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(57) Abstract

A skin-equivalent, useful in the treatment of burns or other skin wounds, is prepared from a hydrated collagen lattice
contracted by fibroblast cells to form a living tissue which supports a layer of growing keratinocyte cells thereon, wherein both
the fibroblast cells and keratinocyte cells may be derived from the potential recipient of the skin-equivalent.
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Description

. SKIN-EQUIVALENT

Technical Field
This invention is in the field of biology and par-

5 ticularly relates to a material which can be used to cover
wounds to skin.

Background Art
In many wounds which involve injury to a signifi-

- cant .area:-of-human-skin,-.and.particularly in the case of

10 massive burns, there is an immediate need to cover the
wound with a material which provides some of the func-
tions of skin. These functions involve the reduction of
fluid loss, prevention of infections, and reduction of
the area for potential scarring. |

15 Approaches which have been employed in solving
this problem involve the use of homografts, modified
dermal xenografts, synthetic polymeric structures, or
reconstituted collagen films. While each of these
approaches offers partial success, each also has been

20 replete with serious problems which have not been solved.
Particularly significant problems in many of these
approaches have been rejection of the skin substitute,
particularly in the absence of imunosuppressive agents,
or breakdown of the graft by host enzymes.

25 Disclosure of-the Invention

This invention relates to the discovery that a
living tissue can be formed. This living tissue is
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produced by forﬁipg a hydrated collagen lattice, in
vitro, and plating fibroblast cells into the lattice.

A convenient technique for simultaneously forming the

" lattice and plating cells therein involves neutralizing
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an acidic collagen solution maintained in a culture
dish with nutrient medium containing fibroblast cells.
Upon neutralization, collagen fibrils precipitate from
the solution to form the lattice with fibroblast cells
homogeneously dispersed therethrough. The cells and
collagen lattice are then maintained under conditions
which allow the cells to attach to the collagen lattice

and to contract it to a fraction of its original size,

‘thereby providing the living tissue.

A skin-equivalent can be produced from this liv-
ing tissue by plating keratinocyte cells upon the liv=-
ing tissue and providing for their growth. This skin-
equivalent is uniquely different from previously de-
scribed artificial skins because its basic organization
is like that of skin and its living constituent cells

can be donated by a potential graft recipient.

Brief Description of the Drawings
FIG. 1 is a plot of data illustrating the contrac-

tion of a hydrated collagen .lattice;

FIG. 2 is a plot of data illustrating the contrac-
tion of hydrated collagen lattices having different
collagen contents;

FIG. 3 is a plot of data illustrating the contrac-
tion of hydrated collagen lattices containing different
numbers of fibroblast cells;’

FIG. 4 is a plot of data indicating the contractile
capacity in hydrated collagen lattices of cells of dif-
ferent population doubling levels;
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FIG. 5 is a plot of data illustrating the effect
of 10.0 ng/ml of the inhibitor cytochalasin B on the
capacify of cells to contract a hydrated collagen lattice;
FIG. 6 is a plot of dataillustrating the effect
of 0.36 ng/ml of the inhibitor colcemid on the capacity
of cells to contract a hydrated collagen lattice; and,
FIG. 7 is a plot of data illustrating the effect
of cytosine arabinoside on the capacity of cells to
contract a hydrated collagen lattice.

Best Mode of Carrying Out the Invention

Hydrated collagen lattices have been prepared
employing coilégéﬁ derived from tat tail tendon and
calf skin collagen. Other sources of collagen would
be suitable, of course. Solutions of collagen were pre-
pared and maintained under slightly acidic conditions.
Lattices were formed by adding fibroblast cells with
nutrient medium and base which raised the pH sufficiently
to precipitate collagen fibrils from solution. Prepa-
ration of hydrafed collagen lattices is described in
more detail in the following references, the teachings
of which are incorporated by reference: Elsdale, T.
and Bard, J., "Collagen Substrata for Studies on Cell
Behavior," J. Cell Bio. 54, 626~637 (1972); Ehrmann,
R. L. and Gey, G. 0., "The Growth of Cells on A Trans-
parent Gel of Reconstituted Rat-Tail Collagen," J. Natl.
Cancer Inst., 16, 1375-1403 (1956); Emermann, J. T. and

Pitelka, D. R., "Hormonal Effects on Intracellular and

- -Secreted Casein .in.Cultures. of Mouse Mammary. Epithelial

30

Cells on Floating Collagen Membranes,”™ In Vitro, 13,
316~-328 (1977); Michalopoglous, G. and Pitot, H. C.,
"Primary Culture of Parenchymal Liver Cells on Collagen
Membranes," Exp. Cell Res. 94, 70-78 (1975); Gey. G. O.,
Svotelis, M., Foard, M. and Bang, F. B., "Long-Term
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Growth of Chicken Fibroblasts On A Collagen Substrate,"
Exp. Cell Res., 84, 63-71.(1974); and Hillis, W. D.
and Band, F. B., "The Cultivation of Human Embryonic

' Liver Cells," Exp. Cell Res., 26, 9-36 (1962).
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Fibroblast cells actually used in the experiments
described herein were human foreskin fibroblasts and
guinea pig dermal fibroblasts. Fibroblasts from other
sources can also be used, and it is believed, in fact,
that fibroblasts from any vertebrate animal would be
suitable for contracting hydrated.collagen.lattices.

The incorporation of fibroblast cells into hydrated
collagen lattices caused-the lattices to contract as
trapped water was squeezed out. If the surface on which
the lattice was formed was non-wettable, e.g., a hydro-
phobic plate, the resulting tissue was of regular
geometry. On tissue culture plates, some cells migrated--
from the lattice.to the plate surface and contraction .
of the lattice was not always regular. When a non-
wettable surface such as a bacteriological Petri plate
was used, the lattice remained nearly a perfect disc as
its radius was decreased by-fhe cells.

Fibroblast cells were found homogeneously dispersed
throughout collagen lattices and not merely upon the
lattices' surface. This simulates, then, the dermal
layer of humans and other mammals.

In the absence of cells, lattices underwent no
change in radius. For example, conditioned medium
prepared by growing 1 x 106 human foreskin fibroblast
cells for five days in nutrien£ medium caused no con-
traction when no cells were present.

Contracted collagen lattices with cells resembled
the skin or dermis; even when partially contracted,
they had reasonable consistency and could be readily
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handled. When first made up with cells, the lattices

were almost transparent but gradually became opaque

.as water was excluded and the diameter reduced. After

a 20-30-fold decrease in lattice area, they had a firm
rubbery consistency, a whitish pink tint, and could be
stretched somewhat without being torn or deformed.

The initial diameter of a lattice was determined
by the plate on which it was formed. Thus, maximal
cohtréction was an arbitrary measure.

Although most contracted hydrated collagen lattices

were formed as sheets, other shapes could be formed.

“Tubes;:fgrfexampie1ﬁcanVbe~formed:by,forming”thewcon—

tracted lattice in an annular mold, or a‘glove of skin
can be perforﬁed from an appropriate mold.

Human foreskin keratinocytes, obtained in a biopsy,
were deposited on the contracted hydrated collagen ma-
trix. The same could have been done, of chrse, with
keratinocytes cultivated in vitro. Plating of keratino-
cytes-can be-done at -the time:the matrix-gel forms.,,._
at any time during the period of contraction of the
lattice, or any time after contraction has been com-
pleted. Within three days after plating suspensions of
dissociated keratinocytes, the cells formed a confluent
layer on the lattice surface and the process of kera-
tinization began leading to the formation of a corneal
layer which would prevent loss of tissue fluids.

The living tissue described herein is suitable
for the treatment of a wound to the skin of a human

' being or other mammal. It is particularly suitable

30

for massive burns wherein it functions as a skin-equiva-
lent. Contraction of hydrated collagen lattices by
fibroblast cells can also be used as an assay for meas-

uring fibroblast function, including contractile power.
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In addition to skin-equivalents, wound dressings,

etc., the living tissues can be tailored ‘for other
‘applications. For example, collagen lattices contracted

by fibroblasts could be employed as carriers for other
cell types, such as pancreatic islet cells, 'in the pro-
duction of a tissue having pancreas function, particu-
larly one produced from cells obtained from the poten-
tial recipient. ,

Additionally, tubes or other shapes might be pre-
pared from lattices containing fibroblasts, heart muscle
cells, or other cells, to form living protheses. Such
protheses may be even further treated, such as by
irradiation or with chemicals, to convert them to non-
living but biocompatible protheses.

The invention can be further specifically illus-

trated by the following examples.

EXAMPLE 1

Preparation of Collagen Lattices
Seeded with Fibroblast Cells

Crude collagen solutions were preparéd as follows.
Frozen rat tails from 450 gm rats were thawed 'in 70%
EtOH for 20 minutes. The tendon bundles were excised
in 70% EtOH in a laminar flow hood. Individual tendons
were pulled out of the tendon sheath, minced and placed
in dilute acetic acid (1:1,000) using 250 ml per tail.
This solution was left standing for 48 hours at 4oC
at which.point the minced tendons had swelled to occupy
the total volume. This viscous solution was centrifuged
at 23 k rpm in a Beckman L ultracentrifuge in an SW25
rotor for 1 hour. The supernatant_was drawn off and

stored at 4°C as crude collagen'solution {Protein- "C").
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Refined collagen solution was prepared by mixing
crude collagen solution with 0.1M NaOH in a 6:1 ratio
to neutralize the acetic acid, upon which collagen pre-

cipitated.  This=solution was-centrifuged-at-1500 rpm-for

5 minutes in a clinical centrifuge. - The supernatant was

discarded and .an equal volume of fresh acetic acid (1:1,000)

was introduced to resolubilize the collagen. This solution

was stored at 4°C as refined collagen solution (Protein "R").
Protein concentration was determined by the method of

Lowry et al. See Lowry, 0. H., Rosebrough, N. J., Farr,

N. J. and Randall, R. J., J. Biol. Chem., 193, 265-275 (1951).
Protein lattices were prepared in 60 mm Falcon bac-

teriological dishes to which fibroblasts adhere poorly.
Each dish contained: 1.0 ml 5X McCoy's 5a medium, 1.0

ml Fetal Calf Serum, 0.25 ml 0.1M NaOH, 1.5 ml collagen
solution, and 1.0 ml fibroblasts suspended in 1X McCoy's
medium. The dishes were first filled with the above

volume of McCoy's medium, serum and NaOH and then set aside
until the fibroblast suspension was prepared. Speed was
important in simultaneous addition of collagen solution and
fibroblasts since the gel started setting immediately.
Dishes were placed in an incubator at 37°C in a 5% CO2
atomosphere. Gels incorporating the fibroblasts were com-~
pletely set after 10 minutes.

The fibroblasts émployed were human foreskin fibro-
blasts, strain 1519, obtained from the Human Genetic Cell
Repository at the Institute for Medical Research in Camden,
New Jersey. These cells were grown and maintained in
'MCCoy‘s,Sa;modified;mediummwitﬁ,ZO%tserum,;penicillin,
and streptomycin. The cultures were free of mycoplasma.
The M.I.T. Cell Culture Center prepared and froze cells

- of every tenth population doubling level (PDL).
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Td measure lattice diameters, the dishes were
placed on top of a transparent metric ruler on a dark

background. Optimum visibility of gel edges was ob-

tained by shining white light horizontally against the
edge of the dish. Contracted gels were well formed

discs; they showed very slight differences of diameter
at various points. The average of the major and minor

axes was taken as the diameter.
EXAMPLE- 2 -

Measurement of Contraction of Hydrated Collagen
Lattice by Fibroblast Cells

The contraction of a hydrated collagén lattice
prepared according to the procedures of Example 1 and
containing 570 pg/ml of Protein "C" by 7.5 x,lo6
human foreskin fibroblasts, strained- 1519, 19th PDL, was
determined. Medium was changed in the dish on the first,
fourth and eighth days. The data obtained are plotted
in FIG. 1 which indicates- a' 112-fold reduction of
lattice area in a little over seven days. Within one

day, there had been a seven-fold area contraction.
EXAMPLE 3

Contraction of Hydrated Collagen Lattices

of Different Protein Concentration

The effect of protein concentration in hydrated
collagen lattices on contraction of the lattice was de-
termined as follows. Three hydrated collagen lattices
were prepared according to the procedures of Example 1

except that each contained a different concentration of
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Protein "R". Human foreskin-fibroblasts, strain 1519,
19th PDL were employed and medium was changed on the

fourth day.

" The data obtained are plotted inFIG. 2~where -
it can be seen that the rate of lattice contraction
varied inversely with gel protein concentration. The
area differences became of lesser~magnitude as time

went on.

EXAMPLE 4

Effect of Number of Cells on Contraction
0f Hydrated Collagen Lattices

The effect of the number of cells on contraction
of hydrated collagen lattices was determined as follows.
A number of hydrated collagen lattices containing 720
ng/ml of Protein "R" were prepared according to the
procedure of Example 1. Human foreskin fibroblasts,
strain 1519,. were-employed -and- the -medium-in each of
the cultures was changed in.the third, seventh and
tenth days. ' '

Controls were employed to which no cells were
added. 1In addition, four series of experiments were
run in which varying numbers of cells were added. The
data obtained are plotted in Fig. 3 in which each point
represents the average of the contraction of three or

four lattices. Deviations are not shown because they

- were all very.small (< ¥ 1.0 mm).

30

As can be seen, the number of cells did have an
effect on the rate of gel contraction but this difference
in contraction became less significant as a function of
time. Gel diameters approached a common small number
for concentrations above some minimum value. Below

the minimum value, the relationship between rate of gel
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contraction and cell number was distinctly non-linear.
The lattices with 8.1 x 104 cells did not begin to
contract for 24 hours. These sparsely populated gels

'lagged well behind the more densely populated ones

throughout the period of the.experiments.
EXAMPLE 5

Contractile Capacity in Hydrated Collagen Lattices -
0f Cells Of Different PDL

The contractile- capacity in hydrated collagen
lattices of cells of different population doubling level
(PDL), that is cells which had undergone different
numbers of cell divisions, was determined as follows.
Cultures were formed of hydrated collagen—latticeé pre-~
pared according to the procedures of Example 1 and
containing 720 pg/ml Protein "R", Medium was changed
on the third, seventh and tenth -days. .

Control cultures contained no cells. In addition,
a series of experiments with cells of different PDL levels
were carried out.

The data collected are plotted in FIG. 4 in which
each point represents the average of three or four
lattice contractions. Deviations were<Z 1.0 mm. Aas
can be seen, cells of the 35th PDL performed as well
as those of the 19th PDL, but cells of the 50th PDL
were unable to cont;act lattices at a commensurate rate.

EXAMPLE 6

-Ef fect of Cytochalasin B on Capacity of Cells
To Contract A Hydrated Collagen Lattice

The effect of the inhibitor cytochalasin B on the
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was determined as follows. Hydrated collagen lattices
were prepared according to Example 1 which contained a
‘Protein "C" content of 570 pg/ml. Fibroblast (human
foreskih, strain 1519, 1S9th PDL) cell_éoncéntration in
5 the cultures was 5.0 x 105. 10.0 pg/ml cytochalasin B
was added to each culture and medium was changed on
the fourth and eighth days.
Data obtained are plotted in FIG. 5, and as can
be seen, this concentration of cytochalasin B completely
10 blocked lattice contraction even at the relatively high

cell concentration employed.
EXAMPLE 7

Effect of Colcemid On
Collagen Lattice Concentration -

15 The effect of the inhibitor colcemid on protein
lattice contraction -was determined as follows.- .Cultures..
containing hydrated collagen lattices prepared according
to the procedures of Example 1 which contained 570 pg/ml
of Protein "C". 0.36 hg/ml colcemid was added to each

20 of these except for the controls which contained no
colcemid. The same number of cells was added to both
test cultures and control cultures, and data obtained
are plotted in FIG. 6. As can be seen, the 45th PDL
cells outstripped the performance of 19th PDL cells,

25 while 45th PDL untreated cells lagged behind the 19th

' PDL untreated cells. It is cleéar that colcemid can be
used to regulate the rate and extent of contraction
of the lattices.
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" EXAMPLE 8

Effect of Cytosine Arabinoside on Collagen Lattice
Contraction by Cells of Different PDL

The effect of l.ing/ml of cytosine arabinoside
on protein lattice contraction by cells of different
PDL level was tested as follows. Cultures containing
hydrate& collagen lattices containing Protein "C" in a
concentration 570 jug/ml were. prepared. Human foreskin
fibroblasts, strain 1519, of the 19th PDL or 47th PDL
were- added-to-both ‘controls containing no cytosine ara-
binoside and test cultures containing sytosine arabinoside.
Data obtained are plotted in FIG. 7, where it can be
seen that the 47th PDL cells outperformed the lower
PDL cells even though they were fewer in number. In
these experiments cytosine arabinoside was used to
block DNA synthesis -and thereby keep the number of
cells in the lattice constant;

EXAMPLE 9

Formation of Skin-Equivalent Employing Human Foreskin

Fibroblasts and Keratinocytes

A hydrated collagen lattice was prepared according
to the procedures of Example 1 which contained 500 png/ml
of Protein "C". Human foreskin fibroblasts obtained
in a biopsy were removed from a culture plate with a
solution of EDTA and trypsin. The suspension of single
cells was centrifuged to pellet the cells, after which
the cells were resuspended in culture._medium and then
deposited on top of the hydrated collagen matrix seven
days after the fibroblast cells had been introduced.
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Within three days, the keratinocyte cells had attached
to the lattice substrate and the process of keratiniza-
tion began leading to the formation of an impervious
cornium. Histological observations were made by-means
of electron microscopy.

EXAMPLE 10

In Vivo Studies with Skin-Equivalent -

Employing Guinea Pig Skin Fibroblasts and Keratinocytes

Skin biopsies were taken from guinea pigs and -
dermis was separated from epidermis surgically. Dermis
was dissociated enzymatically into constituent cells
which were plated onto tissue culture dishes and allowed
to undergo proliferatiqn.. Cells from each experimental
animal were grown in separate‘dishes so that their
identity was preserved. .Tissues were made up im vitro
by forming contracted-hydrated collagen lattices accord-
int to the procedures of Example 1 except employing
fibroblasts from the guinea pigs. Some of the lattices,
after contraction, were plated according to Example 9
with epidermal cells or keratinocytes taken from second
biopsies so that keratinocytes as well as fibroblasts
in each graft were from the animal which was to become
the recipient of the graft.

Grafts of these skin-equivalents were made to the

dorsum of the experimental animals (guinea pigs), and

'“it“waS‘fOHnd'thatﬂsuchngraftsfweremthoroughl§Mintegrated

30

at all levels within one week. From below, they had
become vascularized; at the level of the dermis, collagen
fibrils of the graft were interwoven with those of the

surrounding host tissue. In histological sections, the
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grafts could be distinguished by their high fibroblast
cell density and by the reduced degree of birefringence
as compared with that of surrounding skin when viewed
through a polarization microscope. Even those grafts
not provided with epidermis were completely covered

with an epidermal cell layer (keratinocytes) many

cells deep. The layer was continuous with that of the
adjacent host skin. It was clear also that dermal wound
contraction was inhibited by the presehce of the skin-
equivalent-graft just as it is when an autograft is

made.

Industrial Applicability
This invention has industrial applicability

in the preparation of living tissue, such as skin tissue.

Equivalents
Those skilled in the art will recognize, or be

able to ascertain using no-more.than routine experimen-

tation, other equivalents for the specific reactants,
catalysts, steps, techniques, etc., described herein.
Such equivalents areiintended to be included within

the scope of the following claims.
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" Claims

A method of producing living tissue comprising:

a. ‘forming a hydrated collagen lattice;

b.: bringing fibroblast cells into con-
tact with said collagen lattice; and,

c. maintaining said lattice and said cells
under conditions sufficient for said cells to
attach to said collagen lattice and to»contract ‘
said collagen lattice thereby forming living

tissue.

A method of Claim 1 wherein said hydrated collagen

lattice is formed on a non-wettable surface.

A living tissue formed according to the method
of Claim 1 or Claim 2.

A method of preparing living tissue, comprising: .

a. forming an acidic solution’ of collagen;

b. combining fibroblast cells and nutrient
medium with said acidic solution of collagen;

c. raising the pH of said solution of
collagen to a level sufficient to precipitate
collagen fibrils into a hydrated collagen
lattice; and,

d. maintaining said lattice and said cells

under conditions sufficient for said cells to

-attach+to said collagen lattice and to-.contract

said collagen lattice thereby forming living

tissue.
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A method of Claim 4 wherein steps b and ¢ are

done simultaneously.

A method of forming skin-equivalent, comprising:

a. forming a hydrated collagen lattice;

b. bringing fibroblast cells into contact
with said collagen lattice;

c. maintaining said lattice and said cells
under conditions sufficient for said cells to

attach to said collagen lattice- and to contract

' said collagen lattice to form living tissue;

d. plating keratinocyte cells upon said
living tissue; and,

e. maintaining said living tissue under
conditions sufficient for growth of said
fibroblqst cells and said keratindcyte cells

to thereby produce a skin-equivalent.

A skin-equivalent comprising:

a. a contracted hydrated collagen lattice
containing fibroblast cells +herein; and,

b. keratinocyte cells supported upon said
contracted hydrogen collagen lattice.

A method of treating a wound to the skin of a
donor, comprising: '

a. culturing fibroblast cells in vitro,
said fibroblast cells being derived from said
donor; -

b. forming living tissue by bringing
said fibroblasts into contact with a hydrated
collagen lattice and maintaining said lattice
and said cells to attach to said collagen

lattice and to contract it; and,
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" ¢. transplating -said living tissue

as a graft at the wound site of said donor.

9. A method of Claim 8 wherein said"living tissue
supports'a layer of growing keratinocytes.

5 10. A method of forming a biocompatible prothesis
for a potenéial recipient, comprising:
a. forming a hydrated collagen lattice;
b. contracting said hydrated collagen
lattice with cells obtained from said potential
10 recipient.
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