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ABSTRACT

A bilayer polymeric membrane consisting of a top laver
of silicone elastomer bonded to a bottom layer of a highly
poroustcollagen—glycosamlnoglycan (GAG) matrix was seeded
with a suspension of epidermal cells. Seeding of tne
bilayer membrane was accomplished by constructing a special
centrifuge bucket which was machined to the size of the
membrane and maintained the plane of the membrane perpendi-
cular to the centrifugal force vector. When applied to the
open wound of the guinea pig, these membranes maintained
wounds free from infection and exudation. Mesenchymal cells
and capillaries from the woundbed invaded the collagen-GAG
matrix which acted as a biodegradable template for the
formation of a dermal-like tissue (neodermis). Within two
weeks of grafting, the seeded epidermal cells had divided
and formed a confluent keratinizing epidermis (neoepidermis)
just below the silicone layer. This allowed the silicone
layer to be removed. The neoepidermis maintained the
wounded areas free from infection and developed a water
permeability comparakle to normal skin.

The neodermis formed had a collagen fiber morphology
different from scar, but lacked skin accessory organs such
as hair follicles and sebaceous glands. The skin produced,
as a result of the application of these membranes, was soft,
supple, resilient and formed a smooth transition with normal
skin. Measurements of mechanical properties in guinea pigs
showed the neodermis to have an ultimate tensile strength
of 2,000 p.s.i., about 45% of the value for normal dermis
adjacent t» the graft. Samples of neodermis were slightly
stiffer than the adjacent dermis. Both stiffness and
strengths of the neodermis were similar to those of a mature
full-thickness autograft.

The gross appearance of the new skin 200 days after
grafting with 1.5 by 2 cm membranes showed that the wound
area was about 70% of the original. This area was much
greater than that observed with ungrafted wounds (23%) and
wounds grafted with unseeded membranes (27%, p < 0.005),



but significantly less than that seen in the full-thickness
autograft (121%, p < 0.005). This suggests that the neo-
epidermal-neodermal interaction is an important parameter
in the control of contraction.

The time at which neoepidermal confluence occurred was
dependent on the number of cells seeded. Seeding membranes
with 500,000 cells/cm?® graft area resulted in epidermal con-
fluence in 12 * 3 days, whereas seeding with 50,000 cells/
cm? yielded confluence in 21 * 8 days. Increasing the cell
density above 500,000 cells/cm? graft did not reduce the
time required to achieve neocepidermal confluence. About
2,000,000 viable cells were isolated from each square cen-
timeter of the thin split-thickness skin biopsies. This re-
sulted in expansion factors of 4:1 and 40:1 when 500,000 and
50,000 cells/cm? were used respectively. The cell isolation
and seeding procedure was performed in a period of less than
two hours. These results suggest that it may be possible to
close large wounds of a burn victim in a single operative
procedure without extensive use of autografts. These re-
sults also suggest that long-term disfigurement resulting
from scarring and contraction may also be reduced.

Preliminary studies using epidermal cells of a hetero-
logous origin showed in 38% of the grafts gross evidence of
the production of a functional neoepidermis without cell
nediated rejection over at least 17 days of observation.

No immunosuppressicn was used and in three animals, immuno-
competence was demonstrated by subsequent rejection of a
full-thickness homograft from the same donor in a period of
about 10 days. It was proposed that the elimination of
Langerhans cells from the epidermal cell suspension may re-
sult in neoepidermal survival without the use of immuno-
suppressive drugs. Further work will be required to deter-
mine the optimal treatment of the donor epidermal cell sus-
pension so as to reduce its immunogenicity.
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Title: Professor, Harvard, M.I.T. Division of Health
Sciences and Technology

Professor of Polymer Science and Engineering,
Department of Mechanical Engineering and the
Department of Materials Science and Engineering,
Massachusetts Institute of Technology
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INTRODUCTION

The need for a synthetic replacement for the skin has
long been recognized. A suitable replacement would aid the
treatment of skin loss due to a variety of diseases and
trauma and would be particuiarly helpful in the treatment of
burn victims. Over 130;000 percons (1) are hospitalized
each year in the United States due to burns, and 10,000 die
as a result of their burn injuries (2). Of the patients who
are hospitalized, many have burns over half of the body sur-
face which demand months of medical treatment and often
years of physical therapy and reconstructive surgery to re-
store function and reduce disfigurement.

The acute burn victim presents the physician with two
major problems which are a direct result of loss of skin:

1) fluid loss due to water evaporation from open wounds, and
2) infection related to access of microoorganisms to the
body through the wounded areas. Current burn therapy
(3,4,5) is directed at treating these problems as well as
using various surgical techniques and devices to close these
potentially devastating wounds.

Being the largest organ in the body, the skin covers
about 1.7 square meters of the average adult. Normally, it
acts as a protective barrier to prevent bacteria, toxic
materials, and ultraviolet light from entering the body and
to keep fluid and electrolytes within the body. The skin
also acts as a mechanical barrier by protecting the body

from abrasions and minor trauma. It serves in thermo-
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Figure 1. Anatomy of the skin (CIBA Pharmaceutical Co.,
Division of CIBA-GEIGY Corporation, illustrated by Frank
H. Netter, M.D.).
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regulation through the use of specialized sweat glands and
by the regulation of surface blood flow. The rate of blood
flow in skin is also an important regulator of blood pres-
sure. Human skin also plays a small role in excreting toxic
metabolites such as urea from sweat glands.

The skin is composed of two basic layers, the dermis
and epidermis. The epidermis, derived from the embryonic
ectoderm, is a multicellular layer about 80 pm thick consist-
ing of four sublayers (Figure 2): the stratum basalis, the
stratum spinosum, the stratum granulosum, and the stratum
corneum (6). Cells of the stratum basalis, or basal cell
layer, are the stem cell population of the epidermis and lie
in close proximity to the dermis. As cells mature, they
pass upwards in the epidermis through the stratum spinosum
and stratum granulosum. Finally, cells at the top of the
stratum granulosum die, become anuclear and join together to
form the stratum corneum. The stratum corneum, therefore,
is being replaced continously by cells below it as the upper
levels of the stratum corneum slough off. The stratum cor-
neum acts as the barrier to mass transport between the body
and the environment. Skin appendages such as hair, sweat
glands, sebaceous glands and apocrine glands are specialized
organs derived from the epidermis (7).

The dermis, derived from the embryonic mesoderm, is a
much thicker layer (1-2 mm thick) and is responsible for
the mechanical properties of the skin. It is composed

primarily of water, collagen, glycosaminoglycans, elastin,
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Figure 2. Anatomy of the epidermis. The maturation sequence
for an epidermal cell is from the basal layer to the horny
layer or stratum corneum. From: Montagna, W., Parakkal, P.F.
The Structure and Function of Skin, 3rd ed., New York, Academic
Press, 1974.
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and reticulum (8). The dermis is a relatively strong visco-
elastic structure with tensile strengths ranging from 500 to
10,000 p.s.i. (9,10) depending on species, location in the
body, and orientation of the specimen. Many of the mechani-
cal properties of the dermis can be ascribed to the collagen
fibers present. Because of the rich vascularity of the der-
mis, body temperature can be maintained over a variety of
environmental conditions by regulation of the skin blood
flow (Figure 3).

The replacement of skin and the process of wound
healing have long intrigued man (11). Mammalian skin seems
to have lost its ability to regenerate (12). This is in
contrast to lower animal species such as the salamander
where it is well known that complete limbs can regenerate
without any evidence of scarring (12). Anecdotes in the
human, and a recently documented study in the mouse (13),
suggest that perhaps the regenerative capacity in mammals
is not completely lost. 1In this study, structures such as
bone, nail and dermis were shown to regenerate when the
distal portion of the digit of a mouse was amputated (13).
Other than these isolated instances, the mammalian species
seem to react quite differently to wounds than the amphi-
bian counterpart. The mammal reacts to an open wound by
two important processes: contraction and scarring. Con-
traction is the reduction in wound area which occurs during
healing. Contraction méy be a mammalian adaptation to

defend against the potential lethal effects of an open
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Figure 3. Physiolngy of the Skin.
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wound. Skin from the edges of the wound is pulled together
helping to close the wound. Contraction has been studied
in many animal models and differences in the rate of con-
traction have been found due to species, nutrition, and the
administration of drugs (14-26).

Many theories have been proposed to ‘explain the mecha-
nism of conﬁraction. One popular theory states that con-
traction is due to the action of myofibroblasts, cells pre-
sent in granulation tissue, which exert forces on the
surrounding tissue. Majno et al showed the contractility
of strips of granulation tissue in vitro when exposed to
pharmacologic agents such as bradykinin, vasopressin,. and
epinephrine (27). Myofibroblasts are also found around
blood clots and in Dupuytren's contracture. Myofibroblasts
have characteristics both of fibroblasts and smooth muscle
cells when viewed with the electron microscope (28-30) and
are probably derived from either fibroblasts or mesenchymal
cells. The administration of a smooth muscle inhibitor has
been observed to delay wound contraction by 10 to 14 days
(31). Corticosteroids have also been shown to be effective
in delaying contraction (16), although the mechanism of
their action has not been proven. Due to the toxic effects
of smooth muscle inhibitors and other égents such as corti-
costeroids, a clinically acceptable pharmacologic blockade
to wound contraction has not been identified to date.

The result of the contraction process is an area of

disfigurement referred to as a contracture. These are areas
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of the body which lack sufficient skin to permit a full
range of motion around the affected joints. Thus, con-
tractures can often be crippling and require reconstructive
surgery to restore function. As an open wound contracts,
fibroblasts in the woundbed secrete various compounds such
as collagen and glycosaminoglycans which are invaded by a
rich bed of capillaries. This fragile tissue which forms
on top of the woundbed, termed granulation tissue, is
thought to be a precursor of scar tissue. Scér formation
is thought to arise as a consequence of contraction and
granulation tissue synthesis. Histologically, scar has
close packed collagen fibers which lack the wavy appearance
of collagen fibers in normal dermis (32,33). This close-
packed and oriented geometry of collagen fibers in écar is
conceivably responsible for the observation that scar is
much stiffer than normal skin (10).

Hypertrophic scar and keloid are peculiar phenomena
seen only in human skin without any comparable animal model
(34). These unsightly exacerbations of- scars are reflected
by hyperplasia of fibroblasts and an excess synthesis of
collagen tissue. Hypertrophic scarring is often associated
with wound contractures and is often seen in the burn
patient. Keloid in many respects is a more severe form of
hypertrophic scarring. It frequently has a genetic pre-
disposition, and often only a minor injury is required to
produce a large lesion (34).

Scarring'has been extensively studied by many
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investigators using biochemical, cellular, morphological,
and mechanical techniques. These investigations have fur-
ther classified scar intc categories such as early scar,
mature szar, hypertrophic scar and keloid. Biochemical
comparisons of many of the components of dermis have been
made with scar including the chondroitin-4-sulfate content
and the amount of Type III collagen present (32,35-41).
Comparison of the nature of collagen crosslinks and the
content of elastin have also been made (32,33,42-45). A
careful review of this biochemical literature indicates

. that, although some differences in composition between scar
and dermis have been reported, these tissues are, in fact,
quite similar biochemically (Table I). Mechanical studies
show scar to be much stiffer than dermis (10). This
increased stiffness is reflected at a histological level by
increased orientation of collagen fibers. A constituitive
relation for connective tissues can be derived by modeling
them as a swollen proteoglycan matrix reinforced with
collagen and elastin fibers (46). This type of relation-
ship can explain some of the differences in mechanical pro-
perties of scar and dermis based on collagen fiber morpho-
logy.

In 1970, Professor I.V. Yannas and Dr. J.F. Burke
began a collaborative effort to design an artificial skin
which would address both the short-term and long-term needs
of the burn victim. The autograft had been used success-

fully for miny years in replacing skin loss (47); however,
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SOME BIOCHEMICAL COMPARISONS OF SCAR AND DERMIS

Human
Component Scar Dermis
Percent Water (38) 65.8 65.2
Total Collagen (38) | 69.6 72.8
mg hydroxyproline/g dry wt.
Insoluable Collagen (38) 36 50.5
% weight of total collagen
Elastin (38) <0.1% <0.1%
Acid Soluable Collagen (41)
Total hydroxylysine residues 2.31 2.81
Ratio of Glc-Gal-Hyl to Gal-Hyl 1.53 2.16
% Glycosylation 16.2 16.6
Gelatinized Insoluable Collagen (41)
Total Hydroxylysine Residues 2.69 2.81
Ratio of Glc-Gal-Hyl to Gal-Hyl 2.51 2.38
% Glycosylation 16.9 17.0
Relative Percentages of GAGs (36)
Hyaluronic Acid 21 41.5
Dermatin Sulfate 70.5 54.0
Chondrotin 4-sulfate 8.5 4.5
TABLE I.. Please refer to references for methods, type of

scar used, age of scar, and number of samples used.
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in the severely burned patient, the autograft was in short
supply and a substitute was desired. Skin grafts from
cadavers (47,48) or pig skin grafts (49,50) were not con-
sidered acceptable due to their rapid immunologic rejection
which required frequent replacement. Because of the com-
plexity of this problem, the research effort was divided
into two design stages (51): Stage 1 and Stage 2 (Figure 4).
Stage 1 of the design was to meet the short-term needs of
the burn patient. Specifically, it was to close the wound,
regulate fluid loss, and mzintain the wound free from
infection over a period of at least 30 days. Stage 2 of the
design addressed itself to the long-term problems of scar-
ring and contraction, as well as satisfying the Stage 1
criteria. In order to accomplish this, certain physical and
biological specificatiors were outlined (Figure 4). After
several years of work, a bilayer membrane was developed
which met the Stage 1 objectives (52-54). This consisted of
an outer layer of a silicone elastomer and an inner layer of
a highly porous collagen-glycosaminoglycan (GAG) copolymer.
The silicone layer served as an inert membrane regulating
transport between the environment and the woundbed. In
contrast, the collagen-GAG layer reacted with the woundbed
and was gradually degraded enzymatically.

Stage 1 membranes have been shown to achieve their
objectives both in the guinea pig model (50-53) and in pfe—
liminary clinical trials (55). In both cases, exudation

and infection were controlled. In addition, there was no
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Summary of Design Objectives of Stages 1 and 2 Artificial Skin

Stage 1
Physicial Properties Biologic Properties
Moisture Flux Rate Control fluid loss
Bending Rigidity Barrier to bacteria
Tear Strength Non-toxic metabolites
Surface Energy Low or obsent antigenicity
Suturabe Lack of inflamatory or
Shelf Life foreign body reaction
Pore Structure Allow ingrowth of tissue
Synthesis of neodermis
Peel Strength
Stage 2
Physical Properties Biological Properties
Sane as Stage 1 Same as Stage 1

Control of Contraction
Reduction in scarring
Simultaneous synthesis of
neodermis and neoepidermis

Figure 4
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evidence of graft rejection, and immunosuppressive agents
were not required. Mesenchymal cells and capillaries from
the woundbed invaded the collagen-GAG matrix during the
first week. Epidermal cells from normal adjacent skin
migrated between the silicone and collagen-GAG layers by the
end of the first week (Figure 5). Epidermal cell migration
led to closure of 1.5 x 3.0 cm guinea pig wounds in 30 to
45 days; however, in large wounds, this rate of epidermal
migration (approximately 0.25 mm/day) proved to be too slow
to be clinically acceptable. To speed up the process of
wound closure, thin split-thickness grafts (0.1 mm) were
meshed and placed over the vascularized collagen-GAG mem-
brane after the silicone layer had been removed. This pro-
cedure closed the wound in about two weeks and gave an
aesthetically more pleasing result than the conventional
mesh graft treatment (55) of open wounds. The histologic
results at 60 days showed a neodermis which differed from
conventional scar tissue. Using very thin split-thickness
skin grafts (0.1 mm), as compared to the conventional split-
thickness skin grafts (0.3 to 0.4 mm), also resulted in
minimal or no scarring at the donor site. Studies in humans
and in guinea pigs indicate that these membranes performed
at the level required of Stage 1 membranes and, with the
addition of the autoepidermal grafts, approached the Stage
2 design criteria.

One major disadvantage of the Stage 1 procedure is that

it requires two traumatic surgical procedures to cover a
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Figure 5. Schematic of bilayer membrane.
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given area of skin. One goal of the research described in
this thesis was to design a procedure which would eliminate
one of these operations. The second goal of the thesis was
to investigate scarring and contraction which occur as a
result of the application of these bilayer membranes. The
combination of these two goals was to ledd to the develop-
ment of a Stage 2 membrane.

To test hypotheses related to the goals of the thesis,
the guinea pig model wus chosen. A considerable amount of
data had been generated with the guinea pig model .n develop-
ing membranes which satisfied the Stage 1 design criteria.
Although there are significant differences in anatomy and
physiology of the guinea pig skin and human skin, it was
felt thét this convenient animal model would answer many of
the design questions. Specifically, it was recognized that
the guinea pig has a panniculus carnosus, a thin muscle
layer of the skin, which makes the skin of the rodent very
mobile. In addition, the guinea pig has much more hair than
humans and lacks sweat glands.

Previous work with Stage 1 membranes has shown that
when applied to 1.5 by 3.0 cm wounds, contraction is delayed
by 10 to 15 days when compared to ungrafted controls. Vary-
ing several of the physicochemical parameters of the colla-
gen-GAG matrix, including porosity (56), degree of cross-
linking (57), and content of glycosaminoglycan (56) have
shown to influence the contraction kinetics. In contrast

to the guinea pig model, Stage 1 membranes applied to open
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wounds in humans showed no evidence of contraction when used
in conjunction with autoepidermal grafts (55). Therefore,
it was felt that the guinea pig provided a more sensitive
assay for contraction than did human subjects.

As different methods were being proposed to achieve
the Stage 2 design criteria, it became necessary to provide
a method to evaluate the efficacy of the various membranes
tested. The Stage 1 design criteria could be easily
assessed by frequent gross observation of the membranes.
Membranes which had a low infection rate and an appropriate
moisture flux would be likely candidates for future studies.
In contrast, the evaluation of the efficacy of Stage 2
membranes in reducing disfigurement would be more difficult.
To evaluate the long-term disfigurement caused by open
wounds, it was proposed that disfigurement could be modeled
as a function of contraction and scarring (Figure 6). Con-
traction is the quantity most easily measured since it can
be obtained from gross observations. Scarring, in contrast,
is most readily assessed by histologic examination of the
tissue (58-61). The collagen fiber morphology, the elastin
content, the direction of dermal capillaries, the presence
of hair follicles, and morphology of the dermal-epidermal
junction are all classic criteria ~sed to distinguish scar
from dermis microscopically (Table II).

In developing a Stage 2 membrane, the initial emphasis
of this research was to esvaluate the factors which influ-

enced the contraction pattern of these grafts. It was



28

‘uoTjeUTWEX® OTHOTO3STY AQq passasse ATa3eIndodoe 3sou

ST BburIIeOS *SWTI3 Y3ITM BIIR puUnom Ul 3bueyd ayj se a[qeAIasqo ATssoxb sT
UOT3D0BIJUO) -UOTIDRIJUOD pur Hurixeos ‘sjusuodwod om3 JO UOTIOUNT B SB paTapou
9q ued spunom usadc WOIJ SITNSSI YOTUYM JuswaInbIIsTp wrisz-buoT a3yl °9 2anbtg

(uorjaeijuo) ‘SUfIIRIS) U] = JUIWAINSIJSIQ



29

CLASSIC HISTOLOGIC CRITERIA OF SCAR TISSUE

Structure Morphology
Collagen Bundles Close packed, oriented parallel to

the plane of skin

Small Blood Vessels Extend perpindicularly between
epidermis and subcutis

Hair Follicles and Absent
other Adenexa

Elastin Absent or thin fibers running parallel
' to collagen

Dermal-Epidermal Rete Pegs absent in Humans
Junction No difference in th2 Guinea Pig

TABLE II.
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hoped that understanding the effects of many of the para-
meters of the graft could lead to a separation of the two
phenomena of scarring and contraction.

To achieve the Stage 2 design criteria, it became
necessary to devise a method which would close the wound
with a functional epidermis within a clinically aéceptable
time. Several approaches to this problem were considered
including the use of agents such as epidermal growth factor
(62) or the use of epidermal sheets grown from cultures
in vitro (63-65). Before resorting to these techniques, it
was felt that a bilayer membrane suitably seeded with epi-
dermal cells might provide the most straightforward solution
to the problem. It was hoped that, with the aid of growth
factors present in the woundbed, the epidermal cells would
multiply within the graft and form a confluent sheet of
epidermis (Figure 7). Several seeding approaches were pro-
posed including the inoculation of the bilayer membrane
with a hypodermic syringe, "painting" the collagen-GAG
layer with a cellular suspension prior to assembly, and
centrifugal inoculation. Of these possibilities, centri-
fugal inoculation offered the most uniform cell distribu-
tion and appeared to give the most reproducible resuits
(66-71) .

As an extension of the Stage 2 design, the possible
use of cells derived from a heterologous source was proposed.
The incorporation of heterologous cells in artificial skin

grafts would be advantageous for several reasons. It would
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47 Epidermis
A -— —
y/

é/r Dermis Wound

(a) ' (b)

Silicone Neocepidermis

Collagen-GAG Neodermis
() @)

Figure /. Animal model of Stage 2 design. a) shows normal
skin, b) an excised wound, c) a seeded bilayer membrane
in place, d) the seeded cells have multiplied to form a
confluent neoepidermis allowing removal. of the silicone
layer. The collagen-GAG layer is replaced by ncodermis.
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eliminate the need for a biopsy as well as the need to have
a nearby laboratory with trained personnel to perform the
cell separation and seeding processes. With the advances
of cryobinlogy, a method to allcw storage and shipment of
frozen seeded membranes could be developed.

It has been suggested by Rogers as early as 1950 (72)
that homografts of pure epidermal origin, being avascular
like transplants of the cornea or cartilage, might be
exaempted from immunologic rejection. Later studies have
shown, however, that even intact epidermal sheet homo-
grafts, as suggested by Roéérs (72) , are rejected (73).

It is well-known that full-thickness homografts are re-
jected (74) over a period of about two weeks. Immunosup-
pressive drugs were not considered as a possible solution
due to their high incidence of side effects. The recipient,
in addition, would probably be required to take such drugs
indefinitely to avoid eventual rejection.

There is some recent evidence (55,75-84) that epidermal
cells isolated from skin biopsies can be treated to reduce
their immunogenicity. Transplantation antigens have been
divided into two classes: Class I major histocompatability
complex (MHC) and Class II MHC (Ia alloantigens in mice).
Class I MHC alloantigens are expressed by virtually all
nucleated cells, whereas Class II antigens are restricted
to cell populations such as B lymphocytes, macrophages, sub-
populations of T lymphocytes, and certain dendritic cells

(78) , including Langerhans cells. Langerhans cells are
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derived from the bone marrow and reside in the suprabasal
portion of the epidermis. Cumulative evidence suggests that
these cells are the primary immunocompetent cell of the
epidermis (65,75-84). They have been implicated in
initiating the immune response in contact hypersensitivity
and in stimulating the epidermal cell lymphocyte reaction
(75) . Corneal allografts, an epithelial tissue devoid of
Langerhans cells have been used successfully without the
nzed for immunosuppressive agents. Therefore, it was felt
that the elimination of Langerhans cells from the epidermis
would result in a tissue that could be transplanted without
rejection. Several approaches have been used to separate
Langerhans cellé from epidermal cells. Eisinger (65) has
grown sheets of epidermis for several weeks ir culture and
grafted them on dog open wounds. Even though these were
allografts, no lymphoid infiltrate was seen during the six
weeks of the study. Faure et al (76) showed an in vitro
decrease in expression of cytologic antibodies in cultured
epidermal cells. Elmets et al (77) reported an absence of
Langerhans cells in epidermal cells beyond 0.3 mm from ex-
plants of skin in organ culture. It may be that the
increased proliferation rates of epidermal cells relative
to Langerhans cells in culture depletes the population of
Langerhans cells. Several methods have been developed to
separate, in vitro, Langerhans cells from epidermal cells.
Morhenn et al (75) used velocity sedimentation to separate

out epidermal cells. Streilein et al (78) reports success
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in removing significant populations of Langerhans cells by
repeatedly stripping the skin with tape. _Recently the
specificity of a monoclonal a.atibody for Langerhans cells
(79-81) has been utilized to enrich populations of Langerhans
cells using a fluorescence-activated cell sorter (82).
Density centrifugation has also been shown to be an effec-
tive physical method to separate out the Langerhans cells
(74) .

In addition to these physical methods, treating an epi-
dermal cell suspension with ultraviolet light (83) or with
corticosteroids (84) has also been shown to reduce the
ability of Langerhans cells to present antigens effectively.
Although there have been these multiple approaches to eli-
minating the effect of Langerhans cells, no one to date has
proven that this hypothesis will work in actual allograft
transplants. Although the preliminary work by Eisinger
(65) is likely to be valid, grafting epidermal sheets onto
open wounds is a difficult procedure to evaluate due to
problems of contraction and epidermal ingrowth from the
edges. In contrast, by seeding a selected cell population
into a Stage 1 membrane, it was hoped that much of the
immunology of these allogenic epidermal cells could be
determined by histologic examination. By examining the
tissue surrounding the seeded epidermal clusters, one could

assess the presence of an immune response microscopically.
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MATERIALS AND METHODS

Preparation of Bilayer Membranes

The preparation of the bilayer membrane has been pre-
viously described in detail (51-52). Briefly, 0.5% by
weight bovine hide collagen (Eastern Regional Center, U.S.
Department of Agriculture, Philadelphia, PA) was dispersed
in 0.05 M acetic acid and precipitated with chondroitin-6-
sulfate (sodium salt, Type C, Sigma Chemical, St. Louis,
MO). The co-precipitate was then freeze-dried into a highly
porous solid and then treated in a vacuum oven at 105° C for
24 hours. Silicone (Dow Corning Silastic, Medical Adhesive
Type A) was then spread over the membrane to form a thin
layer (0.2-0.4 mm) and allowed to cure at room temperature
in an acetié acid bath (0.05 M). The collagen-glycosamino-
glycan (GAG) portion was further crosslinked by treatment
in a glutaraldehyde bath. Excess glutaraldehyde was removed
by exhaustive dialysis, and the membrane was stored in a
sterile container (Figure 8).

As a variant of this procedure, some collagen-GAG mem-
branes were prepared by freezé—drying a more concentrated
co-precipitate of collagen and condroitin-6-sulfate (0.8%
collagen in acetic acid) as described in detail by Chen (56).
Another set of membranes was prepared using preformed
silicone sheeting (Dow Corning Silastic Sheeting 501-1;
reinforced - 0.18 mm thick, or Dew Corning Silastic Sheeting
500-3; non-reinforced - 0.25 mm thick). These preformed

membranes were adhered to the collagen-GAG layer by
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Figure 8. Preparation of bilayer Stage 1 membrane.



37

spreading a thin layer (approximately 0.1 mm) of poly-
dimethylsiloxane (18.5%) in trichlorotrifluoroethane (Dow
Corning, 355 Medical Adhesive) over the preformed sheet.

This sheet was then secured to the collagen-GAG membrane by
rolling a sterile 3/4" diameter rod slowly across the bilayer

assembly.

Preparation of Membranes Seeded With Epidermal Cells

Harvesting of Skin

Hair from the guinea pig was removed by clipping and by
chemical depilation (Nair, Carter Products, Irvine, CA).
The area where the donor site was to be taken was scrubbed
with povidone iodine (Betadine, Perdue Frederick Co.,
Norwalk, CT) and rinsed with 70% isopropanol ti/ice. Thin
split-thickness skin grafts (0.2 to 0.3 mm) were taken with
either a Goullian Knife (Edward Weck and Co., Research Park,
NC) or with a Brown Electrodermatome (Zimmer U.S.A., Warsaw,
IN) urder sterile conditions. This was generally performed
under general anesthesia (Halothane); however, it was pos-
sible to take small areas of skin using a local anesthetic
(Xylocaine). The split-thickness skin grafts were stored in
sterile 0.9% saline at 4° C. Donor sites were treated with
a petroleum dressing (Xeroform, Cheesebrough-Ponds, Inc.,
Greenwich, CT) or a Stage 1 graft covered with a 3 x 3 in.
sterile cotton gauze (Topper Sponge, Jchnscn and Johnson,
New Brunswick, NJ). Animals were bandaged in two layers of
Elastoplast (Beiersdorf, Inc., South Norwalk, (2) each con-

taining a 3 x 3 cotton gauze (50).
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Cell Isolation Procedure

Basal cells are isolated from the graft following pro-
cedures modified from the literature (85-87). Split-thick-
ness skin grafts, previously rinsed in saline, were incu-
bated in 0.25-2.5% trypsin (GIBCO, Grand Island, N.Y.,
1:250) in phosphate-buifered saline (PBS, pH 7.2) without
calcium or magnesium at 37° for 40 minutes. The grafts
floated in the trypsin with the dermal portion of the graft
facing down. The dermis was most easily distinguished from
the epidermis by the presence of blood. With watchmakers
forceps, the epidermis was then carefully removed from the
underlying dermis. The dermal portion of the graft was
placed in a 59 ml polypropylene conical tube (Falcon 2098,
Becton Dickenson, Oxnard, CA) filled with 20-30 ml of tissue
culture medium (TCM) which consisted of Dulbecco's Modified
Eagle's Medium (DMEM) containing 10% fetal calf serum (FCS),
penicillin (100 U/ml) and streptomycin (100 ug/ml). This
was then vortexed with a Vortex Genie (Model K-550-G,
Scientific Products, McGraw Park, IL) at a setting of 10
for 30 to 90 seconds. The dermal portion of the graft was
removed by filtering the cellular suspension through a
sterile gauze. Cell yield was determined by the addition
of an equal volume of trypan blue (0.4%, GIBCO, Grand
Island, NY) to a small aliquot of the cellular suspension and
counting cells in a hemocytometer. The percent viability
was determined by dividing the number of cells which ex-

cluded the dye by the total number of cells. The cell
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suspension was then centrifuged (500 g x 10 min) and the
volume of TCM adjusted so that the desired density of viable
cells was obtained (85,86). Epidermal cells were occasion-
ally isolated from the epidermal portion of the graft post-
ﬁrypsinization by an additional 20 minute incubation in
trypsin-EDTA at 37° C followed by repeated pipetting (88,89).
One variant of this procedure used TCM containing DMEM with
10% human AB serum rather than 10% FCS. In another experi-
ment, PBS with 12% acid citrate-dextrose (ACD) was used
instead of TCM. Cells were washed twice in this medium to
dilute the trypsin.

After the dermal portion of the graft had been fil-
tered, fibroblasts were isolated by washing the graft in
PBS and then inéubating it in collagenase (Sigma #C-3267,
1500 Units/5 ml PBS) for 25 minutes at 37° C. The dermal
portion was then placed in TCM and vortexed for two minutes
(Vortex Genie, setting of 10) and filtered. Cell counts of
fibroblasts were made using trypan blue exclusion and a
hemocytometer.

Cryopreservation of Cells

Cells were cryopreserved with dimethylsulfoxide (DMSO)
using a modification of a procedure described by Skrabut
(91) . After centrifugation of epidermal cells (500 g x 10
min), the cells were resuspended in fetal calf serum con-
taining 12% acid citrate-dextrose (ACD) to a final concen-
tration of 1.0 x 10® cells/ml. To this cell suspensior wus

added an equal vclume of 15% DMSO in fetal calf se._um,
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dropwise with agitation over a period of 5 minutes. The cell
suspension was divided into 4 ml aliquots (Cryule Vial,
Wheaton Scientific, Millville, NJ). The tubes were placed
in dry ice (-8C° C) for 1 hour after which they were trans-
ferred to a liquid N, freezer (-196° C) and stored for 4
days, 43 dayé or 6 months. Following storage, the cell sus-
pension was thawed by immersion in a 37°.C water bath until
ice was no longer visible. Each aliquot was diluted with

an equal volume of DMEM with 10% FCS and centrifuged at

500 x g for 8 minutes after which one half of the super-
natant was removed. The cells were washed three more times
by addition of an equal volume of DMEM with 10% FCS followed
by centrifugation and removal of half of the supernatant.
After the third centrifugation, the supernatant was com-
pletely removed and the cells resuspended in TCM to the
desired cell concentration. Viability was assessed by using
trypan blue exclusion. .

Fractionation of Epidermal Cells

Epidermal cells isolated were run on commerical density
gradients (Percoll, Pharmacia; 500 g x 30 min or Ficoll-
Paque, Pharmacia; 500 g x 20 min). The cell suspension was
carefully layered on top of the gradient in a 50 ml conical
tube. After centrifugation, cells from the interface of
the cell culture medium and the gradient, as well as cells
from different locationc within tho gradient, were removed
with a spinal needle, washed, and resuspended in TCM. The

various layers within the tube were used for cell culture
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or seedzd into grafts for animal experiments.

Hair Follicle Isolation and Seeding

After a split-thickness skin graft was removed, a por-
tion of the wounded skin was excised down to the panniculus
carnosa and washed in saline. This lower layer of the der-
mis was placed in 2.5% trypsir for 40 minutes at 37° C after
which it was added to DMEM with 10% FCS, vortexed and £f£il-
tered. Hair follicles were counted using trypan blue ex-
clusion and a hemocytometer. After the basal cells had
been seeded into the membrane by centrifugation, the excess
supernatant was removed and the hair follicle suspension
added on top of the graft. This was allowed to settle for
at least 20 minutes without centrifugation into the graft
before being grafted onto the animal.

Cell Cultures

Several of the epidermal cell suspensions were cultured
using standard cell culture techniques. The cell culture
medium (TCM) consisted of Dulbecco's Modified Eagle's
Medium (DMEM) with 10% heat inactivated fetal calf serum,

100 IU/ml penicillin, and 100 ug/ml streptomycin. The con-
centration of epidermal cells was adjusted to 3.4 x 10°
cells/ml and placed in standard tissue culture flasks. Cells
were examined and the medium changed twice weekly.

Cell Seeding Procedure

Cell free bilayer membranes previously prepared were
equilibrated in TCM for at least 30 minutes and then placed

in a polycarbonate (Lexan, General Electric Co., Pittsfield,
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MA) holder specially designed to maintain the centrifugal
force vector perpendicular to the plane of the membrane
(Figure 9). The membranes were placed with the silicone
side facing downwards, and the cellular suspension was
added on top of the collagen-GAG matrix and centrifuged
typically for 15 minutes at 64 g. Excess cell culture
media was removed from the centrifuge cup with a pipette.

Cell Distribution in Graft

The distribution of cells which were centrifugally
inoculated into the collagen-GAG membrane was estimated as
follows. 1.5 x 3.0 cm cell free Stage 1 grafts were seeded
with 500,000 viable cells/cm? (trypan blue exclusion) for a
predetermined time and spinning speed in the centrafuge.
After being seeded, the grafts were removed from the spe-
cially designed centrifuge cup and stored for 48 hours in
10% formalin with the plane of the silicone parallel to the
gravitational vector. The specimens were frozen in liquid
nitrogen and freeze-dried. Specimens were then cut and
mounted so as to visualize sections of the top and side of
the collagen-GAG membrane as well as planar (en face) view
of the silicone following careful removal of the collagen-
GAG layer. They were then covered with a carbon and gold
vapor coating and examined under the scanning electron
microscope JSM-U3 (Jeolco Co., Japan). From the number of
cells counted in a known area viewed under the SEM, the
percentage of the number of cells seeded'per unit area was

calculated. When possible, a large enough area of each
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Figure 9. Top and side views of polycarbonate graft holder
for a 4 x 4 cm graft. Drawing is actual size.
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sample was scanned to include 20-30 epidermal cells.

Animal Model

Animal Grafting and Observation

White female Hartley Guinea Pigs (400-450 grams,
Charles River, Boston, MA) were individually caged for at
least one week on a standard diet before surgery. Animals
were shaved, chemically depilated, and given a pre-opera-
tive dose of antibiotic (intramuscular tetracycline,
Pfizer; 0.1 mg/kg or intramuscular Keflin, Lilly; 50 mg/kg).
Animals were anesthetizz2d using a combination of nitrous
oxide (0-80%) and halothane (Fluothane), 1-3% in oxygen.
The skin was prepared by scrubbing with Betadine and washing
with isopropanol. The grafting was carried out under
aseptic conditions. Standard rectangular wounds of 1.5 x
3.0cm, 3.0 x 3.0 cm, 4.0 x 4.0 cm, and 5.0 x 6.0 cm were
made by excising down to but not including the panniculus
carnosus on the dorsum of the guinea pig. The panniculus
was most easily distinguished from the dermal layer by its
red color in contrast to the white color of the dermis.
After hemostasis was achieved, by blotting with a gauze,
the graft was applied to the open wound with the silicone
facing outwards, being secured with several interrupted
nylon sutures (5-0 Ethilon, Ethicon Inc., Sommerville, NJ)
(Figure 10). The animal was photographed, Landaged as
described above, weighed, and returned to the cage. As

controls, some animals were not grafted, but their wounds
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Figure 1U. Preparation of seeded (Stage 2) membranes.
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left open and treated with a Xeroform gauze. In other ani-
mals, the excised full-thickness skin was rotated 180° and
replaced on the wound to serve as autograft controls. Full-
thickness excised skin from a donor animal grafted onto an
excised open wound of a recipient animal served as allograft
controls. 1In several animals, tattoo marks were made in the
skin adjacent to the wound by injecting India ink intrader-
mally with a 25 gauge needle. By locating the needle in the
dermis parallel to the skin surface, line segments could be
made by injecting small amounts of ink as the needle was
withdrawn.

Wounds were inspected every 1 to 14 days for bleeding,
exudation, color and consistency of the graft. No immuno-
suppressive agents or systemic antibiotics were used except
for an initial pre-operative dose of antibiotics. Wounds
which had a purulent exudate were presumed to be infected
and the animals were usually sacrificed. 1In some cases,
the infections were treated by removing the exudate with
sterile gauze and covering the wound with a gauze soaked
with povidone iodine or covered with Neosporin (Burroughs
Wellcome Co., Research Triangle Park, NC, a topical mixture
of neomycin, bacitracin, and polymyxin B). Cultures were
taken with a sterile swab to confirm suspected infections.
The wound was photographed, measured and replaced with a
new dressing. Wound areas were calculated as a product of
an average length and an average width between the hairline

or by planimetry of photographs and plotted as a function
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of time. This method was consistent with the bulk of the
wound contraction literature (14-20). This allowed the mea-
surement of contraction of autografts, and enabled the
observation of reexpansion of wound areas. In contrast, Chen
(56) departed from this method and plotted the percentage of
the wound remaining open as a function of time.

For membranes seeded with basal cells, normally between
9 and 14 days, the silicone of these membranes was removed.
When possible, the original bandage was left undisturbed
until it was felt that the silicone layer would be ready for
removal. A reduced rate of infection was associated with
not examining the wounded area until day 10 through day 14.
Criteria for removal was dehiscence of the silicone from the
underlying neoepidermis or the presence of a purulent exu-
date. After about 30 to 40 days, the bandages were per-
manently removed. Sensory innervation was tested by the use
of the pin-prick test (90). Histological specimens were
stored in 10% buffered formalin prior to standard histo-
pathologic imbedding in paraffin and szctioning into five
micron sections (55). All specimens were stained with
hematoxylin and eosin and a few were stained with special
stains including Masson's Trichrome, Bodian, Bieilkowsky,
reticulum, and elastin stains (58-61).

Peel Strength

A method was developed to quantify the force of attach-
ment of the graft to the underlying tissue based on standard

90° peel tests. The guinea pig was anesthetized and
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situated such that the plane of the graft was perpendicular
to the peel force. A metal clip was attached to the sili-
cone of the anterior edge of a 1.5 x 3.0 cm graft. The grip
was hung by a perpendicular string which was counter- |
balanced through a pulley (Figure 11). By slowly adding
water to a graduated cylinder, the force applied to the grip
increased slowly. Water was added over a one to two minute
interval during which several photographs of the peeling
event were taken. The peel strength was calculated as the
force required to completely detach the graft from the
woundbed divided by the original width of the graft (1.5 cm).
The original width of the graft was used rather than the
actual width since as the wound contracted, both the force
to remove the silicone and the width of the wound went to
zero. Dividing two small numbers resulted in a large
scatter of the data as the wound contracted. In addition,
the fracture plane was noted during the peel experiment.

Mechanical Measurements of Skin

Skin specimens were obtained by excising down to, but
not including, the panniculus carnosus of an anesthetized
animal and stored in chilled PBS at 4° C. Specimens were
cut to a dumbbell shape similar to that described by Ridge
and Wright (92) with a gauge length of 1.0 in. Specimens
were obtained from the dorsum of the animal and cut parallel
to the longitudinal axis of the animal and tested within
24 hours of removal. Widths and thicknesses of the samples

were measured with a micrometer. Specimens were mounted in
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Figure 11. 20° Peel Strencth Test. The upward force of the
clip is slowly increased over a period of 1-2 minutes until
the graft is removed from the anesthetized animal.
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pneumatic serrated grips and extended at a constant rate of
1 in/min (Instron Model TT-C). One grip was fixed and the
other was connected to a load cell (Instron Tensil Load Cell
B or C). The output of the load cell was plotted on a cali-
brated chart recorder moving at a rate of 10 inches per
minute. Stresé-strain curves and ultimate tensile strengths
were calculated from the chart recordings for samples of
normal skin, autograft and Stage 2 skin.

In Vitro Measurement of Permeability

Aluminum permeability cups with an inside diameter of
3.5 ¢m were filled with distilled water within 3-5 mm of the
top of the cup, fitted with the test material, and placed
in a desiccator. The weights of these cups were measured at
periodic intervals and the permeability calculated. The
temperature was.recorded at each weighing, and a free water
surface standard was also used.

In Vivo Measurement of Skin Permeability

Hair from the dorsum of guinea pigs was clipped close
to the skin. A calibrated Servo-Med Evaporimeter (Stockholm,
Sweden, courtesy of Dr. Irwin Blank, Department of Derma-

tology, Massachusetts General Hospital) was used to measure

the moisture flux (93,94) over the area grafted with a Stage
2 membrane or autograft. A control measurement was made

over normal skin on the contralateral dorsum of the guinea

pig.
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RESULTS

Seeded Grade Preparation

Cell Isolation Procedure

The cell isolation procedure used initially was one
adopted from Prunieras, Delescluse, Regnier, and Jepson
(85-87). As animal studies were being conducted, con-
comitant in vitro studies were made ¢ improve the effi-
ciency of this method. Two important parameters charac-
terize the trypsinization step: 1) the thickness of the
biopsy and 2) the time interval since the skin had been
harvested. Trypsin migrated to the dermal-epidermal
junction by diffusion through the dermis. Since this time
is roughly proportional to the square of the thickness of
the biopsy, thin split-thickness skin biopsies were
suitable for rapid trypsinization. For guinea pig skin, it
was found that a biopsy specimen thickness of 0.2 mm pro-
vided a thin specimen which was easily removed from the
animal. Bicpsies trypsinized within a few hours of removal
took much longer to separate the dermis from the epidermis
using a dilute concentration of trypsin (0.25%) than
biopsies which had equilibrated in saline for several hours.
This was presumably due to trypsin inhibitor present in
serum which diffuses out of the graft over a period of
hours. It was found that by using a more concentrated

trypsin solution (2.5%), the effect of the trypsin inhibi-

tor could be overcome.



52

TABLE III

Time Required

for Separation Mean Via-
Time from $Trypsin of dermis from bility,
Biopsy Used dermis Temp . Trypsin Blue
2 days - 0.25% 40 minutes 37° C 54%*
0-2 hours 2.5% 40 minutes 37° C 73%%*
0-2 hours 0.25% >2 hours 37° C
0-2 hours 2.5% 24 hours 4° C 56%
0-2 hours 2.5% 22 hours 22° C 65.4%

*p < 10~5 t-test, two-tailed

Trypsin had a maximum activity near body temperature.
Using 2.5% trypsin for 40 minﬁtes, soon after the skin
biopsy had been taken, rapid separation was accomplished
with a high proportion of viable cells (trypan blue exclu-
sion). The skin biopsies trypsinized within a few hours of
the biopsy (2.5% trypsin for 40 minutes) had a signifi-
cantly greater viability than grafts trypsinized two days
after the biopsy (0.25% trypsin for 40 minutes; see Table I
and Figure 12).

To remove the basal cells from the dermal-epidermal
junction, and around the hair follicles, the dermal portion
of t'.2 biopsy was vortexed in TCM. To determine the optimal
time to vortex the skin specimen, samples were vortexed
for 30,60 and 90 seconds (Vortex Genie, setting of 10), and
cell counts and viabilities were made using the trypan blue
exclusion method. The cell counts for these three times

were not significantly different, but the 60 second
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vortexing time consistently gave the highest cell viability.
Histologic sections of the dermal portions after vortexing
showed most of the basal cells had been removed by 30
seconds, and a few additional cells were removed by 60
seconds. The 60 second and 90 second samples were com-

parable histologically.

TABLE IV
Vortex Time Viability
30 sec. 68
60 sec. 77
90 sec. 55

It appeared somewhat wasteful to throwaway the epide:—
mal portion of the graft after it was manually separated
(Figure 13). However, this segment appeared microscopically
to consist mainly.of stratum spinosum, stratum granulosum,
and stratum corneum. Cells isolated from this segment by
additional incubation in trypsin-EDTA, when put in cell
culture, formed very few epidermal colonies. This was in
contrast to epidermal cells derived from the "dermal"
portion of the biopsy which formed many colonies in cul-
ture within one to two weeks. Since basal cells are by
definition epidermal cells with the capacity to divide, it
appeared that most of the basal cells were attached to the
"dermal" portion of the biopsy split by trypsin. Figure 13

shows where trypsin split the biopsy.
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Figure 13. High
after 40 minutes
to separate from
of the epidermis
are subsequently

(675 X) and low (150 X) view of a skin biocpsy
in trypsin. The epidermis (E) is beginning
the dermis (D). The basal cell layer (BC)

is adherent to the dermal layer.
removed by vortexing.

These cells
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Scanning Electron Microscopic Analysis of Cell Seeding

The scanning electron microscope (SEM) provided a con-
venient technique for visualizing the distribution of cells
within the grafts. Figure 14 shows the effect of the cen-
trifuge speed on the distribution of cells within the graft.
In this series of experiments, the time of centrifugation
was held constant at 15 minutes while the speed of the cen-
fuge was varied. Very little centrifugal force was required
to derive the cells into the graft. Even without centrifu-
gation (1 g x 15 min), cells were visualized resting on
the silicone membrane. However, with centrifugation, the
number of cells visualized on the silicone increased by a
factor of 6 to 8 (Figures 16 and 17). There was a slight .
decline in the number of cells seen on the silicone as the
centrifuge was spun at 2,000 rpm. Some of the cells in
these samples were pleomorphic suggesting that at this high
acceleration (800 g), some of the cells were damaged. Most
of the cells seen in the SEM were visible on the silicone
surface or near the surface of the collagen-GAG membrane
which would face the woundbed. Cells which had not pene-
trated deep within the graft appeared to be trapped in
areas of the collagen-GAG matrix as shown in Figure 18 and 19.
Very few cells were visualized in the center of cross-
sectional cuts of the membrane.

In a second series of experiments, the centrifuge
speed was held constant while the time in the cen£rifuge

was varied. Figure 15 shows that, at a constant speed of
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