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ments for the Degree of Master of Science.
ABSTRACT

The effects of two parameters, crosslink density and porosity on
the bilayer artificial skin (stage 1) were studied. Two materials of
different crosslink demsity were manufactured by processing the porous
collagenous, bottom layer of the artificial skin with and without glutar-
aldehyde treatment. Materials with three different porosities were
manufactured by varying the concentration of collagen in the porous
foam-like layer. Pore structures were quantitated by a method using re-

- flected light microscopy and computerized stereology. Increasing the
collagen concentration had two major effects on the porosity of the col-
lagen foam, 1) a decrease in the mean pore width and narrower distributions
of pore widths of the "pan side" of the foam, and 2) a higher degree of

- orientation of pores in the edge view.

Wound healing responses’ to changes in both crosslink den31ty and
porosity were determined by grafting full thickness skin wounds in- ,
guinea pigs with each of the materials manufactured. Increased cross-
linked density decreased the rates of collagen degradation and wound
closure. More subtle decreases in these rates were observed with in-
creased collagen concentration. The more concentrated collagen grafts
with narrower distributions of pore widths and mean pore widths of
80u and 100U inhibited the migration of mesenchymal cells into the grafts.
A highly porous collagen surface with a broad distribution of pore widths
containing a significant number of widths as large as 500u and a mean
pore width of 150u allowed rapid cellular infiltration.

These studies have shown that variations in the crosslink density
of the collagen foams may be a more effective way of controlling collagen
degradation and wound contraction than alterations in the collagen concen-
tration. :

Thesis Supervisor: Ioannis V. Yannas

Title: Professor of Polymer Sciemce and
Engineering
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1. INTRODUCTION AND BACKGROUND

Skin envelops the entire body covering an area of approximately
1.7 square meters omn an adult human. Acting as a barrier it prevents
bacteria, toxic materials and ultraviolet radiatibn from enfering'the“v
body»énd reduces the loss of fluid, électrolytes and other essential‘

- materials [1]. Skin also serves as a sensory'organ and regulates body
teﬁferature, It is the body's primary defense against the envifonment
and thus, is highlj'gubject to trauma. .

'There are two majpr‘layersvcomprising skin, the epidermis and the
dermis, see Figufe i.l.l.~ The epidermis has four layers. The inner-
moét layer,vthe stratum malpighi contains a basal layer from Whicﬁwbasal
cells mature to form the other layers of tﬁe epidermis. The outer layer,
the stratum corneum cont;ins anucleated cells which are highly or;ehted
parallel to_the surface of the skin. As the basal cells mature aﬁd
migrate upwards, théy produce fibrillar and amorphous proteins forﬁing
the keratin of the stratum corneum and lose their mitotic ability, see

Figure 1.1.2. Between the inner and outermost layers of the epidermis

A7

are the stratum ‘grénulosum and the stratum lucidum. The stratum gran-

ulosum contains keratohyaiin granules which are thought to be the pre-

cursors of keratin [2]; Ihe stratum lucidum is a hyalin layer found in
thick eﬁidermis.

The dermislhredominantly contains collagen and ground substance re-
inforced with elastic and reticular fibers. Fibroﬁlasts, mast cells,
histiocytes and nervé endings sensitive to péin, pressure, and temperature
are also found in the dermis. Epidermal appendagés such as sweat glands

and hair follicles, penetrate into the dermis froﬁ the epidermis.
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Schematic diagram showing the layers of the epidermis

and the maturation of the basal cells [2].

Figure 1.1.2
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Each year approximately 130,000 individuals are hospitalized for
treatment of wounds from exposure to fire [3]. Many others suffer from
chemical or mechanicai injuries causing severe skin loss. These injuries
inflict extensive damage to the body and are oftenvlife threateﬁing.

The gfeatest threats are from fluid loss and bacterial infection. Those
patients that surviye the initial trauma must live with deep, massive
gscars and severe .contractures, poséibly resulting in deformity and loss
of joint function.

There is én obvious need for skin replacements. Autografting, ome
of the best treatment methods for skin loss, leaves no contractures.
ﬁowever,.the low availability of autografts for a ﬁatient with over 50%
skin loss and theAadditional trauma due to removal of the autograff:reé
duces the feasibility of autograﬁtinggfor the excessively burned patient.

Allografts and xenografts (e.g., porcine skin grafts) afe effective
for onlj a short time before rejection of the grafts occurs leaving the
wound open énce again. The availability of allografts is poor. P&rcine
skinAgréfts are comﬁercially available; however, thgy must be excised
every 3 to 4 days,ggféreAadhesion between the wound and the xenograft
takes place-and‘réjection begins [1]. |

Membranes made from séconstituted collagen or synthetic polymers
have béen_used to treat byrns [4-8]. However, none have been widely
accepted. In order to de%ién such a skin replacement,.careful consider-
ation of thephysical and chemical pérameters is necessary. Over the last
decade an artificial skin (Stage 1) has been developed which successfully
serves as a temporary coverage for full thickness wounds [9]. [10] The

Stage 1 artificial skin is a bilayer membrane composed of a collagen-
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glycosaminoglycan (GAG) foam bottom layer and a silicone rubber top layer.
The artificial skin wets the sﬁrfaqe 6f the wound well, draping over the
contours leaving no'dead spaces in which bacteria may breed. The collagen-
GAG foam serves as a scaffolding into which mesenchymal cells migrate, e
infiltrate, and multiply forming a 'meodermis." Epidermal cell§ also may
migrate from the edges of the wound between the silicone and collaggn—GAG
lajer provided intimate contact between the graft aﬁd the intact epidermis
is obtainéd; Collagen is also available in large quaﬁtities and the prod-
ucts of its biodegradatién are nontoxic. GAG is available commercially
from mammalian and chondrichthyes sources. The silicﬁne rubber layer acts
as a barrier to moisture and envirommental bacteria, reducing the fluid
loss and infection at the wound site. The collagen foam undergoesbdegra-
dation as fibroblasts infiltrate the membrane producing collagenase ﬁhich
chemically attacks the collagen matrix. Vascularization also occurs.
After several weeks; the silicone layer can be easily peeled off, aﬁd in
clinical use autoepidermis is mesh grafted over the wound. The result

is a neodermis cover;d with an epidermal layer. The regenerated area is
soft, pliable, and,éiéstic and closely resembles normal skin.

Gréfting.of fuli thickness wounds’in guinea pigs has given information
on contraction kinetics, cell-matrix interaction,‘and écar formation. |
Contraction can be défined as "the process wheféby the intact skin bor&er—
ing the deficit is drawn iﬁwards, reducing théﬁarea of the wouﬁd." [l;].
Cqmpared to the open wound response, the bilayer membrane retards contrac-
tion, see Figure 1.1.3. However, the scar areas at 60 days postgrafting

of  these treatments. show no difference.
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% WOUND AREA REMAINING

‘Figure 1.1.3 Reduction in area of.full thickness skin wounds in
‘guinea pigs. The graft used is a standard, crosslinked
collagen graft, Stgge 1. From Yannas [12].

Previoué studies have shown the importance of crosslink densitf?and
the porosity of the CPllagen-GAG foams on degradatioh‘and wound healing.
ﬁijar [l3]idemonstratgd’that crosslinking of collagen decreases the rate
of enzymatic degradézion in vitro. Both Chvapil, et al. [14] and White,
et al. [15] have shown the rate of in vivo resorption qf collagen decreased
as the amount of crosslinking with glutaraldehyde was increased. _Many
sﬁudies.have shown better cellulﬁr ingroﬁth with highly_porous implénts
when compéred with non-porous materials, but quantitative measurements
of the porosity were not reported [16-18]. Stasikelis [19] has shown im-
proved cellular response when a freezé dried porous sheet rather than a

dense filtered sheet of collagen-GAG composite was subcutaneously implanted.

The dense filtered sheet became surrounded by fibrotic sac, whereas the
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cells_infiltrated the porous material. Chvapil et al. [20] have demon-
" strated that a highly porous material greatly enhances penetration by
‘connective tissues and vascularization in a subcutaneous igplantation
when compared with a dense, compact material.

Control of wound contractionrkinetics and the optimization of cell
growth in the collagen foam is necessary for the improvement of the
artificial skin; 'This thesis studies the effects of crosslink density
"and the ﬁorosity of the‘collagen foam on contraction kinetics, écar form-
ation and cellular interaction. Due to the complex chemistry and physics
of these par#meters,it is difficult to separaté them completely. However,
two experiments have been designed to isolate these variables as muqh as
possible. ‘ : '{ N

In order to investigate the effect of crosslink density, coll;gen-
GAG foams were prepared with and without crosslinking in aﬁuéous glutar-
aldehyde solﬁtion. The foam treated with glutaraidehyde had the ‘
samé'crosslink‘density as'the standard stage 1 material. The foam not
treated with glutara%deﬁyde had a ldwer crosslink density than the Stage
1 material. To det;;mine whether a difference in crosslink density'would
create a significaﬁtly'different,;E_gggg response, both materials were
grafted on guinea pigs withvfull thickness skin wounds.

As mgﬁtionéd préviously, Stasikelis' experiments [19] with porosity
showed a profound differenée in cell infiltration when th; porosity was
changed from that of 5ﬁ in a dense, non-porous sheet to that of 150U in
a highly porous foam. However, a marked increase in the rate of degrada-
tion was also seen with increased porosity. In otder to understand the

relationship between cellular interactiom, in vivo degradation, and
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porosity, two collagen-GAG foams of varying porosities that lie between
the two extremes in Séasikelis" expériments were manufactured. The
porosity was varied by increasing the concentration of callagen-GAG
in fhe foams. Thesé foams were grafted on animals with full thickness -

skin wounds to evaluate the in vivo respomnse.
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2. MATERIALS AND METHODS

2.1 MATERIALS

The collagen was supplied by H.I. Sinnamon (U.S. Dept. of Agriculture,
Philadelphia, PA) and was prepared from fresh, uncured bovine hi&e és
" described by Komanmowsky, et al [21]. The hides were limed, cut into very
' 'small pieces and then treated with acid. The collagen was separatéd
from the water and then it was lyophilized. The collagen was redeived in
this form and was stored at 4°C until it was used. |

- Chondroitin-6-sulfatg (sodium salt, Type C, Sigma Chemical Co., St.
Louis, MO) was the glycosaminoglycan (GAG) used.

Deionized water was prepared with a deioniziné organic adsorption
system (Hydro Services and Supplies, Inc., Durham, NC) see Figure 2,1.1.

Acetic acid (0.05M,.  pH3) used to process the-collagen‘ﬁaS'ﬁade’from de-
ionized water and glacial acetic acid (Fisher Scientific, Medford,iMA).

. The silicone rubber for the top’layer of the artificial skin ié
Silas;icg Medical Adﬁes;ve, Silicone Type A (Dow Corning, Midland, MI).
The curing pfocedurg/which occurs at room temperature, requires moisture
and produces aceti;’;cid.

. A solution of fractical grade glutaraldehyde (J.T; Baker Chemical
Co., Phillipsburg, NJ) in 0.0SM acetic acid was used to'crosslink the
collagen-GAG composite at pH 3. |

The completed artificial skin was:stored in 70% isopropanol made
from isopropanol (Matheson, Coleman and Bell, Norwood, OH) and deionized

water,
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MODEL 4NC2-18

ORGANIC ADSORPTION AND DEIONIZATION SYSTEM

WATER

Number

AN

EVEANN

Figure 2.1.1 Deionizing Organic Adsorption System
illustrated by Susan Flynn.

Description

Fulfleo filter
20 micron effective
pore size

Filter
.45 micron pore size

Sterilization filter
.22 micron pore size

Pressure Reducer
Acéivaced Carbon

Ion Exchange -
(Deionization)

Conducting Cell

Faucet _

, Hydro Servicés,

R
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2.2 METHODS

The stage 1 artificial skin as described by Yannas [22-24] which
has O.SZ u/w.solids in the dispersion state was prepared and used as a
standard or control in the following enperiments. Three other materials
were manufactured to investigate the effects of crosslinking and por031ty.
For the crosslinking study, the crosslink density was lowered by deleting
the.glutaraldehyde treatment of the standard material.: Although this
altered collagen-GAG foam has a measurable crosslink density, it will
be referred to as the "moncrosslinked" material.

In‘order to study the effects of porosity, two materials were pre-v
pared with higher concentrations of collagen-GAG in the porous foam
layer (0.8%Z and 1.3% w/w solids). These 0.8% and 1.3% foans are 1.6Eand
2.6 times the concentration of the standard stage 1 material respectively,
see Table 2.2.1. The porosities of the 1.0x, 1.6x and 2.6x materials
were quantitated using scanning electron and reflected light microscopies
(JSMrUB Scanning electron microscope, Jeolco Co., Japan and Olympus

Mettallurgical microscope, model BEM with photomicrographic system camera,

- model PM 10-A, QI&mpus Optical Co., Ltd., Tokyo, Japan) and stereological

methods.

The molecular weight between crosslinks was measured for all four

>materials. ‘Each material was grafted on guinea pigs and histology and

contraction kinetics were studied, see Figure 2.2.2.
The preparation of the artificial skin.may be broken down into
three parts, l) collageanAG dispersion preparation, 2) freeze drying

procedureu and 3) siliconizing and crosslinking prdCedures as described
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Figure 2.2.2 . GENERAL PROTOCOL
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below. Refer to figures 2,2.3 through 2.2,5 for the flow charts corres-
ponding to these three parts.

Table 2.2.1 Collagen Concentration Notation

% w/w Solids Notation Used Here

o .
0.5 , 1.0x
0.8 1.6x
1.3 2.6x

2.2.1 Collagen-GAG Dispersion Preparation

The bovine hide collagen (BHC) was comminuted in a Wiley Mill
(Arthur J. Thomas Co., Philadelphia, PA) with liquid nitrogen to aﬂio
mesh particle size. The powdered BHC (0.55g hydrated weight. 0.503 &ry
weight) was dispersed in 200 ml‘of'0.0SM acetic acid (Glacial acetic
acid, Fisher Scientific, Medford, MA)‘for one hour in a jacketed séﬁi—
micro blendef (model 8590, Eberbach Corporation, Ann Arbor, MI) moﬁﬁted
on a two speed blendér motor through a2 variable power transformer (Staco;
Inc,., Dayton, OH, ﬁgdel 3PN }010) set at 507 of 120 volts. The blenders
were cboled~using ; Lauda/Brinkman Bath, model RC-2T (Brinkman, Westbury,
NY)‘at 3°C. TForty milliters of a 0.1% w/v solution of chondroitin-6-
sulfate in 0.05M HOAc ﬁas added dropwise over five minutes to the blending
collagen dispersion. The collagen-GAG dispersion was blended for an add-
i;ional ten minutes. For all bgt the 2.6x material the dispersion was
centrifuged for one hour at 2300 rpm (1300 g) ig a CRU-5000 centrifuge
(Damon, Internatiomnal Equiﬁment Co., Needham Heights, MA) to concentrate

the collagen-GAG mixture. For the standard, the noncrosslinked, and the
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Figure 2.2.2 COLLAGEN-GAG DISPERSION PREPARATION
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Figure 2.2.4 FREEZE DRYING PROTOCOL
(FOAM PREPARATION)
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‘Figure 2.2.5 SILICONIZING AND CROSSLINKING PROCEDURE
' (BILAYER MEMBRANE PREPARATION)
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Figure 2.2.6 REFLECTED LIGHT MICROSCOPY
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1.6x dispersions 140 ml, 140 ml, and 175 ml of supernatant were poﬁred
off respectively. Each pellet was reblended in the Eberbach blenders

for fifteen minutes at the same settings. In order to concentrate the
dispersion to 1.37 sélids for the 2,6x material, a J—ZlB'centrifuge with
a JA 10 rotor (Beckman Instruments, Inc.,APalo Alto, CA) was ﬁsed at
10,000 rpm (170003) for one hour, All the supernatant was decanted and
enough supernatant;was.reéﬁdded'to bring the folume to 133 ml. This
concentrated pellet was too viscous to reblend in the Eberbach blender
anﬂ was redispersed with a magnetic stirrer (Thermix, Fisher Scientifié,‘v
Medford, MA) with a two inch Teflon stir bar and the speed set at 4.5 for
fifteen minutes.

A dry weight determination was performed on the feblended coilggen
dispersion. A small aliquot weighing 3 to 5 grams was weighed in a pre-
weighed aluminum boat and placed in a vacuum oven (Fisher isotemp Vacuum
oven, Fisher Scienmtic, Medford, ﬂA) set at 105°C and -30mmHg for 24;ﬁoufs.
The desiccated samplg was weighed. The dry weight is the ratio of the
dry weight ot the wet weight of the collagen dispersiom only. It is

equal to a measure,af/the percent solids of the dispersion.

2.2.2 Freeze Drying Protocol

After the dispersion had been reblended,lit was‘ﬁlaced in a freezing
tray (2 ml/sq. in.). The-sheet of dispersioﬁ was frozen in the freeze
drier (Virtis 1OMRPC freeze drier and Freeze Mobile 12, Virtis, Inc.,
Gardner, NY) with the shelf maintained between -45fC and -40°C for ome
hour. The vacuum was then applied. When the preégure in the chambef

was redﬁced to between 100 and 200 millitorr, the shelf temperature was
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raised to room temperature and allowed to equilibrate for a half hour.
Then the freeze drier was repressurized to atmospheric pressure. The
freeze dried, collagen sheets (foams) were removed and each foam was
placed in an aluminum foil pouch with one end open. The collagen foam§ '
wefe dehydrothermally crosslinked (DHT) and sterilized in a vacuum oven
(Fisher Isotemp Vacuum Oven, Fisher Scientific, Medford, MA) set 105°C
~and -30 mmHg for 24 hours. Then the foil packages were sealed and the

foams were stored in a desdécator at room temperature.

2.2.3 Siliconizing and Crosslinking Procedure

After DHT treatment the foams were handled sterilly thrOughoutithe
remaining procedures. Solutions were sterilized by filtering withié
Nalgene sterilization filter unit, typeiLS (Sybron Corp.,‘Rochestef,fNY).
Each foam was covered with a layer of uncured silicone adhesive approx-
imately 0.0640" thick. The silicone was applied to the side of thé‘foam
that was in contact with the air during the freeze drying. The "air"
surface is usually Epretcollapsed than the "pan" surface and the more
porous surface shdﬁl&'be placed next to the wound bed. The layer of
silicone was spread on the foam with the flat end of a metal spatula.
The coated foam was then placed collagen side down into a bath of 0.05M
HOAc for 15 to 30 seconds to aliow rehydraéion of the foam. The foam |
was then turned oﬁer,so that the silicone side faced do§n to let the
silicone cure for 24 hours. Most of the air bubbles were removed from
the foam by gently pushing 6n the foam with a sterile, gloved hand. The
BOAc was drained off and one liter of 0.252 glutaraidehyde (one liter of

0.05M HOAc in the case of noncrosslinked foams) was added to crosslink
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the collagen for 24 hours. Then the glutaraldehyde was drained off

and thé.bilayer was washed twice with 500 ml of deionized water. The
one liter of deionized watér was added and the bilayer was sbaked for 24
hours. The bilayer was removed from the watér and the edges ﬁere'trimméd
1.0 cm. The bilayer was placed in a sterile bag with 70Z isopropamol and

stored at 4°C until it was used,.

2.2.4 Silicone Thickness Measurements

The silicone layer thickness was measured for eﬁch siliconized foam.
For each one, 5 specimens of one square centimeter area were cut and
placed in water at 80°C for 15 minutes. The gelatiﬁized collagen was
then peeled and/or‘rubbed off by hand. Then the sémples were coolé&ito
room temperature and each oﬁe was measured with a micrometer (L.S. starnett,
model 230, Athol, MA). The micrometer was tightened.down unﬁil all light

was eliminated between the platens of the micrometer and the samplég

2.2,5 Molecular Weight between Crosslinks

-

~
In order to quantitate the number of crosslinks in the collagen-GAG

foams, the molecular weight between crosslinks,,Mc, was measured. When
the bilayer'membrane was prepared, a porfion of the foém was not cavered
with silicone. This rehydrated and crosslinked portion was used for Mc
testing. The small strain mechaniéal properties of denatured coilagen

can be represented by the theory of rubbef elasticity [25-26] using the

equation

e

o= )12 (4 - 1/02)
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where, 0 = quilibrium force on the gelatinized specimen divided
by the unstrained cross sectional area
@ = ratio of the stretched to the unstretched lengths of
the gelatinized specimen -

v,= volume fraction of polymer (see below)
p = density of polymer = 1.3 g/cc

T = absolute temperature
- R = universal gas constant

LMb= molecular weight between crosslinks

If a graph of 0 versus (a«; 1/a2) is plotted, the Mc can be determined

from the slopeof the curve.

w o 2REQD
Stress relaxation tests were performed'on gelatinized samples of tﬁg
foams using a table top, scréw driven; mechanical testing machine
(Instron Corp., Canton, MA). Rectangular specimens 0.4" x 2" were
placed in 80°C 0.15M NaCl for five minutes in order to denature the
collagen. The specimen reduced in size and became yellow. The spédimen
was ﬁlaced in the gripslusing a gauge length of one inch. A 3.8 liter
Dewar flask filled with 0.15M NaCl at 80°C wds raised to completely cover

Ny ,
the specimen by atleast 1;5".’ The Instron was zeroed, balanced, and

calibrated to 1l0g per inch of travel so that a graph of force versus

time c?uld be plotted. Each>speciﬁen was strainéd in fension three time$
‘at increments of 5% strain (0,05"),  Between each additional increment -
of strain the specimen was allowed to rela# for atleast four minutes to
obtain an equilibrium stress.. Three specimens of each type of foam were
tésted. .

After the three equilibrium stresses were obtained in this manner
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the specimen was measured for width and thickness. Thickness measure-
ments were taken using a pressure sensitive micrometer (Mitutoyo, model
227-111, Paramus, NJ). .vz is the volume fraction of polymer or the ratio
of dry volume of the specimen to the wet volume of the specimen. -In
order to.calculate v,, wet and dry weight measurements were performed.
The sections of the specimen that were compressed by the grips were
removed. The specimen was reimmersed in the 80°C saline solution for
fifteen seconds, quickly Blotted on a paper towel, and them weighed to
0.1 mg. A dry weight was obtained from the same.specimen after dr&ing

in an oven at 105°C for 24 hours. The densities of dry collagen and

saline are 1.3 g/cc and 1.0 g/cc respectively.

dry polymer weight/1.3.

v, =
wet weilght-dry weight + dry weight
1.0 ‘ 1.3

A graph of ¢ versus (a-1la?’ ) was plotted for each speclmen using the
equilibrium forces from the stress relaxation tests and assuming that
= 0 when (o - l/a ) = 0 A linear :egression was performed to deter-
pe .

mine the slope. lUs;pg the values of v, and slope, Mc was calculated for

each specimen.

2.2.6 Scanning Electron Microscopy (SEM)

Three sﬁffaces.of each foam were viewed in the SEM, the air side,
pan side; and theevertical edge of the foam, Samples were mounted on
eluminum studs with silver paint and‘theﬁ coatedbfirst with carbon and
then gold in an evaporator (CVC vacuum eveporator, CVC Products, Rochester,

NY). All surfaces were photographed.
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2.2,7 Embedding and Reflected Light Microscopy

In order to quantitate the pore structure of the 1.0x, 1.6x, and
2.6x materials, the foams were embedded in a low viscosity epoxy (Spurr_
iow viscosity embedding medium, Pdlysciences, Inc., Warringﬁon, PA), cuf;
and polished so that the pan aﬁd edge surfaces of the foam were on the
surfacé of the epoxy blockQ The epoxyApdlishes to a fine shiny surface.
When éiéwed in reflected light microscopy, the epbxy feflects the light

~without scatterihg it whereas the collagen, due to its rough surface,
scatters the,light. Theréﬁore, through the miéroscope,tﬁeppres filled
with epoxy appear white and the collagen‘appears black. The Olympus
metallurgical microscope (Olympus Optical Co., Ltd., Tokyo) has an
internal light source. The light beam travels from the source to a
prism which directs the light beam through the objective to the sgécimen.
| The specimen reflects the light back through the objective.tb-the occut
lars and the specimen can be viewed. This procedure enables the viewer

to observe a cross section of the pore structure cross section through

one plane only. The two dimensional view allows étereological analysis

e

-

to quantitate the boﬁe stfucture.i This procedure was modified from a
standard technique used forvanalyzing the structure of»trabecular bone
{271. The defatting procedures were elfminated.and the embedding medium
was changed from methyl methacrylate to Spurr Hedium. ‘

Five one centimeter square specimen$ of each type of foam were cut
from five non-adjacent areas in a 2" x 3" sample for each type of dry
foam. These 5 specimens were immersed in 957 ethanol (U;S. Industrial

Chemical Co., NY, NY) for 24 hours to dehydrate the specimen thorbughly.
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Then the specimene were placed in prbpylene oxide (J,T. Baker Chemical
Co., Phillipsburg, NJ) and shaken until all the specimens sank, Spurr
ﬁedium is obtained in a kit containing four ingredients and was prepared
by mixing the ingredients in the order and ratioe shown below. With

the addition of each ingredient the mixture. was stlrred for 30 seconds.

Unox Epoxide 206 or ERL 4206 (vinyl cyclohexene
e I 1 s L0 Og -
Hardner NSA (nomenyl succinic anhydride............26.0g
‘Plasticizer DER 736 (diglycidyl ether of
propylene glycol)..........................f.....6.0g
Accelerator S-1 (DMAE: Dimethyl amino ethamol)......0.4g
A mixture of Spurr and propylene oxide'(ratio 1:1) was made. The
propylene ogide (PPO) ﬁes removed from the specimens and the 1:1 mixture
was added. The specimens were covered and placed on a shaker table for
three hours.. After the first hour the specimens were uncovered to e;low
the PPO to evaporate; Following the third hour the mixture Wes removed
from the shaker table. Pure Spurr was added to the specimens and they
were placed en the shaker table for another three hours. The Spurr Qas
poured off and fresh‘Spurr was added.  Each specimen was placed pan sur-
face down in a polyeggyLene mold (Peel-a-way tissue embedding molds,
Peel-A-Way Scientific, El Monte. CA), and the mold was filled with |
fresh, pure Spurr. A wire wes placed inside. each mpld‘lightly pressing
on the specimen to keep it from floating to. the surface or changing
orientation during the folymerization; Each epecimenvwas'iabelled by
ingerting a label into the mold. The molds were placed in en.oven at 60°C
for 24 hours.

After ummolding, the specimens were machinedAtp 1" diameter cylinders

in order to fit the polishing holders, First, the pan surface was
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~,

-

sanded with 400 grit siliconi carbide paper (Tufbak, Chandler and Farquhar,
Inc., Boston, MA) to remove thé excess epo#y, and then 600 grit paper
until ail the 400 grit scratches were removed. Then l.Oﬁ.alumina grit

was used to polish the pan surface in an automatic pplishing machine
(Syntron vibrating polishing machiﬁe,. model LP-01, type C, Syntrom Co.,
Homer City; PA), Tﬁe polished sample was then inspected in a reflected
light_microscbpe. If the collagen did nof appear on the surface; the
sample was sanded aﬁﬁ poiished again until the collégen surface was
apparenﬁ. | | _

All samples were phoﬁdgréﬁhed with reflecfed light microscopy with
Panétomic X film (Eastman Kodak, Rochesﬁer, NY); After the pan surfaces
were photograpﬁed, each sample was cut in half with a band saw and tﬁe
cut surfaces were sanded, polished apd photographe&. The pictures Qere
enlarged to 100x magnification and printed on Kodabromide high contrast
paper no. 4, single weight,‘(Eastman Kodak, Rochester, NY).
| Eachphotographwms drawn into tracing paper to eliminate any

extraneous black dots, iines, or shading in the picture. A black border

-

e : '
was placed around the frame of each traced picture. ‘

2.2.8 Porosity Measurements

Analysis of the porosities of the 1,0x, i.6x and 2:6x materials was‘
performed by méasﬁripg ;he distances between the wall of collagen that
make up the intércbnnecting pores of the foam, A DeAnza IP5000 image
processing syéfem»CDeAnza System, Inc.; San Jose;‘CA) and a,televisioh
camera (Eyecom) were used to display and digitize the traced photographs,
(Tufts New England Medical Center, Image Analysis ﬁabqratory; John

Bremner, director). The TV camera was used to produce a signal of each
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picture which was then digitized and placed in compﬁter memory fVa% 11/780,
Digital Equipment Co., Maynara, MA). The'picfure digitization is 256 x
256 pixels (256 vertical lines and 256 horizontal lines). The magnific-
ation of the TV camera was set so that 1 piiel was equivalent to Su.

The computer then scanned each horizontal line and measured the diétances
between intersectzons of the scan line with a black line., These measure-
ments were accumulated for all‘256 rdws.' The mean and standard dgviation
of these measurements were calcﬁlated, and a histogram is plotted. Then
the computer scaﬁne& vertically and calculéted the mean, standard devia-
tion, and histogram for thié direction, TFor a given orientation of the
tracing, the computer produced two séans, one horizontally and one vert-
ically. Figure 2.2.7 demonstrates one scan of the computer throughaé
schematic of a traded photoéraph. The scan line (horizontal line) i#ter-
sects the collagen (black curving lines) five times and is'divided into

six segments. Each of these segments is measured by the computer and’ is

added to the histogram of measurements from other scan lines.

2.2.7 Schematic Diagréﬁmsf caﬁpuﬁefiied scan of traced reflected light
photomicrograph '
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Only the pan surface and the edge view were analyzed since their
structures aré important for cellular infiltration. The pan surfaces
were photographed at randomvbrientation Qith respect to the axis pérpen-
dicular to the pan surface. Therefore, the computer scans were also at"
random ofientations.‘ For each material manufactured atleast four tracings
of the paﬁ‘surfaces each pho;ographed;from a different specimen, were
analyzed. Two sets of results‘wére obtained for each tracing. All eight
histograms were averaged and the mean and the standgrd deviation of the
average histogram were calculated. The variation between samples was
calculdted by finding the average of the mean pore widths of all samples
of the same type of material and the respective standard deviation.

The edge view§ were analyzed in a slightly different manner. Since
a specific alignment of pores was detected in the more coéﬁentrated.:
materials, the degree of orientation wa; measured. A black piece of
paper with a‘circulaf hole (7.5 cm in diémeter) in the center was piéced
on each tr;cing. Computer scans were taken at awarbitrarily assigned
angle (labelled 0°) agdiat 90° to the first scam. The circular tracing
| was then rotated,30°i;bout its center and the measurements were téken
at 30° and 120°.- This rotation was repeated for scans at 60° and 150°.
The éngle’which gave the maximum mean pore width was recﬁrded, if a
maximum was observed. Additional scans.wereAﬁerformed at angle 5°
greater aﬁd 5% less than this angle to obtain the maximum mean pore
-width and angle. of orientation. The mean pore aistances were plotted
versus the angle of ofiéntation. If a maximum was detected in the
cﬁrve; then the pores were alignéd in a éarticular'oriéntation. If

there was no maximum in the curve, then the pores of the trécing were
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not oriented. For each curve of mean pore width versus angle of scan,
the height of thekpéak, the standard deviation of the péak, and the.
kurtosis were measured. The kurtosis is a measure of the deviation of

a curve from a normal distribution. A normal distribution has a kurtosié

of 3.0. If the kurtosis is less than 3.0, the‘peak is flatter than a

.normal distribution, If the kurtosis is greater than 3.0, the peak is

sharper than a normal distribution. Eiguré 2.2.8 shows curves with
various values of kurtosis. -These parameters wi;l‘give an indication
of ‘the extent of orientation for each material. The standard de'viation
of-the peak and kurtosis wére calculated using'a computer program [28].

The mean aspect ratio of the pores, a ratio of the maximum mean

~ pore width to the minimum mean pore width was calculated for each sahple

to indicate the average shape of the pores in the three different mater-
ials, see Figure 2.2.9. The average of the mean pore widths at all angles

of scan for éach sample was calculated for each kind of material.

2.2.9 Pore Volume Fraction

The pore volumé:fraction was measured for the i;Ox, 1.6x, and 2.6x
materials before'rehydratiéh and crosslinking. One centimeter square
samples were cut from the dry foam. More accurate valﬁes of fhe length,
width, Qnd thickness.of each éample were measured qsing diai calipers

(Mitutoyo, model D-6"-T, Japan) and a micrometer (L.S. Starrett, model

no. 230, Athol, MA). Each measurement was taken by reducing the distance

between the surface of the sample and the platems until all light was

eliminated from this gap. The samples were then weighed to 0.1 mg,

Pore'voluhefraction was calculated using the following formula.
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a) Normal distribution, kurtosis = 3

b) Kurtosis > 3

PN

¢) Rurtosis < 3

Figure 2.2.8 Effect of Peak Shape on Kurtosis
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Figure 2.2.9 Pore Aspect

Ratio
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12.2.10 In Vivo Response
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v, (dry) =1 ;'ég%gg

where, v, (dry = volume fraction of pores of the dry sample »

= weight of foam sample

= density of collagen-GAG = 1.3 g/cc
average measured thickness

average measured length

= average measured width

ﬂt"rt'DB
)

and m/p = volume of the solid phase
. tLw = apparent volume of the foam

Wound healing response was obtained by grafting guinea pigs with
each of the caterials manufactured. Grafts (3.0 x 1.5 cm) stored ic
70% isopropanol were cut under sterile conditions and placed in normal
saline in a Twirl-A-Pak bag (American Scientific Products, Bedford, MA,.
The grafts were shaken and massaged to remove the 70% isopropanol
from the pores, and then were placed in another Twirl-a-Pak bag of
sterile normal saliﬁe and the massaging and shaking was repeated, The
grafts werevplaced.rgifresh normal saline and were reedy.for grafting.

 White, female:VCamm-Hartley guinea pigs (Camm, Wayne, NJ) weighing
300-400g each were ehayed end dehaired with Nair (Carter Products, Div-
ision of‘QartereWEIlace, Amer. Hosp. Supply, Irvine, CA). Each guinea
pig ﬁas given<an.intramuscclar injection of Tetracyn in the hind quarter
(intramuscular tetracycline, Pfizer, 0.035 mg in 1 ml 0.1 mg/kg) as a
prophylactic antibiotic, approximately one half hour before surgery.
The anesthesia was 1-3% Fluothane (Halothane, Halocarbon Labs., Inc.,

Hackensack, NJ) in oxygen. For the 1.6x and 2.6xlmateriale a full thick-
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ness excision (1.5 x 3.0 cm) was made up to but not including the pannic-
ulus carnosus on the left side of the back of the guinea pig. A graft
was placed on the wound with the collagen-GAG surface against the wound
bed, and was sutured in place with ten black monofilament nylon sutures, -
see figufe 2,2.10.

For the materials that were treated with and without glutafaidehyde,
a direct comparison was made by grafting each animal with two 1.5 x 3.6 .
cm grafts. Theilefc side ﬁas grafted with material crosslinked with
giutaraldehyde while the right was grafted with the noncrosslinked
material,

Tﬁe animals were bandaged after>surgery with sterile gauze and a
double layer of Elaétoplast bandagés ‘(Beiersdorf, Inc., South Norwaik,
Conn.)

The closure rate of ﬁﬁe grafted wounds was followed at three or
four day intervals.. The animals were unbandaged, observed and photb;
graphed. A Nikkormat. camera with Macro Nikkor lens, 55mm, £3.5 (Nikﬁn,
Japan) was used tq-phbtégraph the grafts with Kodachrome ASA64 color
slide film (Eastman/k;dak, Rochester, NY). The slides wefe projected
and the pink areé of the graft waé.traced onto white papér; The pink
area ‘is- the area underneath the silicone layer which haé- not epithelial-
ized‘o; contracted. Thus, the pink area is a measure of both the con-
traction and epithelialization (C/E), see Figure 2,2.11. Areas were
calculated by cutting out and weighing the tracings. Area data is pre-
sented graphically by plotting the percentage of the original area versus
time post-surgery.

The 50% closure day is the day post surgery when the pink area
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Figure 2.2.10 Full thickness wound grafted with the bilayer
Day O.

Figure 2.2.11 Pink area under the silicone layer, PA - pink

area.



iy

(open area) under the silicone reaches 50% of its original area; Tﬁe
50% closuré day was measuredfbr’ﬁll material manufactured.

The day when the silicone was ejected and the pink area (open area)
was zero,was labelled the day of closure, The day of closure was record-
ed for each type of maﬁerial.'

The areas of the long term extermnal scars wege measured by tracing
along the edge of the halrless area of the remains of the graft site,
putting these areas out, andlweighlng them. - The scar is considered long
term when it does not change appreciably over a.period of two weeks.

Histological‘samplésiwere taken at varying time intervals post-
surgery. vThe animal was anesthetized with Diabutol and the graft and
atleast a one centimeter border of surrounding skin was excised. Ai
full thickness skin‘sample,‘including;the panniculus carnosus waé removed
mounted on an index card indicating anteridr—and posterior di;ectiqns,
and placed in 107 buffered formalin (Fisher écientific, ﬁedfdrd, MA);

The guinea pig was éécfificed with an overdose of Diabutol injected in
the heart. The sampie ﬁas split into three parts, anterior, middle and
posterior, dehydratéa in ethanol baths, cleared in kylene; and embedded
in parﬁfin. Micfoﬁomed sections of 6y ﬁhickness were produced and
mounted on microscbpe slidés. Sections cut serially perpendicular to
the anterior-posteriof direction were taken from the middle part of';he
gfaft. 4Sectiqns cut parallel to the anterior—posteriqr'di:ection were
taken from the anterior and posterior parts. .Ihe parafin was removed;
tﬁe sections were rehydrated and stained with hematoiyiin and eosin.
Finally the sections were dehydrated and cleafed in #ylene; and a cover
slip was mounted on.the sections with Permount'(Fiéher Scientific, Medford,

MA).
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3. RESULTS

3.1 Thickness Measurements

The thickness of the siliconme layer for each material grafted on -
guinea pigs was~measﬁred. Values‘are shown in Table 3.1.1. Since the
silicone layer was applied to each foam by hand, there were ridges and
thin areas that created a large range’of'valugs. The mean thickneéses
for each material range from 0.0338" to 0.0415" whereas the range of
thickness varied froml0.0206" to 0.06205; There was no significant

‘difference of the thicknesses for the different materials.

Table 3.1.1 Silicbne Thickness Measurements

Type of Material Mean Std. Dev, n
1.0£ noncrosslinked 0.0396" 6.0114" 1-19
1.0x crosslinked 0.0415" 0.0091" ’ iS
1.6x 2 . 0.0391" 0.0117" 10

2.6x ) 0.0338" 0.0090" 15

3.2 Molecular Wéigﬁ% between Crosslinks, M.

3.2.1 M.: Crosslinked versus Noncrosslinked

The;Mc values were measured for the crosslinked and noncrosslinked
materials, see Table 3.2.1. The,Mc values for thé cross;inked standard
materials were slightly below the normal range of values (8 x lO3 to
26 X 103 daltons) [29] due to the thickness measurements of the samples
tested. The pressure sensitive micrometer was used to meﬁsure the
thickness of each specimen. It applied apprﬁximafely 200 grams to the

specimen during each measurement. This force is largér than the force
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that has been used in the past (50g) [29] and results in smaller thick-

ness meaauremeﬁts.and thua, lower values of M;. For the standard cross-
linked material a range ef & x lO3 to 12 x 103-daltons was measured and

caleulated for the’molecular weight between crosslinks.

The values of M for the noncrosslinked foams were significahtly
larger than the values for the crosslinked foams (p < 0.0005, n = 5 9,
in an unpaired, one-tailed t-test [30]), indicating a lower crosslink
density for the material that was not treated with glutaraldehyde. The
average M of the noncrossllnked material was 5.0 times the average M
of the crossllnked material

The values of VZ’ the volume fraction.of gelatinized collagen,
were not significantly different for the noncrosslinked and crosslinked‘

materials (two-tailed, t-test, p > 0.5 [30]).

3.2.2 M.: Variation with Concentration

The Mﬁ values were measured for the 1.0x, 1.6x, and 2.6x materials.
As for the values of Mc for the crosslinked and noncrosslinked foams,

the values are below the normal range (8 x 103 to 20 x 103 daltomns) [29]

e
-

due to the thickness measurements with the pressure sensitive micrometer.
The values for Mt and'v2 are presented in Table-3.2.2;» The-average
-values of ME for the 1.0x, 1.6x, and 2.6x'materials were 7.6 x 103,

8.7 x 103, and 8.2 x 103 ealtohs respectively. Theee three values are
not significantly different (all p > 0.5, one-way analysis of variance),
thus, the average molecular welght between crosslinks is independent of
collagen concentration of the foam.

The values of v, for the 1.0x material were not significantly
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Table 3.2.1 Molecular Weight between Crosslinks, Mc

Type of Material Mean Std. Dev. v, Std. Dev. n
: (daltons) ° (daltons)

crosslinked 7.9x10° 2.7x10°  0.055  0.026 9
noncrosslinked 3.9 x 103 2.0 x 103 0.066 0.068 ' 4

Table 3.2.2 Molecular Weight between Crosslinks, Mé'

Type of Material Mean Std. Dev. v, Std. Dev. n
: . (daltons) (daltons) :
1.0x 7.6 x 10° 2.8 x 10°  0.052 . 0.023 12
1.6x 8.7 x lO3 0.4 x 103 0.044 0.006 3
3 3

2.6x : 8.2 x 10 4.0 x 10 0.069 0.012 9

3.3 Scanning Electron Microscopy (SEM)

Scanning electron photomicrographs were taken of thé foams thaﬁ
were producgd. Since the SEM can only be performed omn dry séeciméng,
the sampleszfor SEM were prepared‘from the collagen-GAG foams before
rehydration. Therefore, the crosslinked and noncrosslinked foams
looked identical gpéiwére labelled 1.0x.

The pan sufféces were photogr;phed and the results are shown in
figure 3.3.1 a,b,c. The pores along the pan surface decrease in size
as the concentration of the collagen increases. The 1.0x and 1.6x
mater»iﬁls have similar structures. The pores are separated from each
other by thin collagen sheets, although the pores aré smaller in the
1.6x foam. The 2.6x material has an entirely different structure.

There are fewer pores at the surface. Between the pores are broad

sheets of collagen indicating a much denser surféée.A In both the 1l.6x



Figure 3.3.1 Pan surfaces
of collagen foams photo-
graphed in scanning elec-
tron microscopy.

a) 1.0x concentration

b) 1.6x concentration

¢) 2.6x concentration
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and 2.6x surfaces there are regions where the pores seemed to be
oriented in a particular directions. This orientation is rarely
observed in the 1.0x material.

The air Surfaées of the three materials were photographed and are '
shown in Figure 5.3.2 a, b, c. There is a large difference in the
appearance of the 1.0x and‘the higher concentration materials. The 1.0x
foam shows a porous structure which is slightly more collapsed than its
pan surface. In contrast thé 1l.6x and 2.6x foams have a very demse,
low porosiﬁy surface. The pores are few and very small. Again an
alignment of the collagen plates can be seen whereas the 1.0x material
has a random pore structure,

The edge views (perpendicular to the pan and air surfaces) aréi
shown in Figures 3.3.3 and 3.3.4. As would be expected the density;of
collagen in the cross section increases with increasing coll;gen concen-
tration in the foam; Once more there is a distinmet orientation of;the ‘
pores in ﬁhe 1.6x and 2.6x foams. In general the 2;6x matefial is ﬁore_
highly orieated thanvthe 1.6x material. In some sections, there afe
regions of randomlyj;riented pores near the pan surface comprising
roughl& 207 of ﬁhe thickness of the foam. However, porés aligned com-
pletely from the air surface to the pan surface have also been observed.
Some sections of the foams have revealed a denser regioﬁ ﬁear-the pan

surface.,’



-50-

Figure 3.3.2 Air surface of collagen foams photographed in
scanning electron microscopy

a) 1.0x concentration

b) 1.6x concentration

¢) 2.6x concentration




~

Figure 3.3.3 Edge view of collagen foam photographed in scanning electron
micrescopy, a) 1.0x concentration, b) 1.6x concentration



‘(5)

(b)

Figure 3.3.4 Edge view of collagen foam photographed in scanning

electron microscopy, a) 1.0x
concentration

o

~

oncentration, b) 2.6x
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3.4 Porosity

3.4.1 Pore Width Measurements

3.4.1.1 Pan Side

The pan sides of the 1.0x, 1.6x, and 2.6x materials were quantitatéd
using computerized image analysis. Figures 3.4.1 through 3.4.3 show
examples of the reflected light pho;omicrographs of the pan side for
_e;ch type of maferial and its traced image. Measurements of the dis-
tance between collagen plates forming the interconnecting pores of the
embedded foams were performed.

Averaged, normalized distributions of pofe widths are presented
in Figure 3.4.4 through 3.4.6 for the 1.0x, 1.6x, and 2.6x foams. The
average histogram for each material is the average of all the histoérams
from the individual samples for the 1.0x material, For example: thére were
seven traced samples for thé 1.0x material. Each sample was analyzed
for pore widths and the data were plotted as a histogram. All seven
histogrﬁms were averaged by the following procedure. The heights of all -
the first bar intervals'(o.- 50u5 of the seven histograms were added and
divided by sevenvto,getermine the height of the average histogram bar
for the first interval (0 -50u). Tﬁe same procedure was-used to deter-
mine the height of the average histogram bars for the other intervals.
The result was. an average histogram of all seven samples. To normalize
the average histogram, divide the height of.each bar of the average hist-
ogram by the sum of the heights of all the bars of the average histogram.
The resulting normalized, average histdgram had a total area of the bars
equal to omne.

The average, noramlized histograms became more narrow as the concen-

tration of collagen in the foam is increased as indicated by the decrease
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in the standard deviations, Oh, for the more concentrated materials.
The mean of the average histogram, Ph, for the 1.0x, 1;6x, and 2.6x

foams were 1451 (0, = 131u), 100w (0, = 29u), and 77u (d, = 73u) res-

pectively, see Table 3.4,.1.

In order to measure the variations between samples of the same type
of material, the mean of the histograms of individual samples were
aVeraged and the standard deviation waé calculafed. For example, seven

means were calculated from the seven histograms for the 1.0x material.

The average, Pi,:and‘standard deviation, Ui,=of these seven means were

,caléulated. The standard deviatioms, Gi’ indicates the sample to sample

1 and Gi were calculated for the

1.0x, 1.6x, and 2.6x materials and the results are also shown in Téble

variation for each type of material. P

3.4.1. Both the 1.6x and 2.6x materials were significantly differe#t
from the 1.0x when their values of Pi were compared in one;tailed t-tests,
(1.0x versus 1.6%, n = 7, 9, p < 0.0005; 1.0x versus 2.6x, n = 7, 18,

p < 0.0005);1-The-l.6x and 2.6x materials were significantly differént
when their values offPi_were compared in a one~tailed t-test (l.6x ver-

sus 2.6x, n =9, l&i’p < 0.0005).

Table 3.4.1 Mean Pore Width: Pan Side

Type of Material PG q 2, () 0 )
1.03 ’ 145 131 148 15
1l.6x | ' 100 86 163 ' 19
2.6x 77 73 78 8

Ph = mean_of the average histogram of pore widths.

Gi = standard deviation of th; average histogram ‘

P. = average of the mean pore widths of individual samples

0. = standard deviation of the mean pore widths of individual samples
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Thué, the mean pore width of the pan side decreases-with increasiﬁg
collagen concentration. Figure 3.4.7 shows a graph of mean pore width
versus concentration. An exponential relationship is observed. Figure
3.4.8 is a graph of the ln(mean poie width) versus concentration. A

linear correlation of -0.97 was calculated for the equation.

P = 206 exp(-0.76C) 9

where, P = mean pore width, u
C = collagen concentration, % w/w solids

It should be noted that there are only three points to each curve, and
more information must be obtained before this relationship may be gener-

alized.

3.4.1.2 Edge View

 The edge views show a difference in orientation of thé pores between
the standar@ 1.0x material and the higher concentrations. The porés of
the 1.0x maﬁerial appear randomly oriented compared with the poreslbf
the 2.6x foamlwhich.;rg érranged in columns. The 1.6# material was not
-as highly oriented‘%g the 2.6x.material.» Sections of pores with random
structure as wellﬁés orientation were observed. The angle between the
major orientation direction and the axis perpendicular to the pan Surféce‘
was not constant for a particular material. The range of this angle was
between 0° and 60°. ‘
The pore orientation was quan;itatéd by plotting mean pore width
versus angle of scan and curves representative of each material are
shown in Figure 3.4.9 a, b, c. The curves for the 1l.6x and 2.6x mater-

ials have narrower and sharper peaks than the curve for the 1.0x foam,
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indicating a higher degree of oriéntation. This trend is indicated by
a larger peak height, smaller standafd deviation of the peak, and a
larger value of kurtosis for the 1.6x and 2.6# foams as listed in Table
3.4.2. For these three measurments the 1.6x material was not significantly
different from the 2.6x material when coﬁpared in a two-tailed téﬁest |
@ > 0;2). The values fdr the 1.6x and 2.6x foams were then grbuped
together and tested against the 1.0x foam in a coptrast'test [31]
(Ho:'fl.s + fiés)/z - E}.o = 0). The values of peak height, peak stand-
ard deviatioﬁ, and kurtoéis for the 1.6x and 2.6x foamé were sigﬁificantly
different from the 1.0x foam (p < 0.005).

The average of the mean pore widths of all scans were calculated
for the 1.0x, 1.6x, and 2.6x foams and'are also shown in Table 3.4:2,
The values for the 1.0x and 1.6x mater}als'were not significantly dif-'
f;rent when compared in & two-tailed t-~test (n =5, 11, p > 0.2).  These
values were combined and compared to the average for the 2.6# material
;n a contrast test (Ho: i}.o +‘§}.5)/2 - E}.s-= 0). They were sigﬁif-
icantly different from the 2.6x foam (p < 0.05). The collagen concen~
;ration had a lérgegfeffeﬁt on the mean pore width of the pan side than

the edge view.

-3.4.2 Pore Volume Fraction

The pére volume fraction was measured for the l,Ox, l.éx, and 2.6x
materials. Table 3.4.3 shows the meén values and their respective stand-
‘ afd deviations.. As expected pore volume fraction decreased with
increasing concentrations of collagen-GAG. Values were compared using

an: unpaired, two~tailed t-test and all were significantly different from
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each other, see Table 3.4.4.

Table 3.4.3 Mean Volume Fractions

Type of Material Pore Volume Std. Dev, Collagen Volume Std. Dev.

Fraction Fraction
1.0x 00,9940 0.0002 - 0.0056 0.0002
1.6x 0.9928 0.0002 0.0072 0.0002

2.6x 0.9860 0.0020 0.0140  0.0020

Table 3.4.4 Pore Volume Fraction:~Unpaired, one-tailed, t-test results

Pairs Tested ’ LT t P

1.0x vs. 1.6x 7,10 12.7 0.001
1.0x vs. 2.6x% 7,9 ' 9.16 0.001
1.6x vs. 2.6x 10,9 9.07 0.001

3.5 Histology

3.5.1 Histology: Crosslinked versus Noncrosslinked

Histological ééctions were taken at days 15, 21, and at the "long
term" stage. When there is no longer any substantial change in the
external appearance of the graft site, the scar is described as "long

A}

term." ‘Descriptions of these sections are listed in Table 3.5.1. The

epithelial migration over the graft.occurred at approximately the same

rate for both the crosslinked and noﬁcrosSlinked materials. Initially
it appears that the mesenchymal ceils migrated more rapidly into the

noncrosslinked material. By day 21 the cell concentrations within the
two types of grafts were roughly equal. Both grafts became well vas-

cularized.
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The major difference between the two materials is the'rate‘of
resorption and remodelling of the collagen graft. At day 21 the cross-
linked material was beginning to be degraded and remodélled, whereas
theée processes were already occurring throughout the nbncrossligked
material by day 21, see Figure 3.5.1 a, and b, The silicome had come

off the noncrosslinked graft site and the surface of the wound was -

‘entirely covered with epithelial cells.at day 21 while 50% of the séc—

tion of the crosslinked grﬁft remained open. The distances that the
epithelial cells migrated were equal in the two cases and the difference
in amount of closure may be attributed to a difference in contraction
rates,

The long term histological sections of both the crosslinked a;d
noncrosslinked grafts contained demsely packed, aligned collagen (néo-
ermis) that was birefringent in polarized light. However,‘a smallgf
quantity of neodermis was apparent in the noncrosslinked graft sité;

The only otﬁer difference between the noncrosslinked and crosslinked
long term hiétological sections was the location of the normal, intact
dermis migrating fré@ the original wound edge. In the crqsslinked graft
site, the normai dermis was migrating under the demsely packed collagen,
while the normal dermis in the noncrosslinked graft si;e was migrating
through the dense collagen, roughly midway between the epidermis and

the adipose tissue.

A distinct difference between the neodermix and ﬁormal'intact der-
mis can be seen. The fibers of the ncrmal dermié have a random woven
appearance and are more loosely packed than the neodermis. No epidermal

appendages are regenerated in the neodermis. Any‘appendages apparent in
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the graft site have most likely migrated from the wound edges. Thé
ﬁense parallel aligmment of the collagen fibers and the lack of epider-
mal appendages in the neodermis make it easy to estahlish the difference
between the two regions. |

Approximately half of the long term sections of both materials
contained a region where a small part of the collagen'fqam had not re-
modelled and was not birefringent in polarized light., This region was
well infiltrated with cells. Often but not always these cells were
, multinﬁcleated giant cells. Some éells around the region were aligned
parallel to the surface of this region. It is unclear whether a fibrotic
sac was beginning to form around the region. No significant fiBro;ic
sac forﬁation was found in any sections. These regions have been lébelled
as granulomas. The gfanulomas always occurred in’the neodgrmis geé: or
next to the adipose tissue. The cause of these granulomas is unknown.
In general granulomas may result from the reaction of the animal tb}
aseptic foréign bodies such as silk suture threads.[32]. The suturés

uséd in these experimeﬁts were nylon and have a very low incidence of

-

Ve

initiating an inflégmatory résponse [33]. Therefore, the probability
that the sutures ;fe'the cause of the granulomas is.smail. Another
possible cause is small impurities in the collagen foém from either

the processing steps or from the original. source of the collagen; Again
the probability that there were that many impurities in the grafts is
small. The collagen-GAG itself may be the cause of the inflammatory
response. In some cases it may initiate an aseptic foreign body response.

There is no conclusive evidence for the cause of the granulomas.
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3.5.2 Histology: Concentration/Porosity Variation

Histological sections for the 1.0x, 1.6x, and 2.6x material were
taken at days 7, 14, 22, aad loﬁg term. The results are listed in Table
3.5.2. A distinct difference in the thickness of the coilagen fiber aggre-
gates in the graft were observed in da}s 7, 14, and 22.. The thickness
.of the fibervaggregates.increased ﬁith increasing collagen concentration '
in the foam. The collagen aggregates of the 2.6x grafts were 15 - 25u
wide, roughly three times the thickness of theil.Ox aggregates. (5 - 10u).

The 1.6x% aggregate thickness was approximately 10 - 20u.

At day 7 the 1.6x and 2.6x grafts were pooriy adhered to the wound
bed and very little cellular migration into the grafts had taken piace.
The 1.0x material was more firmly adhered to the wound bed and cellelar
infiltration was evident. A cell concentration gradient can-be seee in
the 1.0x graft with a greater number of cells near the adipose tissue
and fewer near the 3111cone layer. The epidermis was just beginning'to ,
thicken and become hyperplastic at the wound edges in all three types of
grafts. In the 1. 6x graft it is not clear whether the epidermis was
geing to migrate under or over the graft material. All three materials
were becoming vascularized.

At day 14 both the 1.0x and 2.6x grafts were well adhered with the
epi&ermis migrating over approximately 40% ef the graft. A 1.6x histo-
logical saﬁple was not obtained. The 1.0x material was uniformly infil-
trated with cells throughout the graft, the differenee in cell concen-
tration gradients withing the graft had Been eliminated. »The 2.6x graft

was infiltrated with cells; however, there was a greater concentration
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of cells near the adipose layer than near the silicone layer. The‘l.Ox
material was beginning to remodel at the wound edges whereas the 2.6x
graft showed no evidence of requelling.

At day 22 all three materials were well vascularzied. The 2.6x
graft had a slightly larger concentration of capillaries than the‘other
materials. For eagh type of material; epiderqal migration had proceeded
over 40% to 50% of the lateral éection of the ,graft sﬁrface, normalider- ,
mis was migrating Beqeath.the graft, and the graft was highly infiltrated
with cells. The major difference between the three materials was the
extent of the resorption and remodelling of the collagen fibers of the
graft. The 1.0x maté;ial was extensively resorbed and remodelled._ The
collagen was becoming more densely packed. Remodelling of the l.6#’graft'
was occurring throughout thé“graft: but the collagen fiBe:s were still
loosely arranged. The 2.6x métérial was just starting to become deﬁse
at the edges of the graft. The fibers of cﬁllagen were stili thickfand
loosely packed in the center. Figures 3.5.2 a, and b through 3.5.4‘a,
and b show histologiﬁal’sections of the 1.0x, 1l.6x, and 2.6x grafts.

There was a ia?ée variation in response from animal to animal for
the high concentration materials. This variation may be a result of some
nonuniforﬁity of the pores of the grafts. Figure 3.5;5 a, and b shows
the varied response of two animals to the same kind of graft material.

In lqng}term histological sections the amqunt of densely packed
collagen in the graft site increased with.increasiﬁg collageﬁ concentration.
Tﬁe<2.&x gr;ft site had the most dense collagen aligned parallel to the
skin surface; vThe dense coliageﬁ was birefringent in polarized light (90°).

All three types of grafts had normal dermis migrating underneath and



()

(a)

d eosin stain, G - grafec,

ermis, D - normal dermis, a) edge of graft, b) center of graft

Histological Sectiom, 1.0x, day 21, hematoxylin an

E - epid

" Figure 3.5.2



3Fea8 Jo 193uUBD (g
- 0 ‘sTwiaprde - g

u

£

13ead jo 88pe (v ‘snsouaed snynoTuued - d “STwisp Tewiou

‘3yea8 - 9 ‘Ulels ursos pue urTdxoleway ‘zz Lep ‘xg T ‘u0TI095 TEOTY0TOISTH €°C ¢ =2iInS1g

(@)

(®)

-77-




-78=-

. .Mmmum Jo 393usd (q ‘31jead yo 33ps (v ‘STWABP [rWIOU - ( ‘sTwiapyds - g
1jea8 - ‘

[

D ‘urels ursos pue urTAxolRwWLY ‘gT Aep ‘X9°y ‘uor3loeg TEOISOT0ISTH 4°G'¢ 2anSTy

(9) . (®)

-~
-~
-~
)
Lo
-,
-




~756~

. 1z Aep (q ‘gz fvp (®
‘snsouaed snynoruuneg - 4 ‘3yei8 - 5 ‘urels uyrsod pue UrTAxojEWSY X9y
‘uo13oas [eY[80T0ISTY ‘TRUTUR 03 TEUTUR WOXJ psuodsey Jo UoTIeTARp uosTiedwo) GU¢Ug PANBLL

(®)




-80-

uniform thick epidermis over the graft site. The long term histological
sections of all three materials contained many granulomas with and with-
out'multinucleated giant'cells (as described above), see Figure 3.5.6.

A higher incidence of granulomas was observed im the 2.6x grafts.

3.6 Contraction/Epithelialization (C/E)
8 .

In vivo C/E was measured and calculated for the crosslinked and
noncrosslinked materials grafted on guinea pigs. Curves of ¥ original
area remaining open versus time are shown in Figures 3;6.1 through 3.6.4,
Figures 3.6.1 and 3.6.2 show each material alone with their respective
ranges (bars). Each data point represents the aferage of atleast éﬁree
guinea pigs. The population sizes are listed in Tahle 3.6,1. Figure
3.6.3 is a curve of the C/E of an open wound. This woundeas prepéred
identically:to the grafted wounds but no graft was placed in the wéund
bed. This work waS~?rgviously done by researchers, Susan L. Hanson and '
Eugene Skrabut at MIT (unpubllshed data). Figure 3.6.4 is a composite
graph comparing the/effects of the two materials and the open wound.

The curves in all four graphs were fitted by eye.

The omset of C/E occurred at day 6 for the crosslinked and noncross-
linked materials. In contrast the open wound had contracted to approxi-
mately two thirds of its original area by day 3.

The crosslinked and noncrosslinked C/E data were fitted with linear
regression lines from the onset of C/E to the day of closure; The open
wound data was fittgd with a linear regression line from day O to day 10

forced through 100% at day 0. After day 10 the open wound data Begiﬁs
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Figure 3,5.6:_'1‘.Granuloma in a long term histological sectiou-; Ad&y 52.
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Flgure 3.6.1 Crosslinked graft; Wound Closure: Reduction of open
area under the silicone layer, Bars - ranges of values
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Figure 3.6.3 Open Wound; Wound Closure: Reduction of open area,
Bars - ranges of values '
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Figure 3.6.4 Composite Wound Closure Curves, B—open wound,
®—crosslinked, o-—noncrosslinked..
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to plateau, and data after day 1Q was not used to compute the linear
regression. The results of the linear regressions and time in days to
obtain 507 closure (50% pink area) of the wounds measured from the
regression lines are listed in Tahle 3;6.2 aﬁd shovm in Figure 3.6.5.
The correlations were greater than or equal to |-0.97[ for all tﬁree
types of,maferials. -Individual animals rather than the averages were
also fitted with linear regression lines for the crosslinked and'nﬁn-
crosslinked materials. A pairéd; two=tailed t-test (n = 8) was performed
on these data. The élopes of the crosslinked apd noncrosslinked matgrials
were found to be significantly different (p < 0.01). An unpaired, two-
tailed t-test (mn = 5, 10) was also performed on the open wound and non-
crosslinked data, A significant difference between these two was élSO
determined (p < 0,005). A distingtly hifferent rate of closure wa;idemon-
strated by the variation in the 50% day also in Table 3.6.2. The c;oss-
linked material achieves 507 closure 6 days later than the ndncrosglinked
material and 16 days later than the open wound. The difference in.feduc-
tion of ciosure raté’(i.e., the rate of reduction of pink area visible
under the silidong,lgyef) can easily be seen in the animal model. Figure
3.6.6 a, and b showf; comparison of the crosslinked and néncrosslinked
grafts at day 18. The difference between the pink area is roughly one
square éentimeter of’2§Z of the original area. |

Thelave:age times for EIOSure of the woundg»(zéro open area, zero
pink area) for the crosslinked and noncrosslinked materials and the open
waund were 38 days (std. dev. = 8.5), 26 days (std. dev. = 3.7), and 18
days (std: dev. = 3.0) respectively. A compariéon.of the ranges of the

day of closure shows small overlapping, see Table 3.6.3. Closure times



-87-

Table 3.6.1 Population Sizes for C/E Data

Total # of Animals #Long Term Animals*
crosslinked _ 10 6
nouncross linked 11 7
open wound 5 ' 5

- *Long term refers to animals that were observed for more than 50
-days.

Table 3.6.2 Linear Regression of C/E Data

Slope 5Q% Day* Intercept Correlation
(Z/day) @)
crosslinked -3,3 ‘ .21 119 -0.98
noncrosslinked =5.1 15 129 -0.97
open wound -9.6 5 100 -0.99

-*Day on which 50% original area is reached calculated from thé;
regression line. '

Table 3.6.3 Data of Day of Closure (zero pink area)

Average ' Range Std. Dev.
(days) (days) (days)
crosslinked ’ 38 25 = 45 8.5
noncrosslinked < 26 21 - 31 3.7 (
open wound 18 | 14 - 21 3.0
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Z Original Area Remaining Open
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Figure 3.6.5 Composite Wound Closure Curves' ficted with Linear
Regressions, @—open wound, @—crosslinked,
O-—noncrosslinked :
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b) right graft; noncrosslinked, 9% original area

Figure 3.6.6 Comparison of Wound Closure, day 18, grafts are from
- the same animal
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for the animals double grafted with the crosslinked and noncroséliﬁked
materials were compared with a paired, two-tailed t-test (n = 6). The
test concluded that the crosslinked matérial closes the wounds at
significantly later times (p < 0.01).

The mean of the areas of the long term scars (average time, day 70).
for the crosslinked and noncrosslinked materials were 27.47 (std. dev. =
4,67) and 23.8%A(std. dev. = 7,0%) respectively; These values showed no
significant difference in avpaired, two-tailed t-test (n = 6, p > 0.3).

A greyish pink area remained longer in the center of the crosslinked
scar than in the noncrossliﬁked scar. By day 60, the appearances of
the external surface of the scars were the same for both materials. Data
for the open wounds was not obtained, but is most likely not much &iffer-

‘ent from the crosslinked and nomcrosslinked scars [29].

"EENYEXQ C/E was measured and calculated for the 1.0x, 1.6x, and 2.6x
materials. The results are plotted as % original area versus time with
ranges (bars) in Fiééréé 3.6.7 .through 3;6.10. Each material is- presented
individually in.Fig;;es 3.6.7 through 3.6.9. Each data point represents
the average.of atleast three guinga pigs. Population sizes are listed
in Table 3.6.4; Figure 3.6.10 is a composite gréph oanll three materials.
The curves in all four graphs were fitted by eye, Due to an érror, a
set of 6 male guinea pigs were grafted. The results from these amimals
were not significantly different from the females in either C/E of hist-
ology and the results from these animals were combined with the results
from the femaié animals.

During the lag phase before C/E begins, the wound edges of the 1.0x
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Figure 3.6.7 1.0x graft; Wound Closure: Reduction of open area
under the silicone layer, Bars - ranges of values
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Figure 3.6.9 2.6x graft; Wound Closure: Reduction of open area
under the silicone layer, Bars - ranges of values



-94—

100

401

Z Original Area Remaining Open

0 ; A + + T
0] 10 20 30 40
Time (days)

Figure 3.6.10 Composite Wound Closure Curves, ®—-1.0x, A—1.6x,
|-2-.6x R
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Table 3.6.4 Population Sizes for C/E Data

Type of Material Total # of Animals

1.0x 16
1l.6x 13
2.6x 16

Table 3.6.5 Linear Regression of Averaged C/E Data

Intercept

Type of Material Slopé SOZ’Day
- (Z/day) ’ (%)
1.0x -3.2 20 113
1.6x -2.7 25 116
2.6x -2,5 25 116

#Long Term Animals
7
4

10

Correlation

-0.98
-0-98

-0.98

Table 3.6.6 Mean Linear Regression of Individual Animal C/E Data

Type of Material Slope Std. Dev. 50% Day
(%/day) (%/day) (days)

1.0x -3.9 1.2 19

1.6x -3.0 1.4 23

2.6x 0.8 26

-2.8

-~

e

Table 3.6.7 Data of Day Closure (zero pink area)

Type of Material Average Range Std. Dev.
(days) (days) (days)
1.0x 39 25 = 45 8.0
1.6x 46 39 - 53 8.1
2.6x 32 - 73 14.8

47

Std. Dev.A
- (days)

3.0
4.6

7.5
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and 2.6x materials gaped. Inspite of the difference in the gaping of

the wounds between the three different materials, C/E begins between

day 6 and 7 for all three concentrations.

The higher concentraﬁed grafts exhibited a subtle decrease in the
rate of closure (rate of reduction of pink area under the silicone)
when compared with the 1.0x grafts. The 1.6x and 2.6x curves are very
similar. All three curves were fitted with linear regression lines from
the omnset of'C/E to the day of closure; The results of the linear
regressions and the time in days to obtain 507 closure (507 original
pink area) of the wbunds calculated from the regression lines arevlisted
in Table 3.6;5 and are shown in Figure 3;6;11. The correlation was
-0;98 for each material.

C/E data from each guinea pig was also figted with a linear :égres-
sion and the average slopes, 507 day.and their standard deviations éere
calculated for each kind of material. These values are showﬁ in T;ble
3.6.6. Thefe was no significant difference in the C/E rates of,the:l.éx
and 2.6x grafts when they were compared using an unpaired, two-tailed,
t-test (n =-10, lZ,;é >‘0;5). Thus,vit was assumed that the closure rate
of the 1l.6x and'2;6x materials were the same and were grouped together.
When the combined closure rate of the concentrated materials and the 1.0x
material were compared with a contrast test, they were significantly
different (p < 0.0005). The 507 day was also significantly extended from
20..days for the 1.0x grafts to 25 days for the concentrated grafts (con-
ﬁrast test; p < 0.01). There was no significanf difference between the
50% day for the 1l.6x and 2.6x grafts. Figure“3;6.12 shows a comparison
of the closure rate for all three materials. A distinct difference in

the pink area of the graft can be seen.:
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Figure 3.6.11 Composite Wound Closure Curves fitted with Linear

Regressions, @—1.0x, A—-1.6x, B—2.6x
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The average times for closure for the l.Ox,‘l.ﬁx; and 2.6x materials
were 39 days (std. dev. = 8 days), 46 days (std. dev. = 8 days); and 47
days (std. dev. = 15 days) respectively. A comparison of the ranges of
the days of closure shows a large overlapping for all three materials.
The ranges are listed in Table 3.6.7. When the 1. 6x and 2.6x materials
were compared with an unpaired two-tailed, t-test, it was concluded that
they did not close the wounds at significantlv different times (n %'v;:9,'.
P > 0.5). The 1.6x and 2.6x closure times were compared against thebl Ox‘

material in a contrast test and were not 31gnif1cantly different (p > 0 05).

The mean of the areas of the long term scarsff times ranging from

67 days to 87 days) for the l Ox, l Gx, and 2.6x materials were 27. AZ

T (std dev. = 4 64) 28 6% (std dev. =6, 1h), and 24 27 (std dev. = 6 9/)

vi No significant difference in long term scar area was found

using a one—way analy51s of variance (p > 0. 7) Figure 3. 6 13 shows abv

cypical_long term scar.

Figure 3.6.13 'Typical Long Term Scar, 2.6x concentration, day 66.
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4. DISCUSSION

4.1 Crosslinked versus Noncrosslinked

A strong difference in the wound healing'responses for the noncross-
linked ma;erials has been demoﬁstrated. The major physiochemical differ-
ence between these two materials is their crosslink demsities. The non-
crosslinked foam had undergone only one crosslinking procedure, dehYdro-
thermal treatment (DHT). Interchain crosslinks were most likely intro-
duced during this process, due to the excessive removal of water from
the sample [23, 34]; The number of crosslinks formed was not large, but
was of sufficient quantity to insolubilize the collagen in aqueous
solutions and to produce a measureablé average molecular weight between
crosslinks., Mc tests of noncrosslinked material exhibited an equiiibrium
. stress great;r than zero afterv30 minutes [35]. It cannoﬁ‘be infeffed
from this data what would occur at infinite time.

The crosslinked material was subject to two crosslinking treafﬁents,
DHT and a glutaraldeﬁyde bath. Glutaraldehyde reacts with the lysyl res;'
idues of collagen fgqpiﬁg intramolecular and intermolecular crosslinks
[36]. This additio;;l crosslinking treatment rgduced thé Mc from 3.9 x 104
to 7.9 x 103 daltons, a five fold decrease.

From histological sections it was easily seen that the collagen of
the noncroéslinked grafts were resorbed, remodelled,rand became birefrin-
gent in polarizea light more quickly than the crosslinked grafts. A
décrease in the fesorption rate of collagen in vivo with increased cross-

link density has been demonstrated previously, Yannas, et al [37] showed

this reciprocal relationship between crosslinking and degradation in vivo
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with subcutaneous implants of collagen. Huang and Yannas [38] demonstra-
ted that increased crosslinking of a reconstituted collagen tape decreased
the rate of degradation by bacterial collagenase. Chvapil, et al found
that the rate of im vivo resorption of extruded collagen tubes could be
 controlled by crosslinking [14]. A definite iﬁverse relationehip between
resorption rate and crosslink density was observed. White, et al showed
that collagen became more resistant to bacterial and mammaliam collagen-
ase with increased crosslinking for coliagen'films [15]. Harris, et-al
demonstrated via radioactive labelling that the crosslinking of colla-

gen gels decreased degradation both in vivo and‘in vitroﬂ[39] Hijar [12]
has shown that the rate of in vitro degradation of filtered, dense colla-

- gen=GAG sheets via hacterial collagenase was reduced as the_crosslink
density was increased,

There are two plaﬁsible reasons for the effect of crbsslinkinélon
degradation. 1) It is possible that additional crosslinking hlnders the
penetration of collagenase reducing the rate of degradation. Mammallan
collagenase is responsible for the break down of collagen in v1vo. It
cleaves the collages molecule at a specific site producing helical frag-
ments [40]. These "cleavage" sites may be partially blocked by crosslinks
causing ighibition of enzyme-substrate interaction [391. Bacterial col-
lagenase may aleo be obstructed by crosslinks. 2) Wheﬁ cleavage does
takevplace,‘the crosslieks serve to retain most of the structure, retarding
further degradation by other proteolytic enzymes, see Figure 4.,1.1. Many
proteases require some denaturation of collagen before they can degrade
it [40]. These enzymes may be inhibited by the retention of the collagen

structure via crosslinks.. Thus, the collagen matrix would be broken
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crosslinked . hﬁ_‘ _ﬁ

noncrosslinked . ‘ — “I “1 _. /\“Z.C
T LHH']J e

Figure 4.1.1 Schematic diagram of the stabilization of the collagen

- structure via crosslinking, from Bowes and Cater [36].
down more slowly aﬁd remain a stable structure for a longer pefiod of
time.

Oliver, et al [41] have performed elegant experiments with cross-—
linked and nonerosslinked collagen gr#fts in rats. - Full thickness.skin
without the panniculﬁs carnosus was excised from a radiocactively labelled'
rat and all celiul;;,eiements were removed without damaging the collagen
structure. Some'of'éhese cell-free dermal collagen grafts were also
treated with.O;Olz glutaraldehyde at pH 7.2 and 15°C for 16 hours. These |
crosslinked and noncrosslinked radiocactive dermal graffé were suﬁured
under a skin flap éf another rat (mot 1abelled'with radioactivity).

Three to four>Weeks later, the overlying skin was removed and a split

thickness isograft was sutured over the collagen., Collagen turmover was

monitored by the loss of radiocactively labelled’hydroxyproline from the

graft site. From the measurements of the amounts of radioactive hydroxy-

proline remaining in the graft area at 22 weeks, Oliver determined that
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the crosslinked dermal grafts
collagen,while a loss of appr
was demonstrated in the noncr

the crosslink density had a p
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only lost approximatelyrzoz of the original
oximately 707 of original cdllagen content
osslinked dermal grafts. They concluded that

rofound effect on collagen degradation.

Oliver's results agree with and support the histological findings of the

crosslinked and noncrosslinked grafts of the artificial skin bilayer.
@ .

The increased crosslink
grafts on guinea pigs from 5%
for the crosslinked grafts.
migration of the epidermis fr
the same rate (see Table 3.6,
The contribution of epidermal

equlvalent for the crosslinke

density also reduced the C/E rate of the
/day-for the noncrosslinked grafts to 3%/day
Hisfblogical sections showed that the

om the wound edge occurred approximately at.
1) 1ndependent of crosslink density.
migration to the C/E rate was probably

d and noncrossllnked grafts. Therefore,~the

decrease in the C/E rate was most probably due to an incréasg in the

contraction rate of the wound.

grafts [41] were not reported.

experiments were roughly the
dermal grafts, but ;he;e valu
results of the artificial ski

grafting procedure.

Contraction kinetiﬁé for Oliver's éérmal
Results of final contracted area inIOlivgr's
same for the crosslinked and noncrosslinked |
es cannot be realistically compared to the

n bilayer due to the large difference in

Although the noncrosslinked graft contracted much more rapidly than

the crosslinked material, the

response was not at all similar to the open

wound response, The open wound.contracted to two thirds of its original

area by the third day and pro
the noncrosslinked graft and

Since crosslink density

ceeded to contract at a rate twice that of
three times that of the crosslinked material.

affects both the collagen degradation and
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contraction rates of the grafts on guinea pigs, these two effects-may be
related. This experiment was not designed to reveal the mechanism of con-
traction. One may only speculate on the relationship. One possible
explanation for the reduced rate of contraction is that the more stable
crosslinked collagen foam acts as a weak internal splint. Prev1ous

studies by Stome and Madden I42]Aand Zahir [43] have shown that inert

splinting of open wounds with polymethylmethacrylate suppressed contrac-

- tion. Once the splints were removed, contraction resumed to form the

usual stellate scar. It was observed qualitatively in this work that
the noncrosslinked material had a lower modulus and tensile strength
than the crosslinked material.. However, both the crosslinked and non-
crosslinked foams are very weak in compression and tension, and the&sil-

icone layer governs the mechanical properties of the bilayer in both types

of grafts. ‘Therefore, the splinting effect of the crosslinked collagen

| foamtwoubd_be negligibie.,.

-Another explanation is that the silicone layer acts as a more effec—
tive splint with the crosslinked material than the noncrosslinked foam.
The silicone rubber_ia attached to the collagen foam by mechanical inter-

e

locking.. The extent to which chemical bonding occurs is unknown but is

‘most likely small. Since the pore structures of the crosslinked and non-

crosslinked foams are roughly the same, the mechanical interlocking or

attachment of the silicone will be the same. Therefore, there is no
difference in the mechanical properties of the two bilayers.or in the
splinting effect between the two types of collagen foams due to their

interaction with the silicone layer,

It is unknown whether the collagen foams manufactured with or without
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glutaraldehyde treatment are thrombogenic. The type ef banding stfucture
the collagen has after it has heen processed into the artificial skin is
also unknown. A direct relationship between the amount of banding and
the thrombogenicity of collegen has been shown By Sylvester (1982) [44]."
The bovine hide collagen when swelled at pH 3, treated with glutafaldehyde
at pH 3 and dialyzed-to PH 7 is not banded and nonthrombogenic when con-
tacted with platelets in vitre: Ptesumably the pH 3 collagen which is
freeze dried into a porous sheet,‘dehydrothérmally crosslinked; rehydrated
inva 3 acetic acid, and crosslinked in pH 3 glutaraldehyde has a nonban— '
ded structure. The crosslinks from the reaction with pH 3 glutaraldehyde
will "lock in" the nonbanded structure when the material is dialyzed to
PH 7 in delonized water and then in isopropanol [44 = 45]. The noecross-
linked material may or may not have sufflclent crosslinking from the DHT
crosslinking treatment to retain the pH 3 structure of collagen. The non-
crosslinked material may be thrombogenic. Previous platelet‘aggregetion
tests of croeslinked foams by Forbes [45] showed no aggregation. Hewevet,
these-foams had not been placed in isopropanol before testing. Forbes
also tested a tubelofjctosslinked PH 3 collagen-GAG stored in ethanol.
It was thrombbgehic(;ith an asymptote (maximum per cent aggregation) of
50%. Due to the lack of standardization, the dosage levels of these two
samples used in the tests are not known. These two tests imply that alco-
hol storage may affect the thrombogenicity of a material. .Further ieves-
tigation of this area is necessary,

In spite of the lack of understanding-of the thrombogenicity of the

graft materials, no difference in the external appearance of the grafts

was observed and no blood clots or adverse blood reactions were detected
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in histological samples.

4.2 The Effect of Concentration/Porosity

The variation of pore size and structure of the final freeze dried
material is a function of the freezing kinetics. The size and allgnment
of ice crystals formed in the frozen collagen‘dispersion will determine
- the size and orientation.of the pores after lyophilization. The formation
of ice crystals depends on the rate of nucleation of ice crystals and on
the diffusion of water molecules through the dispersion to add to the
growing crystal. The most 51gnif1cant process that limits ice crystal
growth is the inability of the water molecules to diffuse through the
increasing viscosity of the freezing dispersion. Thus, the initial vis-~
cosity of the dispersion is an important parameter in the formation‘of
the final pore structure. A higher viscosity will decrease the rate of
diffusion of water molecules through the dispersion and smaller ice
_ crystals and pores will form..

The collagen cocceotration will greatly affect the viscosity and theu
freezing of the dispgrslon. As the collagen concentration is increased,
the viscosity also/locteaSes, inhibiting the rate of ice crystal growth.
As expected on‘the basis of this simple model, the mean pore width
decreased as the collagen concentration was increased., The thermal con=
ductivity and freezing point of the dispersion also change‘aslthe concen=-
tration is increased, but these effects on porosity are probably small.

Occasionally in edge views of the collaged foams, a dense region
was formed along the paﬁ surface, see Eigore 3.3.3 c. Since the pan

surface is closest to the temperature regulated shelf, these regions
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were most likely adjacent to one of the freezing coils within the shelf.
This area would have frozen more rapidly causing a smaller pore size and
a'more dense area.

The structure of the foam consists of many interconnecting pores.
A planar section through the structure reveals pores of irregular»shape.
Measurement of the cross sectional area of each enclosed pore, a region
entirely surrounded by collagen, would be misleading. A very large‘area
doee no necesserily indicate a wide pore through which a cell may easily
‘pass. A pore with a very large area may be a narrow, winding pore with a.
very large surface area to volume ratio.‘ Partieulary for the 1.0x mater—
ial, where collagen walls are not continuous throughout the planar section
(see Figure 3 4,1 a and b), an area measurement would be meanlngless.
It would ignore these walls tﬂ:t obstruct the path of the cell throggh
the collagen foam. The distance between collagen walls Will‘determine
whether a cell may be able to pass through the material and is the;appro-
priate measﬁrement for our particular application of the collagen fbam. ,

‘Each material weS'embedded so that the pore structure through a
-plaﬁe intersectiqg gﬁe foam could be evaluated. The embedding did not
significantly alter the structure of the collagen foam. ,Figure.4(2.1 a
and b show a comparison of the embedded edge view phefographed in reflec-
ted light microscopy and a SEM photograph of an edge view which was not
embedded. The two section were taken from different regions of the same
foam. Slmllar pore structures are seen in the two photographs. The
embedded photograph characterizes the pore structure in two dimensions
whereas the SEM photograph reveals the three dimensional pore structure.

The photomicrographs of the polished embeddee foams were traced to
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(a) | (b)

Figure 4.2.1 Comparison of a) scanning electron photomicrograph and
- . b) reflected light photomicrograph of embedded foam.
The two sections were taken from nonadjacent sections
of the same 2.6x foams.
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increase the contrast for the computer digitization. The thickness of
the éollagen wall was then thevthickness‘of tﬁe iine of the pen. Sincé
the pore width is much larger than the thickness of the collagen wall,
the error introducéd into the pore width measurement from this transfor-
mation is small.
Pore volume fraction was measured using gravimetric methods. If
this quantity were8 meaéured' using 'stereological' methdds; a large eﬁ:or
would be introduced from the traced pore, Stefeological pore volume
fraction is measyred by the ratio of the area of collagenrto'the total
area of the reflected light photomicrograph.. In‘the tracings the pore
volume fréction would be the ratio of the black area to the total areé.
The transformation of thetthickness of the collagen wall which varies to
the thickness of the pen line which is relatively comstant would ﬁfuduce a
large difference between the actual cbllagen area and the»Black are; of
the tracing. ~Significant error would be introduced in pore vblume?frac-
tion measurements by the tracings. Therefore, gravimetric methodsvﬁere
used to measure the fdre volume fraction even though the values obtained.‘
" by this method woulg,not correlate with accurate stereological measurements.
The distribugi;;s of pore widths show a large number of ;idths.of
only a few microns. These low values do not indicate that there are a
large number of very small pores; They are measurements in the corners
and irregular walls of pores, see Figure 4.2.2, Since the computer made
256 scans per sample; these;smaller width measurements are emphasized.
The histogram is skewed towards the lower values and the mean of the hist=-
ogram is‘smaller; 'Thus, ﬁhe true mean pore width is most iikely higher

than the mean measured by this method.
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Figure 4.2.2 Computer scan showing emphasis of small pore width measure-
ments.

The porosity had a profound effect on the imitial infiltratign of
the mesenchymal cells from th wound bed into the pan surface of the
foam. From the qualitative observationms, the grafts of thé l.6x aﬁd 2.6x
materials did not become wéil édhered to the wound bed until day 8 6r 9.
Histology of these materials supports these clinical observations. 'In
histological section taken before day 8, the graft material was torn
from the wound bed during sectioning - of the parafin embedded sample
indicating poor adhesion. After day 8 cellular infiltration of the l.6x ‘
and 2.6x graft mateffalé was observed and good adhesion to the wound bed
was obtained. In the 1.0x graft, good adhesion and migration of cells
were obtained by day 4. The grafts that became well adhered and infil-
trated with cells more rapidly had a mean pore width of the pan surface
before rehydration of 150ﬁ and g broad distribution of pore widths with
pore widths as large as SOOﬁ; The reduction of the mean pore width to
100u or 80p and the narrowing of the distributioms of pore widths serious-

ly obstructed the path of migrating cells. Since the porosity for all

materials did not consist of many pores of the same size, but a distribu-
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tion of pore widths, it is most likely the distribution not the mean that
controls the penetration of cells into the collagen matrix. The 1.6x
and 2.6x materials had narrower distributions with fewer large pore widths
~and inhibited cellular migration. The minimum pore width through which |
a cell may pass is not known from this experiment. However, it is clear
that the presence of larger pore widths on the order of SOOﬁ facilitate
the infiltration of cells-into the graft. |
V'There was no significant difference in cellular migration between
'1.6x and 2.6x grafts. Thus, decreasing the mean pdre width on the pan
surface from lOOﬁ as rn the 1.6x foam to 80ﬁ as in the 2.6x foam had
very little effect on cell infiltrationm.

Measurements of the pore widths of the 1.0x, 1.6x,.and 2.6x% msterials
were performed on the foams after DHT and before rehydration. Pore widths
in the rehydrated materials are most likely slightly different from the
pores of the dry foam. Therefore, all measurements of pore widths are
estimates of the actuel dimeesions of the pores of the rehydrated, grafted

materials. ;

The values of the pore widths necessary for good cellular penetration
agree with the work of Chvapil et al [20]. From the results of subcut-
aneous implants of collagen-glycol methacrylate composlte sponges, Chvapil
stated that the pores should exceed lOOp fer quick_infiltration by connec-
tive tissue. His porous samples that were “biologically acceptable” had
pore diameters of 450U with a maximum of 1360u; No description of the
methods of pore measurements ﬁere made. |

Dagalakis; et al [24] measured the mean pore size of the collagen-GAG

foam freezed dried from dispersions of 1 - 3 w/w %Z solids. Mean pore
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siae was measured from SEM photographs using the same stereological me thod
as  in this work but with fewer scans per picture, A mean pore size of
100u i'aoﬁ was measured. The % solids in Dagalakis' experiment [24] was
not precisely stated. The 1 -3 w/w % solids is similar to the 1.6x

and 2.6x materials. Mean pore widths of 80U and lOOu for the l 6x and
2.6x materials correlates well w1th the values obtained by Dagalakis.

| It is clear that reduction of the pore widths delays good adhesion

‘ and cellular migration. Clinically these delays would mnot be acceptable,
Pore WidthS'Whlch are larger than those of‘the 1.0x foam may possibly
speed up cellualr infiltration and adhesion. However, the increase in -
pore width may mechanically weaken the material and cause difficulty in
handling. This area merits more investigation.'

Cellular migration at the wound edges through the edge of the graft
occurred more rapidly than nigration from the wound bed through the pan
surface of the graft for the highly concentrated materials. This obser-
vation c01nC1des with the variation in pore size of the edge views with
concentration. The increase in concentration had a‘much smaller effect
on-theﬁmean pore wid%h‘of the edge than the pan surface. The mean pore
width of the pan'surrace decreased.from‘lSOn for the 1.0x foam to 80u
for the'2;6x foam while the mean pore width af the edge_only decreased
from 145u for'the 1,0x to 123u for the 2.6x. Tt is not understood why
‘collagen concentration affects the porosity on various regions differently.
There is a temperature. gradient through the thickness dimension of the
collagen sheet as it freezes, Vhich may result in a difference in the
porosities of the pan surface and the edge once-the sheet is freezed dried

into a foam,
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The pore volume fraction of the 1,0x, 1.6x, and 2.6x materials
decreased with increasing concentration of collagen. However, the change
was small and probaﬁly did not have a large effect on cell infilt;ation.

‘'The volume fraction of collagen measured in the dry foam agrees
with the w/w % solids data. As the w/w % solids ﬁas increased 1,6 and
2.6 times, the’collagen volume fraction increased 1,3 and 2.5 times.
These'values are slightly different.' The difference is eipected sincé |
one value is a weight percentage and thé other is a volume percentage.

" Both pore and collagen vdlume fractions were obtained from the col-
lagen.foam befbre rehydration. Since'fhe collagen foam shrank less than
157 ufon rehydration, these measurements of pore volume fraction are
upper limits of the rehydréted values. The pore volume fractioné mea-
sured, 99%,‘ﬁre well above the 50 - 70% value reported by Chvapil,:gt al
[20] for a "biologically ;cceptable" collagen foam. |

Once the mesenéhymal qells entered the cqllagne-GAG foam, theré
appeared to be little inhibition of cellular migration. Since the éol-
lagen concéntrationvéid.not have as large an effect on the pore widths of:
the edge views gs’o;,the poreﬂwidthsiqf the pan Side, the resistance to
cell migration was’much less once the cells had entered the graft, The
columnar orientation of pores may have facilitated théiﬁigration of cells
toward the silicone layer in ﬁhe 1,6x and 2.6x.materials.f'zg_ﬁgggg
studies of ;ell infiltration, where basal cells were centrifuged into the
- graft, showed larger clusters of cells in the oriented material as com- |
pared with the random structure [33].

In the graphs of % original area remaining open versus time tﬁe
gaping of'grafted wounds during the first week haé been observed with

all materials. This phenomenon is most likely a function of the prepar-
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ation,@ffthe‘wound béd priér tqurafting=raﬁher than the type of graft
material. The angle of the cut when the full thickness skin is excised
may vary and pfoduce different initial feactions at the wound edge.
Therefore, the gaping shown for the 1,0x and 2,62 materials in Figure
3.6.10 1is not particular to those materials.

The l.éx and 2.6x materials significantly reduce&'the raté of wound
closure wﬁeﬁ’compared with the l.Ox grafts. ‘Epithelializatibn of the
érafted wound did not appear to be affecﬁed by the concentration variations.
Epithelial cells migrated at rqughiy the same rate over ali three types
of material. Thué; the reduction of wound closure rate for the 1,6x and
2.6x grafts was most likelj due to a decreased contfaétion rate,

There was no significant difference in the average C/E rate Befween
the two more highly coucéﬁtrated materials. The_rolé of increased Eplla-
gen concentration 6f the éraft material in the mechanism of COntraqtion
is not clear.r The effect is subtle and the difference between thg:1,6x'
and 2;6x grafts may be obséured by the wide variatioﬁ in biological fes--
ponse from animal to!animal. |

Since rapid’ceiiﬁlarlfenetration of the graft is inhibited by the

smaller pores of the 1.6x and 2,.6x grafts, the concentration of colla-

genése produced by invading cells may increase moré'slowly, and resorption

and remodelling of the collagen graft would be delayed. This delay in
‘collagen degradation was observed in histological sections. There is

~also a higher concentration of collagen in the graft site of the 1.6x

and 2.6x materials than Ehe 1.0x material., This increase in collagen may
result in a ldnger,time for the collagenase to degradé the entire' graft.

It is possible that the rate of contractionm is related to the rate
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of collagen degradation, Zeitz, et al have measured collagen metabolism
in the healing open wound with radiocactive fracers [46]. They observed

a decreése in collagen catabolism in the first few days of healing. At
lafer times the collagen degradation rate increased during wound contrac~
tion and scar tissue remodelling. Studies of the effect of'cortisone
tfeﬁtment on wound healing have shown a decrease in wound contraction as

‘ well as the reduétion inicdllagen»fdrmation in £he'wound bed. [47]. A
similar felationship between contraction and collageﬁ degradation was
observed for the crosslinked and noncrosslinked grafts. The crosslinkéd

- grafts degraded as well as contracted morebslowly than the noncrosslinked
grafts, 1In contrast Abercrombie, et al [4&]'measured'the'collagen.con—v
tent iﬁ open woundé and found that collagen formation continued afﬁé:
contraction ﬁad ceased. H&wever, their measurements were qverestiﬁations
of the collagen content, since their specimens taken at later,stages of
healing contained a significant amount_of the surrounding normal skin.
Klein and Rudolph [AQj studied the collégen turnover and contraction in .
full thickness skin ﬁouhds grafted with split ‘thickness, and thin and thick
full thickness isogé;ic,skin gfafts. Collagen turnover was detected by
the loss of radioactively labelled“hydroxyproliné form the isogenic grafts.
The grafts, that had the largest loss of collagen masé with a relatively |
small amount of ﬁew collagen synthesis, contracted most.

It abpears thaﬁ there is a relationship between the rates of collagen
dggfﬁdation and wouﬁd contraction. This observationvdoes not reveal the
actual mechanisms of wound contraction but presents another aspect of‘the
complicated total picture.

Although the collagen concentration/porosity and crosslink &ensity
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have an effect on the contraction kinetics in wound healing, the extent

of the contraction and the appearance of the external surface of the scar
is independent of these two variables. It is clear that these parameters
do not prevent contraction but only delay the process. The chemistry of
the system is not appreciably changed by the alterations of the morosity
or the crosslink density;'vCertainly chemical crosslinks are formed with
,glutaraldehyde but the chemical 1nteractions between the callagen and the
tissue enzymes are not significantly changed; they are only delayed. Thus,
the lack of substantial change in the long term scars is not surprising

- nor unsuspected. | | \

It has been proposed that the epithelial cells at the wound edges
partially regulate the collagen deposition in scar formation [46].::Since
the epithelialization of the 1.0x, 1.6x, 2.6x, and noncrosslinked grafts
_appeared the same, this mechanism is consistent with the observed simi=-
larity in the external surface area and the demsity of collagen of the
long term scar observed in all the graft materials, |

4.3 Comparison of the Effect of Crosslink Density and Collagen
Concentration/?or031ty

e

vlt‘appears that the crosslink density has a larger effect on contrac-
tion and collagen degradation than the porosity or collagen concentration.
There were.large distinct differences tetween the crosslinked and noncross-
linked materials in wound closure rates and day of closure. The variation
in collagen concentration had a much smaller effect. The 2.6x dispersion
(1.3 w/w % solids) was very viscous and was the highest concentration. that

could be used w1thout drastically changing the manufacturing protocol. The
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2.6x grafts produced a smaller change in the wound healing responﬁe than
the variation in crosslink density and some clinically negative fesults in
the context of the effort to tfeat a patient population with massive burns.
The varied respoﬁse in both histological and C/E from animal to ani-
mal was much larger for the concentrated‘grafts than the others...This
range‘of data may be a result of nonuniformities in the material or
the orientation of péres in relation to the wound bed. More subtle dif-
ferences caused by increased collagen concentration may be observed.
The day of.closure.is a possible example. Roughiy 20% of the 2.6x ani-
mals showed a marked decrease of contraction rate, and closure &id not
~occur until day 70, 23 days later than the average. Histological samples
showed no difference in specific cellular reactionm, only the kinetics
were altered. A larger population of tests would need to be done t§
ciarify the effects of concentration on rate of closure and,day of clo~
sure. :
Since the crosslink density clé#rly exhibited a larger effegt oﬁ thg
wound respomse withvless variatiom, it should be chosen over the colla=-
geﬁ concentration ;§?the parameter to altef degradation rate of graft

material and the rate of closure.



-118-

SUMMARY

Crosslinked and noncrosslinked collagens have been grafted on full
thickness skin wounds in the form of a bilayer membrane. Rates of
wound' .closure and collagen degradation decreased with increasing
crosslink density. Epithelialization rate was approximately the
'same.for the crosslinked and noncrosslinked grafts. Therefore,

'~ the decrease in. the rate of wound closure is due to a decrease in
the rate of contraction.  No 31gn1f1cant differences between the

4 appearancetor areas of the external.scar at day 70 were observed,
A method of quantitating the porosity of the dry collagen foams
was developed, using reflected light microscopy and stereological
measurements. The collagen foams were embedded, sectioned, and
polished to reveal the pan surface and the edge views. The embed-
ding nedium reflects light without scattering whereas the rough
surface of the collagen scatters light. The collagen appears'hlack
and the embeddlng medium appears white in reflected light. These
polished samples were photographed in a reflected light mlcroscope.
The photomicrographs are traced to enhance the contrast for computer
digltization. Stereological measurements of pore widths were per-
formed with a computer, resulting in measurements.of the mean pore
width and distribution of pore widths.

Measurements of poreiwidths and orientations"for‘three different con-
centrations of collagens (1.0x, 1.6x, and 2.6x) in the pan side and
edge riews were perfarmed.. Mean pore width‘on_the pan side decreased
and the distribution of pore widths became more narrow with increas—

ing collagen concentration. @rientation'of-the.pores_of the edge
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sections were observed and quantitated. A higher degree of orien-
tation was measured for the more concentrated materials.

A highly porous collagen surface with a broad distribution of pore
widths and mean pore width of 150u before rehydration allowed more.

rapid cellular infiltration than more narrow distributions of pore

. width with mean pore widths of 80u and 100u. The 1.0x grafts, con-

| taining a significant fraction of large pores (500u), had the best

cellular infiltration.

- Increased collagen concentration (smaller pore widths) reduced the

rates of wound closure and collagen degradation.
The effect of crosslink demsity over the possible range of variables
may be larger than the effect of porosity and collagen concentration

on the rate of wound closure and collagen degradation.

AN
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