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ABSTRACT 

Three-Dimensional, "In Vitro", Cell Migration 
on an Artificial Substrate: The Effects of a Collagen Coating 

by 

J. Robert Shepherd 

This study is part of a research project, which seeks to develop 

techniques for inducing histogenesis of differentiated tissue on 

three-dimensional porous substrates. It is concerned with devel¬ 

oping a simple, dependable method of coating polyurethane foam with 

collagen and with defining the characteristics of the collagen coat. 

The collagen, extracted from bovine tendon, was applied as a one 

percent dispersion. 

The collagen coat was directly measured to be 700 to lOOoX 

thick by a scanning electron microscope. The coating consisted of 

intertwining fibrils running in the same general direction. About 

80# of the sponge surface area was covered. Adherence tests util¬ 

izing the above dispersion, and a glutaraldehyde cross-linked 

dispersion revealed the collagen coat to be invulnerable to lysis 

by the tissue or culture medium. 

The coated sponges exhibited greater invasion by the cells 

than the uncoated. Elongated cells lying along the coated fibers 

of the sponge indicated that migration was not random, but rather 

guided by the collagen, little can be said about improved histo¬ 

logical reconstruction of the tissue without a much more extensive 

sampling. 

Investigations into optimum sponge pore size are not completed; 

preliminary results suggest that a pore size of .04 millimeters or 

larger yields the best growth characteristics. 
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INTRODPCTIPN 

Recent widespread use of intracorporéal prosthetic devices and 

increased interest in tissue and organ histogenesis have spurred 

desires to develop methods of Inducing normal tissue growth "in 

vitro”. Researchers have encountered serious problems with necrosis 

and atypical growth (15)» 

Encouraging inroads into growing endothelial linings "in vivo" 

have ensued from the use of tylon and Dacron velour-lined devices 

(1,25)# However, as in some cases of "in vitro" culture experi¬ 

ments on glass (7,19) and Mi 111 pore filters (28) that have satis¬ 

factorily duplicated endothelial structures, the cell migration 

involved is principally a two-dimensional process. On the premise 

that collagen provides a natural orienting structure for tissue 

growth in the living organism, several investigators (8,21) have 

coated glass with a collagen film. They have reported improved 

growth characteristics and adherence of cells to the artificial 

surface. Ey their very nature the flat, nonporous substrates do 

not allow non-necrotic, three-dimensional growth; unlike glass, 

porous matrices supply a ready pathway for cell penetration, 

nourishment and oxygenation. Parenchymatous organ repair requires 

three-dimensional development as seen from studies of organ and 

tissue histogenesis. 

Considerable progress into artificial three-dimensional sub¬ 

strate replacements for human bone followed from investigations of 

ceramic porous substrates and a porous flexible material (9,14,31). 

Apparently their modification for use in tissue culture has yet to 
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be investigated although the ceramic substrates would tend to irritate 

surrounding tissue as do other rigid substrates in "in vivo" experi¬ 

ments. 

Leighton (16,17,18) was among the first to report the advantages 

inherent in a flexible three-dimensional sponge matrix. He used a 

gelatine sponge matrix and a combined matrix of cellulose sponge and 

plasma clot. The growth and differentiation of transplantable 

animal tumors cultured nin vitro" satisfactorily reproduced their 

"in vivo" growth and differentiation. Ansevin (2), employing a 

phenolic sponge and a monodispersed cell technique, encountered 

differentiation comparable to Leighton's work, but little three- 

dimensional oell penetration. A sponge constructed from denatured 

collagen displayed the desired invasion of cells into the sponge, 

but was soon digested by the cells. Several other investigators 

(5,11,24) have reported comparable results using porous, three- 

dimensional substrates. Kalus (13) found that human fibrin foam 

yielded particularly good differentiation. Perhaps the best over-all 

results followed from Leighton's (20) work with a collagen-coated 

cellulose sponge. Uniform distribution of cell proliferation and 

continued adherence of cells to the substrate are among the chief 

advantages. The logical extension of these efforts, a sponge 

matrix of renatured collagen, has to date not been examined. 

This study used a reticulated polyurethane flexible foam as 

the artificial substrate providing a mechanical pathway for cell 

migration. To enhance organ structure reorganization and the 

desired tridimensional growth, the sponges were coated with a 
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one percent collagen dispersion. The highly ordered array of 

collagen is the principle orienting and cementing factor for cell 

and tissue growth. Migrations patterns on the collagen-coated 

sponge were compared with those on the uncoated control to determine 

if the normal collagen arrangement could be duplicated to the extent 

that the desired growth characteristics would be enhanced. 

To characterize the collagen film applied to the polyurethane 

sponge, experiments were run to determine thickness and uniformity 

of the coating. Attempts were made to directly measure this thick¬ 

ness from scanning electron micrographs and from optical microscope 

photographs. Permanence of the coating under culture conditions 

was also tested as were ary advantages of cross-linking the collagen 

with glutaraldehyde. 

This work is primarily concerned with developing an experi¬ 

mental method for collagen coating a selected artificial substrate, 

defining the characteristics of the applied coating and substrate, 

and evaluating with tissue culture methods ary advantages of the 

coated material as a matrix for cell invasion. The present study 

is limited to standardizing an experimental method that would 

maximize tridimensional cell migration. Optimization of histo¬ 

genesis techniques will be the subject of future work. 
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MATERIALS AND METHODS 

The protein collagen, produced by fibroblast cells, occurs in 

fibrils of varying strength and thickness. In the living organism 

collagen serves as an intercellular matrix for tridimensional 

growth (see Edd*s treatise (6)) and, because of its very low com¬ 

pliance, as a safeguard against excessive shearing and stretching 

deformation. Maturation of cells into normal tissue depends on 

collagen to varying extents; apparently, acinar organs in which 

early development involves formation of branching and ductlike 

structures, relies on the presence of collagen (29)» In bone 

morphogenesis not only does collagen guide cell migration but 

also conditions somite cells to the nutritional requirements for 

differentiation (26). Similarly, collagen is essential in culture 

medium to produce differentiation of muscle cells (12). 

The fundamental structural unit of collagen is the tropocollagen 

molecule, which is 2800$, long, 14A in diameter, and possesses a 

molecular weight of 120,000, It is composed of three polypeptide 

chains wound about each other in a right-handed helical configuration. 

Two of the helices are identical while the third differs slightly 

in amino acid composition; all contain hydro xyp roll ne which is 

diagnostic for collagen. The two similar helices, known as the 

alpha chains, are now thought to contain short-chain amino acid 

groups which can function as "information carriers" due to linkages 

weaker than those of the typical peptide bond (4). 
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Collagen fibrils exhibit a characteristic 640À period of 

cross striations that results from an ordered overlapping of the 

tropocollagen molecules. The hierarchy of structures is shown 

below. 
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This 640A periodicity can be duplicated in collagen renatured from 

solution, implying that it may be a characteristic of the tropo- 

collagen molecule Itself. Given proper renaturation conditions, 

no external factors are required to form normal fibrils. These 

fibrils along with the amorphous, mucopolysaccharide ground sub¬ 

stance form the basement lamina of most tissue in the living organism. 

The collagen coating deposited on the polyurethane foam in our 

experiments is composed of fibrils measuring one to twelve micro¬ 

millimeters in diameter and of varying length. 

Scott polyurethane foam was chosen as a substrate for its 

structual flexibility, availability in various pore sizes, its 

reticular construction and its biological inertness. Flexibility 

was desired to reduce irritation to surrounding tissue and the 

possibility of sponge fracture in "in vivo" experiments. A moderate 

range of sponge pore sizes was necessary to pinpoint the optimum 

dimensions for proper growth. The reticular framework of the Scott 

polyurethane was considered essential since none of the sponge cells 

were closed or "webbed over" as in non-reticulated foams. "Webbed 

over" pores could prevent or hinder cell invasion into the inner 

sponge and lead to necrosis. A biologically inert substrate was, 

of course, absolutely essential. 

Polyurethane, like many other polymers, can be produced in 

foams of varying flexibility, the higher the degree of cross- 

linking the less pliable the foam. The characteristic linkage for 

polyurethane is 
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0 
II 

NH— C*—(urethane) 

The simplest linear form of the polymer is represented by 

0 o 
-R-O-C-NH-R -NH-C-O-R-O— 
2 I 2 

Production of polyurethane sponge typically leaves some walls 

between foam cells although the majority of these are ruptured 

during foaming. Scott’s completely open pore (reticulated) 

foam results from dissolution of the remaining thin membranes 

with a caustic solution. 
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PROCEDURE 

The collagen extraction procedure (a modification of a technique 

developed by Ethicon) utilized fresh bovine Achilles tendon as the 

starting material. The tendon vas cleaned of extraneous tissue 

with a scalpel» washed with saline solution» and stored in a freezer 

until used. Once frozen, the tendon was easily sliced perpendicular 

to its longitudinal axis into thin disks (about .5 millimeters) on a 

commercial meat slicer. These disks were gently washed for one hour 

at 35°C in a 2$ commercial ficin solution (adjusted to 6.8 pH). The 

enzyme was deactivated after two 30~minute washes with distilled 

water; two successive one-hour extractions with 1$ neutral salt . 

further removed mucopolysaccharides and unwanted protein. The slices 

were agitated for thirty minutes at U°C in a 50/50 mixture of methanol 

and water containing 2$ cyanoacetio acid. The mixture was then 

homogenized in a blender creating a 1$ dispersion of collagen in 

fibrillar form. An alternate coating procedure, in which a 10$ 

solution of glu tar aldehyde was added to the collagen dispersion, 

was used to test the advantages arising from cross-linking the 

collagen. Glutar aldehyde was also used to cross-link the collagen 

fibrils after their application as a coat to the sponge. 

The polyurethane sponge was cut into 4- millimeter thick disks 

with a diameter of 15 millimeters. The sponge was washed in soap, 

xylene, and alcohol and then autoclaved to remove any industrial 

contaminants. The sponge disks were squeezed dry and then soaked 



page 9 

in the collagen dispersion to insure complete and uniform distribution 

of the dispersion within the inner lacunae of the sponge. These 

slices were placed in petri dishes and dried in a vacuum oven at 

38°C. AS the methanol/water base evaporates, collagen fibrils 

adhere to the sponge in a fairly uniform thin sheet. 

The coated sponges were washed for twelve to twenty-four hours 

in a .5$ ammonium hydroxide solution, followed by two one-hour 

washes in distilled water. After a final one-hour bath in Hank’s 

solution, the coated disks were stored at 4°C in the same solution. 

The tissue chosen for the culture experiment was fourteen-day 

old, chick embryo kidney. The organs, after being pooled in Tyro de 

solution, were mechanically dispersed into clumps of cells and 

tubule fragments by slicing with a fine knife. Incubation (ten 

minutes at 38°C) in a calcium- and magnesium-free salt solution 

was followed by three consecutive washes in Tyro de solution. After 

further washing in a 1-2$ trypsin solution and again in the calcium- 

and magnesium-free saline, the tissue was incubated for twenty 

minutes at 38°C in the trypsin solution, in which the fragments were 

occasionally disturbed. Upon completion of txypsinization the 

fragments were washed with Tyro de solution and then with complete 

culture medium (NCTC 135» GIB CO; 44$, Tyro de solution; fetal calf 

serum, 10$; 2$ chick embiyo extract (3)» and 50 micrograms of 

streptomycin and 50 units of penicillin/ml. respectively, supplemented 

with glutamin). The fragments, after being resuspended in fresh 

culture medium following the wash, were further dispersed by pipetting 
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with a capillary pipette. Centrifugation of the dispersed tissue 

at 2,000 rpm for ten minutes yielded culture material ready for 

placement on the sponges. 

After two or three drops of the cell dispersion were placed 

on the substrate surface, the cultures were maintained at 38°C for 

one to two hours to insure attachment to the sponge. Another 1.5 

ml. of culture medium was added and the sponges gently rocked on 

a Bellco rocker at a speed of four tips per minute. Incubation was 

carried out in a N.T.C. incubator supplied with 95$ air and 5$ CC>2« 

The cultures on both coated and uncoated sponges were culti¬ 

vated for seven days, then fixed and embedded in epoxy (Maraglas 655)* 

The sponge was sliced perpendicular to the circular surface, beginning 

in the middle of the original dispersion placement. Five micron 

sections were stained with Paragon Multiple Stain. 

Adherence tests utilized aniline blue as a specific indicator 

of the presence of collagen. Coated and unco a ted sponges (without 

tissue) were incubated under conditions described above and then 

stained with the aniline blue. 

Percent penetration was calculated by taking the ratio of 

maximum distance of observable cells from the original dispersion 

position to the appropriate dimension of the sponge, either thickness 

or diameter depending upon whether three-dimensional penetration or 

lateral migration was being measured. Concern that unrep re sentatively 

high penetration and migration figures might arise from abnormally 
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shaped dispersion placements was dealt with in two ways. ELrst, 

the unembedded sponge samples were checked to insure the tissue 

dispersion had no gross aberrations from a roughly circular conform¬ 

ation. A more exact verification was accomplished by examining 

numerous successive slices from individual samples. A localized 

migration, perhaps caused by a greater sponge cell size confined 

to a limited region, would be visible in only a few cross-sections. 

Samples examined exhibited widespread migrations, cells observed in 

one slice could be found from cross-section to cross-section in the 

same position. Lateral spread of cells on the upper surface of the 

sponge was not considered to be lateral migration. Thus, the 

figures reported may be considered to be representative of the 

maximum percent penetration. 
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RESULTS 

Adherence tests showed that the collagen coat remained on the 

sponge fibers for the length of the experiment. Sponges cross- 

linked with the collagen dispersion-glutaraldehyde mixture also 

exhibited coating permanence. Polyurethane disks that were soaked 

in the collagen dispersion, dried, and then soaked in glutaraldehyde 

became almost as rigid as cellulose foam. These sponges were easily 

torn and disintegrated with gentle washing indicating their unsuit¬ 

ability for "in vivo" experiments. Evidently, the glutaraldehyde 

attacked intermolecùlar bonds in the polyurethane causing degradation 

and subsequent dissolution with mild agitation. Cross-linking the 

collagen with glutaraldehyde prior to coating prevents attack on 

the polyurethane. 

The thickness of the applied collagen was measured directly 

from scanning electron microscope (SEM) micrographs as 700 to iOOoX. 

Qualitatively the coating was relatively uniform as revealed by 

selective staining of the collagen with aniline blue. The SEM 

demonstrated that the sponge was about 80$ covered with the applied 

coat. 

The collagen-coated polyurethane exhibited a more thorough 

invasion by cells than the unooated sponge; the coated matrix 

contained few necrotic cells. Elongated cells stretched along the 

length of the collagen-coated fibers (see Figures 1 and 2) emphasized 

the guiding nature of the reticulum. Extensive reorganization of 

kidney tubules covered the surface of both the coated sponges and 
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the controls (Figures 3 and 4); no significant reorganization vas 

observed Inside the sponge. 

Specifically, nine samples of cultured, coated sponges were 

examined under the optical microscope. The observed levels of cell 

invasion are shown in Table I. Seven sponges exhibited complete 

invasion through the depth of the disk; a 20-40$ (100$ representing 

maximum diameter of the sponge, 15 millimeters) lateral invasion of 

the sponge was observed. Penetration into the depth of the coated 

sponge disk was 93$ (100$ corresponds to the maximum depth of the 

sponge, about 5 millimeters); average lateral invasion was 20$. 

Of the nine uncoated, cultured sponges examined the average cell 

penetration was 52$; lateral invasion was negligible in all cases. 

The results clearly indicate the advantages of collagen coating 

in enhancing cell invasion of porous substrates. While the poly¬ 

urethane matrix does not merely play a passive role of support 

but functions as a pathway for cell penetration, the collagen fibrils 

facilitate a more rapid migration into the sponge. The most marked 

improvement provided by collagen is in lateral migration. 
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TABLE I: Comparison of Representative Percent Invasion Figures 
for Coated and Uncoated Sponges 

Coated 

Sample Number Representative Percent Invasion 
Depth Lateral 

115 100 20 

142 60 0 

174 100 0 

213 100 40 

315 80 25 

1059 100 35 

1115 100 0 

1180 100 20 

1239 100 30 

Average 93 19 

Uncoated 

Sample Number Representative Percent Invasion 
Depth Lateral 

24 50 0 

46 0 0 

72 60 0 

1027 10 0 

1057 70 0 

1074 85 5 

1102 20 0 

1124 90 0 

1150 80 0 

Average 52 0.6 
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nrscüssroN 

The long range goal of this research is to provide a substrate 

that will serve as a "scaffold" for organ repair "in vivo". Experi¬ 

ments carried out by Ansevin (2) with uncoated polyurethane sponge 

implanted in rats have revealed that the matrix is rapidly invaded 

by loose connective tissue. Optimizing the sponge for histogenetic 

reformation of structures in "in vitro" culture should permit the 

implantation of an artificial substrate already populated "in vitro" 

with organ-specific cells into the autologous host and thus accomplish 

organ repair or partial organ regeneration. The immediate goal of the 

project was to improve the substrate to the extent that a moderately 

rapid three-dimensional penetration of the sponge would be permitted 

with a negligible amount of necrosis. Once the optimal conditions 

for this invasion have been established, the next step will be to 

lengthen the culture time and pinpoint the requirements necessary 

for histogenetic reorganization of the tissue morphology within the 

deeper regions of the sponge. At present, only the upper surface of 

the sponge exhibits reformation of tissue structures. 

The principal advantage of a three-dimensional sponge matrix is 

its ability to provide a ready pathway for metabolic input require¬ 

ments of living tissue. Ihe polyurethane reticulum allows continual 

nutritional maintenance of the original transplanted cells throughout 

the experiment. likewise, the three-dimensional foam with its 

comparatively open pore structures permits ready diffusion of essential 
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gases; this effectively eliminates the rapid necrosis encountered 

with use of two-dimensional matrices* Evidently the fibers of the 

sponge , through surface tension effects and capillary action, serve 

as a mechanical pathway for metabolites needed in the deep lacunae 

of the matrix. After extensive invasion of the reticulum by cells, 

the lacunae serve to contain essential short-lived, informational 

molecules, preventing their dilution by the whole of the culture 

medium. 

It is important that the lacunae of the matrix maintain their 

structual integrity. The rigidity of the sponge cell permits 

duplication of the original tissue structures within the proliferating 

zone of cells. Ihe orientation and rigidity of the reticulum fibers 

and sponge cells is also important for differentiation (10,27); 

growth is permitted in any of three directions. 

Ihe collagen coat (19) directs cell migration and proliferation 

(8), increases adherence of the cells to the substrate (20), and 

Mconditions" the nutritional requirements of developing cells for 

differentiation (26). Results of this study and research by 

Ehrmann and Gey (8) verify that the coating is indigestible by 

tissue and unaffected by the culture medium. Problems with tissue 

floating free from the sponge and dangling threads of non-adhering 

cells are eliminated. Collagen also enhances the penetration of 

the sponge by cells, apparently by serving as a natural guiding 

force for invading tissue. 
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In this work, the embryonic kidney cells were mechanically 

semi-dispersed into single cells and tubule fragments* This method 

was preferable to use of whole tissue expiants which undergo rapid 

necrosis and later display atypical reorganization of structures 

and restricted histogenesis in areas of migrating cells. Ely dispersing 

the cells, necrosis of the starting cells is negligible. In addition, 

limitations on cell age and the problems associated with examining 

small aggregates of cells were eliminated. Actually cells mono- 

dispersed by means of trypsinization would represent the ideal 

starting situation; however, since histogenesis within inner regions 

of the sponges was not considered as important at this stage as the 

penetration of the matrix by cells, the semi-dispersed method served 

equally well. 

Because polyurethane is readily available in a number of pore 

sizes, investigations into dimensions of the lacunae that would 

yield the best ingrowth and morphological reorganization were begun. 

Wessels (28) has reported that very large and very small pore 

diameters will not allow cell orientation. Ihis investigation, 

by comparing differences in cell penetration on sponges of two 

different pore sizes, determined that a pore size of 400 millimicrons 

(approximately twenty times larger than the average cell diameter) or 

larger produces the greatest cell penetration. 

Viewed through the SM, the collagen coat appears to be organized 

into three easily recognizable groups, each of which represents a 

different degree of reorganization into normal fibrils. Figures 

5 and 6 (1200X and 4000Î, respectively) show the least organized 
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o 
forms of the collagwn coat. The short angular fibrils (4000A by 

250,00ol) seem to have no recognizable pattern. The fibrils appear 

to be partially embedded in an amorphous sheet covering the sponge. 

Figures 7 and 8 (1900X and ?600X) picture fibrils of much longer 

length and exhibiting a common direction of orientation. Ihe 

surface of the polyurethane is not visible between these fibrils 

verifying the existence of a basement layer. Reorganization of the 

dispersion into easily recognizable fibrils varying in diameter 

from 5»OOo! to 15,000St is pictured in Figures 9 and 10; this fibril 

pattern is the most highly organized form of coating and is by far 

the most common form observed. 

The SEM also confirmed a relatively uniform coating with some 

uncovered spots where the polyurethane fiber is visible. Figure 11 

illustrates the clear delineation between bare and coated polyurethane. 

Figures 12, 13, and 14 picture the uncoated surface of polyurethane, 

a surface marked by pits scattered on a relatively smooth surface. 

Extremely high magnifications (greater than 8000) of the sponges 

were not possible due to beam damage to the coating and problems 

with "charging”. 

Table I illustrates the advantages inherent in the collagen 

coat. The control sponges exhibit a fairly uniform distribution of 

degrees of migration; penetration varies from zero to almost complete 

invasion with an average of 52$» In contrast, the 100$ penetration 

by cells into seven of the coated samples and an overall average of 

93$ among the coated sponges indicates the importance of collagen 

in inducing migration. Statistical analysis (Table H) reveals 
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the significance of the data in Table I. 

TABLE IX » Statistical Analysis of 
" Experimental Results 

Migration Number of 
Samples 

Mean Standard Deviation 

Uncoated Ingrowth 9 52# 32.6 

Coated Ingrowth 9 93# 7.9 

Uncoated Lateral 9 0.6# 1.7 

Coated Lateral 9 19# 3.8 

The widely varied range of penetration in the uncoated controls 

and the abnormal, skewed distribution of the coated sponges makes a 

superficial comparison of the data difficult* Standard statistical 

tests were employed to determine if the observed difference in pene¬ 

tration means between coated and uncoated samples were significant. 

As a first step, an F-test was applied to calculate the significance 

of the difference in standard deviations of the penetration data. 

This test specified a 99# probability that the observed inequality in 

standard deviations was indeed significant. This fact indicated the 

application of a one-sided T-test to learn if the coated penetration 

mean (93#) is statistically greater than the control penetration 

mean (52#). Use of the T-test determined a 95# probability that the 

observed coated sponge mean is statistically greater than the 

uncoated sponge mean. This high probability satisfactorily elimi¬ 

nates the chance of sampling errors and emphasize the importance of 

the collagen coating. 
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The lateral migration data is even more revealing. Where gravity 

has no influence, the lateral migration of cells averaged 19$ of the 

maximum diameter of the sponge compared to the less than 1$ migration 

observed on the uncoated controls. A one-sided F-test indicated a 

95$ probability of a significant difference in the standard deviations. 

This again led to the use of a one-sided T-test which determined there 

is a 99»9$ probability of significant difference between the observed 

means. 

The negligible amount of lateral migration in the uncoated 

controls suggests that gravity caused the observed 52$ depth-wise 

penetration. Where gravity plays no role, as in lateral migration, 

there is no measurable cell migration. The twenty-fold increase 

(20$ versus 1$) highlights the importance of collagen in guiding 

cell Invasion even more so than the penetration data. 

The collagen coat was recognizable under optical microscope 

o 
observation as a darkly staining, thin line of thickness 1000A. 

The collagen lining was readily visible in some of the coated sponge 

samples. In some cases the applied coat appeared to have floated 

free of the sponge itself (Figures 15» 16» and 17). Figure 18 

shows the uncoated sponge. Apparently, the coating was displaced 

from the polyurethane fibers sometime during fixation, not during 

cultivation, because in mary cases cells were stretched along the 

non-adhering strand (see Figures 2 and 19). 



Figure lî Elongated cells "‘SPONGE FIBER 
stretched along 

a coated sponge fiber. 
Optical microscope, 400X. 

Figure 2: Cells stretched 
along non-adhering FIBER 

collagen coating, next to / CELL 
sponge fiber. Optical ^ / y 

microscope, 400X. ^ ^ ^ y 
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Figure 3: Surface reconstruction INDIVIDUAL TUBULE 
of kidney tubules on CELL 

coated sponge. Optical micro¬ 
scope, 400X. 

Figure 4: Original cell 
dispersion on coated 

sponge, next to partial sponge SPONGE 
pore. Optical microscope, 40X. / 

/ 
 / 

ORIGINAL CELL 
DISPERSION 

1 



Figure 5: Least organized 
form of collagen 

coating on surface of 
sponge fiber. SEM, 1200X. 

Figure 6: Least organized 
form of collagen 

coating, characterized by 
these short angular fibers. 
SEM, 4000X. 



Figure 7: Moderately organized 
form of collagen 

coating. Optical microscope, 
1900X. 

Figure 8î Moderately organized 
form of collagen 

coating. Optical microscope, 
7600X. 



Figure 9: Most organized form 
of collagen coating 

showing well-defined fibrils. 

SEM, 1300X. 

Figure 10: Most organized form 
of collagen coating 

showing numerous, intertwining 

fibrils. SEM, 2600X. 
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Figure 11: Micrograph COATED 
showing the PORTIONS 

uncoated and coated 
portions of a fiber. 
SEM, 1120X. 

N 
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UNCOATED PORTION 

Figure 12: Uncoated surface 
of polyurethane 

foam. SEM, 1150X. 



Figure 13: Uneoated surface 
of polyurethane 

foam. SM, 400X, 

Figure 14: Uneoated surface 
of polyurethane 

foam. SM, 4000X. 



Figure 15: Coated sponge with 
non-adhering coating. 

Optical microscope, 40X. 

Figure 16: Coated sponge with 
non-adhering coating. 

Optical microscope, 40X. 



figure 19: Cells growing 
along non¬ 

adhering coating. Optical 
microscope, 4O0X. 
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