proliferates non-uniformly until it is at least eight cells
thick. It reaches maximum thickness around EA 14, then
degrades after EA 15. As such, a gradual decrease in K, after
EA 10 and minima around EA 14 were observed. Some devia-
tion from the expected trend suggests that the mesoderm and
endoderm also affected the permeation of nicotine, but to
smaller extents (Figure 3). There was an increase in the thick-
ness of the endothelium of the larger blood vessels in the
mesoderm after EA 15.1'! This increase in thickness of the
endothelium may represent a barrier to permeation and could
account for the lower K, values that were observed after EA 14
instead of the expected increase (Figure 3). The consistency
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of K, values from EA 15 to EA 18 suggests that CAM of EA
15 is suitable for use as a permeation model.

Frozen CAM

It should be optimal to employ fresh CAM in experiments as
it has been found that freshly harvested animal skin retains
most of the characteristics of living skin."" Availability of
fresh CAM is not always possible or convenient but the CAMs
of certain EA (EA 13 to EA 18) may be frozen prior to future
use at the desired time point. The properties of frozen CAM in
comparison with fresh CAM were therefore investigated to
examine the effect of freezing on the permeation of nicotine.

Statistically significant differences in flux values between
fresh and frozen porcine buccal mucosa have been reported.!"”
Freezing has also been found to cause an increase in perme-
ability of the skin.!"*!! This was attributed to the formation of
ice crystals in the skin as well as disorganization of lipids,
damaging the keratinocytes and lipid matrix of the rate-
limiting stratum corneum. Mechanical damage and osmotic
effects have also been proposed as possible mechanisms of
increased membrane permeability.??

Although fresh CAM may be ideal it may not always
be available. Hence frozen CAM is a viable alternative for
permeability studies.

Pig skin

Pig skin is regarded as one of the best animal models for
human skin.>* The K, value obtained for pig skin was
similar to that obtained from other studies that compared pig
skin to human skin.”

The K, value of the pig skin was significantly lower than
those of fresh and frozen CAMs but similar to the K, value of
0.0039 cm/h for human skin.”® This indicates that the perme-
ation profile through pig skin resembles that of human skin,
but not the CAM. Hence, the CAM is not suitable as a skin
model. The metabolizing capabilities of the skin are largely
attributed to the viable epidermis.””” In this case, the pig skin
was frozen prior to use and the tissue was not viable, hence
metabolism of nicotine could not have occurred. The stratum
corneum is 13—-17 um thick, consisting of 10-20 layers of
keratin-rich corneocytes and lipid layers. The corneocytes are
embedded in an extracellular lipid matrix that is arranged in
an orderly manner. This complex arrangement of corneocytes
and lipids is referred to as the brick and mortar model and is
the main barrier to drug permeation through the skin.®!

A full thickness specimen of pig skin was used in the
present study. The stratum corneum of the pig skin may have
represented a permeation barrier and accounted for the sig-
nificantly lower amount of nicotine that permeated through as
compared to the CAM, which does not possess the keratinized
stratum corneum.

Snake skin

Snake skin is easily available without causing harm to the
snake as a relatively large amount of skin is periodically shed
from each snake. Shed snake skin consists of three layers
without any hair follicles. The outermost layer is rich in
B-keratin while the innermost layer is rich in o-keratin. The
intermediate mesos layer, which is composed of three to five
sub-layers of cornified cells enclosed by intercellular lipids,
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closely resembles the stratum corneum of the human skin. The
vascular structures and collageneous connective tissues found
in snake and human skin are also similar.”” Snake skin has
therefore been used as a model for human skin.”” The K,
value obtained for snake skin was higher than that for pig skin.
This could be attributed to the thicker rate-limiting stratum
corneum layer found in pig skin (26.4 = 0.4 um) as compared
to that of snake skin (10-20 wm).">3" Nevertheless, the snake
skin is a better model for the human skin than CAM.

Retina tissue

The retinal pigment epithelium and endothelial membrane of
the retinal vessels possess tight junctions that are non-
leaky.®” The CAM is of comparable thickness to human
retina at approximately 100-300 wm. Furthermore, the tissue
responses of CAM used in in-vitro studies have been found
to be similar to those of rabbit retina in in-vivo studies.¥ Tt
should be pointed out that the retina is a very delicate piece
of tissue that is easily damaged. The high K, value and large
coefficient of variance strongly suggest that the retinal tissue
was partially damaged in the preparation procedure, albeit in
a manner not visible to the naked eye. The random damaged
spots on the retina facilitated permeation of the drug through
the tissue to markedly different extents. Close observation
of the retinal samples revealed non-uniform distribution
of retinal pigment. The process of removing the retina and
soaking it in isotonic phosphate buffer resulted in some loss
of the retinal pigmented epithelium. The retinal pigmented
epithelium has tight junctions, which have been reported
to form a barrier to permeation of compounds through the
retina.® Possible higher nicotine permeation through the
retina therefore resulted, showing higher K, values with large
coefficient of variance. Nevertheless, the findings suggest
that the CAM can be akin to the retinal epithelium. Expertise
in harvesting the retina or cornea could be improved with
more practice.

Buccal tissue

The buccal mucosa is suitable for the delivery of macromol-
ecules and hydrophilic compounds.”*” The pig buccal mucosa
is commonly used as an alternative to human buccal mucosa
in the study of drug delivery by the buccal route.’® Cell
cultures of human buccal mucosa are available but there have
been few studies on them and information is limited. Rabbit
and hamster buccal mucosa are less desirable because of the
patchy keratinization of the tissue and their limited size."”
Although the average thickness of the buccal mucosa is 500—
600 um, and much thicker than the CAM,"®¥ the similarity
between CAM and buccal mucosa permeation coefficients
raises the possibility of the CAM being used as a substitute for
human buccal mucosa instead of pig buccal mucosa. CAM as
a human buccal model has many advantages over the pig
buccal mucosa. There is the possibility of tissue damage to the
buccal mucosa that may occur when the pig masticates and
accidentally bites the buccal mucosa. The CAM is kept in a
protected environment in the egg, away from physical assaults
from the environment. Tissue acquisition from pigs is also a
more laborious and time-intensive procedure compared to
harvesting the CAM. More costs are incurred with the raising
of pigs to a suitable age for experimentation and their sacrifice
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in a humane manner. Most importantly, there are less ethical
issues surrounding the use of CAM and this makes it an
excellent in-vivo or in-situ membrane model.

Conclusion

The CAM was more similar to the buccal mucosa as opposed
to keratinized skin in terms of permeation profile and perme-
ability coefficient values. Fresh and frozen CAMs displayed
similar permeation profiles but frozen CAM was found to be
more permeable than fresh CAM. The CAM shows potential
as an alternative biological membrane to the pig buccal
mucosa. It can be used as a buccal model in the evaluation of
absorption of drugs that are administered through the buccal
route. The CAM is also potentially useful as a model for
corneal or retinal epithelium.
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