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Collagen and glycosaminoglycan (GAG) 
dermal skin substitutes (membranes) were 
studied as substrates for cultured human 
epidermal keratinocytes. Structure of der- 
mal substitutes was optimized for pore size 
to promote ingrowth of fibrovascular tis- 
sue from the wound bed and for culture of 
human keratinocytes of the membrane's 
surface. Pore size of the freeze-dried ma- 
terial was regulated by control of the tem- 
perature of freezing between -50°C and 
-20°C and by concentration of starting 
materials between 0.17% and 1.62% wt/vol. 
A nonporous surface of collagen-GAG was 

laminated to the membranes to provide a 
planar substrate for cultured epidermal 
keratinocytes. Thickness of dermal sub- 
stitutes was regulated by control of the 
volume and concentration of starting mate- 
rials. Biotin was conjugated to solubilized 
collagen for binding with avidin of specific 
quantities of biologically active molecules. 
The optimized membranes are suitable 
substrates for the culture of human epider- 
mal keratinocytes, and together with the 
cells yield a composite material that is his- 
tologically similar to skin. 

INTRODUCTION 

Full-thickness skin injuries from burns and trauma destroy both the epi- 
dermis and dermis, and treatment with split-thickness skin graft' replaces 
both of these components of the skin. However, conventional skin grafting 
inflicts additional injuries at the donor site of the split-thickness graft, re- 
quires repeated surgical procedures, and sufficient amounts of grafts are not 
available in major skin loss injuries, such as burns. 

Alternatives to split-thickness skin graft include partial (epidermal or der- 
mal) and full (epidermal and dermal) skin substitutes. Epidermal substitutes 
include cultured human epidermal kerat in~cytes ,~-~ epidermal suction blis- 
ters,' epidermal cell  suspension^,^ or thin epidermal auto graft^.^ Dermal 
substitutes prepared in vitro include collagen gels containing dermal fibro- 
blastsr6 collagen based  implant^,'^," and collagen-glycosaminoglycan (GAG) 
membranes.12-l4 Dermal-epidermal skin substitutes described in animal 
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models include the combination of cultured allogeneic rat keratinocytes with 
collagen gels containing dermal fibroblasts6 or keratinocyte cell suspensions 
from guinea pigs inoculated into collagen-GAG membranes.' 

Criteria for design of a dermal-epidermal skin substitute15 must meet the 
requirements of any skin substitute, including rapid and sustained adher- 
ence to the wound, tissue compatibility, an inner surface that promotes the 
ingrowth of fibrovascular tissue, and protection from infection and fluid 
loss."j,17 This study describes the structural properties of a collagen-GAG 
dermal skin substitute that allow for the culture of epidermal keratinocytes 
on its surface," for the ingrowth of vascular supply and connective tissue 
from the woundbed,14 and for a total thickness of 0.5 mm or less. Culture of 
human keratinocytes on the optimized dermal substitute results in a com- 
posite material that is histologically similar to skin. 

Efficacy of wound closure depends on restoration of protective epider- 
mis and of microvascular supply to sustain the epidermis. Infection of the 
wound site can cause graft failure, and lead to the formation of granulation 
tissue which is associated with scar.19 Skin substitutes may be expected to 
have maximum efficacy if they act to promote the wound healing processes 
of epithelialization and vascularization, and if they act to minimize infec- 
tion. Hypothetically, addition of biologically active molecules to the local 
environment of the healing wound could increase the probability and 
speed of wound closure, and simultaneously decrease the probability 
and severity of wound infection. The affinity of biotin and avidin2OtZ1 offers 
a general mechanism by which specific molecules in specific concentrations 
can be immobilized on dermal substitutes. Biotinylation of collagen is dem- 
onstrated in this article, and serves as an initial step in the biochemical 
optimization of the dermal substitute. Addition by biotin-avidin coupling of 
angiogenic, anti-inflammatory and antibiotic compounds to dermal substi- 
tutes can be studied in  animal^'^,^^ for improved efficacy of wound healing 
by dermal-epidermal composite grafts. Biochemical optimization of dermal 
substitutes is anticipated to result in efficacy of wound healing with 
dermal-epidermal skin substitutes that compares favorably to healing 
with split-thickness skin grafts. 

MATERIALS AND METHODS 

Formation of dermal substitutes 

Dermal membranes were made similarly to the methods of Yannas12 with 
modifications. To summarize, comminuted bovine collagen was partially 
solubilized in 0.05 M acetic acid and coprecipitated by dropwise addition of 
chondroitin-6-sulfate in a refrigerated homogenizer. The coprecipitate was 
cast into sheets (see below "Regulation of Membrane Thickness") and frozen 
by submersion in 70% isopropanol that was cooled on the refrigerated 
shelves of a Virtis Unitop 800 lyophilizer manifold. Shelf temperature was 
regulated within ?l°C by a digital temperature controller and monitored 
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with a metallic temperature probe submerged in the alcohol bath. Tem- 
perature probes were calibrated to 0°C with water containing melting ice. 
The frozen coprecipitate was lyophilized overnight at 30°C and 1 x mm 
Hg, and subjected to vacuum dehydration at 105°C and less than 7 x 

mm Hg for 24 h. Dry membranes were rehydrated in 0.05 M acetic acid 
for 24 h, cross-linked in 0.25% glutaraldehyde for 24 h, washed exhaustively 
in purified water (Millipore Milli-Q, 18 megohm-cm resistivity) and stored in 
70% isopropanol. 

Regulation of membrane thickness 

Thickness of dermal membranes was regulated by controlling the volume 
and % weightlvol concentration of the starting materials of the unfrozen 
coprecipitate. Volumes of 170 mL of the liquid coprecipitate was poured into 
a closed chamber with dimensions of 35.5 x 17.5 x 0.20 cm and submerged 
in 70% isopropanol at -40°C. Ten membranes (two at each of five % weight/ 
vol concentrations) were prepared. To summarize, 0.38, 0.67, 1.20, 2.15, or 
3.72 g of comminuted bovine collagen (USDA Eastern Regional Facility; 
Philadelphia, PA) was dispersed in 0.05 M acetic acid in a refrigerated 
blendor. The collagen dispersions were precipitated respectively with 35-mL 
volumes of 0.05 M acetic acid containing 35, 56, 105, 189, or 326 mg of 
chondroitin-6-sulfate. The resulting coprecipitates had % wt/vol concen- 
trations of 0.17, 0.29, 0.52, 0.94, and 1.62. 

Regulation of freezing temperature 

The isopropanol bath used to freeze the coprecipitate was cooled to tem- 
peratures of -50°C, -45"C, -40°C, -35°C -30°C, -25"C, or -20°C before 
submersion of the chamber containing the coprecipitate into the bath for at 
least 1 h. Two coprecipitate preparations (0.52% wt/vol) were frozen at each 
temperature. The frozen coprecipitates were lyophilized overnight as de- 
scribed above. 

Data collection and quantitative analysis 

Three dry samples of each nonlaminated membrane were attached to 
specimen mounts for scanning electron microscopy, coated with platinum- 
palladium vapor, and oriented with membrane pores aligned with the edges 
of the microscope screen. To determine pore size, three linear measurements 
were made at perpendicular axes across the micrographs (magnification 
1 0 0 ~ )  and average pore size was scored as the mean number of intersections 
per unit length. The score with the greater value for pore size is arbitrarily 
referred to as the pore "length." The score with the lesser value is referred 
to as the pore "width." Data are expressed as pore diameter vs. temperature, 
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and as pore diameter vs. % wt/vol concentration. Data are calculated and 
plotted as mean 2 SEM. 

For histologic preparation, two wet samples of each membrane were 
fixed in 2% glutaraldehyde, dehydrated with increasing concentrations of 
ethanol, embedded in glycolmethacrylate, sectioned perpendicular to the 
external surfaces, mounted onto glass slides, and the thickness was mea- 
sured on an inverted microscope. Data are expressed as thickness vs. % wt/ 
vol concentration and plotted as mean + SEM. 

For scanning electron micrographs of laminated membranes, of HK- 
membrane composites, and of split-thickness skin, wet samples of each 
specimen were fixed and dehydrated as for histology, and then critical point 
dried before examination by scanning electron microscopy. 

Lamination of dermal substitutes 

To provide a nonporous surface as a substrate for cultured epidermal cells, 
a thin film of collagen-GAG was laminated to one surface of the dermal 
substitute (membrane). Films were prepared from collagen-GAG co- 
precipitate (0.52% wt/vol) containing 3% (vol/vol) dimethylsulfoxide 
(DMSO). The coprecipitate was sprayed onto a smooth, nonstick surface at 
a volume/area distribution of approximately 40 pL/cm2. Dry dermal substi- 
tutes, after vacuum dehydration, were overlaid onto the sprayed, wet 
collagen-GAG coprecipitates containing DMSO. The wet coprecipitate was 
then frozen with liquid nitrogen and lyophilized overnight. 

Assay of GAG elution 

Chondroitin-6-sulfate (Type C, Sigma Chemical) is the glycosaminoglycan 
(GAG) used in all membrane preparations described here. Quantitative mea- 
surement of GAG elution from dry membranes after vacuum dehydration 
was performed using the Yannas12 modification of the E l ~ o n - M o r g a n ~ ~ , ~ ~  
colorimetric assay for hexosamines. Each assay contained a set of chondroitin- 
6-sulfate standards. 

Elution of GAG was measured after rehydration of dry membranes in 
0.05% acetic acid for 24 h, fixation in 0.25% glutaraldehyde for 24 h, rinsing 
in Milli-Q purified water for 24 h and transfer to storage media, including 
Millipore Milli-Q purified water, isotonic saline, 1M NaCl or 70% iso- 
propanol. Samples were removed from the media and prepared for assay 
after 1, 3, 5, and 7 days of storage. Samples from two membranes in each 
storage medium were prepared for measurement of GAG content by hydro- 
lysis in 6N HCI at 95°C for 4 h. 

Tissue culture conditions 

HK cultures were initiated from skin tissue obtained with informed con- 
sent as surgical discard specimens, or as research specimens from tissue 
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donors. Consent forms were approved by the Human Subjects Committee 
and Institutional Review Board at UCSD. Isolated HK were cultured in 
nutrient medium MCDB 153 containing 0.3 mM c a l c i ~ m , ~ , ~  increased 
amounts of selected amino acids,25 10 ng/mL epidermal growth factor (EGF), 
5 pg/mL insulin, 0.5 pg/mL hydrocortisone, 0.1 mM ethanolamine, and 
0.1 mM phosphoethanolamine, 0.5% (v/v) bovine pituitary extract (BPE) 
and penicillin-streptomycin-Fungizone as an antibiotic-antimycotic agent. 

Dermal substitutes were prepared for tissue culture after storage in 70% 
isopropanol. Membranes were transferred from isopropanol, through three 
washes with Milli-Q purified water, through three washes with HEPES- 
buffered saline (HBS5), followed by three washes of tissue culture medium. 
Cultured human keratinocytes were inoculated onto laminated collagen- 
GAG dermal substitutes in culture medium at a density of 1-5 X lo5 cells/cm2. 

Biotinylation of collagen 

Collagen was conjugated with biotin-N-hydroxysuccinimide (BNHS).20 
BNHS was dissolved at a concentration of 0.1 M in dimethyl formamide and 
mixed with solubilized collagen at an approximate molar ratio of 10 : 1 and al- 
lowed to react for l h at room temperature. The mixture was dialyzed for 
24 h at 4°C against several changes of phosphate buffered saline (PBS). After 
dialysis, the conjugated protein was mixed 1: 1 with glycerol and stored at 
-20°C until used. 

Spot test with avidin-horseradish peroxidase (HRP) 

Collagen conjugated with biotin or nonbiotinylated collagen was diluted 
1 : 2, 1 : 10, and 1 : 20 using 0.05 M Tris-C1 buffer, pH 7.6. Next, 3 pL of each 
dilution was spotted onto nitrocellulose (NC) paper and allowed to air dry.21 
NC paper was wetted with 0.05% Tween 20 in PBS (Tween-PBS) followed by 
two additional rinses with the same solution. The NC paper was drained, 
5 pL of 100 pg/mL Avidin-HRP were applied over each spot and incubated 
for 30 min. NC paper was rinsed 3 x 10 min, flooded with a chromagen 
solution of 0.5 mg/mL diaminobenzidine in 0.05 M Tris, pH 7.6, containing 
0.01% H20212h and allowed to develop. The reaction was quenched with 
Tween-PBS. 

RESULTS 

Pore size versus temperature 

Data (mean pm k SEM) collected from linear measurements of pore di- 
ameter vs. freezing temperature are summarized in Figure 1. The average 
pore diameter increases with increase of freezing temperature. Mean pore 
width ranges from 32 -t 1 pm at -50°C to 105 +- 5 pm at -20°C, an approxi- 
mate threefold increase in size. Mean pore length ranges from 39 -C 2 pm at 
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SAMPLE FREEZING TEMPERATURE ec) 
Figure 1. Pore diameter vs. temperature of freezing, quantitative analysis. 
Data are plotted as mean pm 2 SEM. Pore size of the dermal substitute 
increases as a sigmoidal function of sample freezing temperature. The mea- 
surement axis with the lesser mean pore diameter was arbitrarily termed the 
pore "width" and the axis with the greater mean pore diameter was arbitrarily 
termed the pore "length." Pore "width" (0) increases from 32 2 1 pm at 
-50°C to 105 ? 5 pm at -20°C. Pore "length" (8) ranges from 39 2 2 pm 
at -50°C to 240 2 12 pm at -20°C. Increase of pore diameter occurs asym- 
metrically with increase of freezing temperature. Pore width increases ap- 
proximately threefold and pore length increases approximately sixfold over 
freezing temperatures between -50°C and -20°C. 

-50°C to 240 2 12 pm at -20°C, an approximate sixfold increase in size. 
Therefore, greater increases of pore length than of pore width occur with 
increase of freezing temperature between -50°C and -20°C. 

Scanning electron micrographs (two magnifications) of membranes pre- 
pared by freezing at incremental temperatures between -50°C and -20°C 
are shown in Figure 2. A progressive increase in membrane pore size is 
demonstrated at lower magnification (Figs. 2a-g) and also at higher magni- 
fication (Figs. 2h-n), corresponding directly to the temperature of freezing 
of the collagen-GAG coprecipitate before freeze-drying. Superficial re- 
ticulated fibers are observed to result at the lower freezing temperatures 
(Figs. 2h-i). Greatly increased pore sizes are noted in samples frozen at 
higher temperatures (Figs. 21-n). 

Pore size versus % wt/vol concentration 

Figure 3 plots data (pm r SEM) collected from linear measurements of 
pore diameter vs. concentration of starting materials. Pore size of the mem- 
brane decreases asymptotically with increasing concentration of starting 
materials. Mean pore width ranges from 174 -1 10 pm at 0.17% wt/vol to 
87 + 2 pm at 1.62% wt/vol, an approximate twofold decrease in size. Mean 
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Figure 2. Pore diameter vs. temperature of freezing, SEM. Change in aver- 
age pore size of the dermal substitute is demonstrated in this collection of 
scanning electron micrographs. Membrane pore size versus freezing tem- 
perature is shown at lower magnification (a-g) and at higher magnification 
(h-n). Examples are shown of membrane structure resulting from freezing 
at -50°C (a, h), -45°C (b, i), -40°C (c, j), -35°C (d, k), -30°C (e, I), -25°C 
(f, m), -20°C (g, n). Pore size increases gradually with each incremental 
increase (5°C) of freezing temperature. Significant increase of pore size is 
observed between freezing temperatures of -50°C and -20°C. a-g, scale 
bar = 1.0 mm; h-n, scale bar = 100 pm. 
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0.'17 0.29 0.52 0.94 1.62 
(% wt/vol) 

CONCENTRATION OF STARTING MATERIALS 

Figure 3. Pore diameter vs. % wt/vol concentration of starting materials, 
quantitative analysis. Data are plotted as mean pm ? SEM. Pore size of the 
dermal substitute decreases as an asymptotic function of % wt/vol concen- 
tration of the starting materials. The measurement axis with the lesser mean 
pore diameter was arbitrarily termed the pore "width" and the axis with the 
greater mean pore diameter was arbitrarily termed the pore "length." Pore 
"width" (0) decreases from 174 ? 10 pm at 0.17% wt/vol to 87 2 2 pm at 
1.62% wt/vol. Pore "length" (a) ranges from 452 ? 20 pm at 0.17% wt/vol to 
105 + 5 pm at 1.62% wt/vol. Decrease of pore diameter occurs asymmet- 
rically with increase of solute concentration. Pore width decreases approxi- 
mately twofold and pore length decreases approximately fivefold over solute 
concentrations between 0.17% and 1.62% wt/vol. 

pore length ranges from 452 + 20 pm at 0.17% wt/vol to 107 + 4 pm at 
1.62% wt/vol, an approximate fourfold decrease in size. Therefore, as ob- 
served with variation of freezing temperature, greater changes of pore 
length than of pore width occur with increase of concentration of starting 
materials between 0.17% and 1.62% wt/vol. Figure 4 shows representative 
scanning electron micrographs of dry membranes prepared at each concen- 
tration (% wt/vol) of starting materials. Decrease of membrane pore size as 
a function of increase of concentration of starting materials is evident. 

Thickness versus % wt/vol concentration 

Figure 5 plots data (mm + SEM) collected from linear measurements of 
membrane thickness vs, concentration of starting materials. Thickness of the 
membrane increases logarithmically as a function of the concentration of 
starting materials. Mean membrane thickness ranges from 0.05 + 0.02 mm 
at 0.17% wt/vol to 2.62 + 0.30 mm at 1.62% wt/vol, an approximate 50-fold 
increase. Therefore, with volume and shape of the frozen coprecipitate held 
constant, dramatic changes of membrane thickness result from increase of 
concentration of starting materials between 0.17% and 1.62% wt/vol. 
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Figure 4. Pore diameter vs. % wt/vol concentration of starting materials, 
SEM. Change in average pore size of the dermal substitute is demonstrated 
in this collection of scanning electron micrographs. Examples are shown of 
membrane structure resulting from solute concentrations at  (a) 0.17%; 
(b) 0.29%; (c) 0.52%; (d) 0.94%; and (e) 1.62% wt/vol. Pore size decreases as 
an inverse function of solute concentration. Significant decrease of pore size 
is observed between concentrations of 0.17 and 1.62% wt/vol concentrations 
of starting materials. Scale bar = 100 pm. 

Figure 6 shows representative light micrographs of transverse sections 
through collagen-GAG membranes prepared at each concentration 
(% wt/vol) of starting materials. Increase of membrane thickness as a 
function of % wt/vol concentration of starting materials is evident. 

GAG elution by storage medium 

Elution of GAG from dermal substitutes is shown in Figure 7. Small 
amounts of GAG elution ( 4 0 % )  are seen after 7 days of storage in 70% 
isopropanol, or in purified water, the weakly ionic media. Storage for 7 days 
in isotonic saline causes elution of 45% of GAG from dermal substitutes, and 
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(% wt/vol )  
CONCENTRATION OF STARTING MATERIALS 

Figure 5. Membrane thickness vs. % wt/vol concentration of starting mate- 
rials, quantitative analysis. Data are plotted as mean mm * SEM. Thickness 
of the dermal substitute increases as a direct logarithmic function of % wt/vol 
concentration of the starting materials. Membrane thickness (@) increases 
from 0.05 2 0.02 mm at 0.17% wt/vol to 2.62 2 0.30 mm at 1.62% wt/vol. 
Membrane thickness increases approximately 50-fold over concentrations be- 
tween 0.17% and 1.62% wt/vol. 

storage in 1M NaCl results in 74% GAG elution. GAG is eluted from dermal 
substitutes as a function of ionic strength of the storage medium. Therefore, 
treatment of dry membranes by vacuum oven desiccation does not form 
covalent bonds between more than 26% of the GAG and the collagen of the 
dermal substitutes. Because of the low GAG elution and antiseptic properties 
of 70% isopropanol, it was chosen as the storage medium for rehydrated, 
glutaraldehyde cross-linked dermal substitutes before inoculation with cul- 
tured human epidermal keratinocytes. 

External surfaces of laminated dermal substitutes 

Pore sizes of dermal substitutes (0.52% wt/vol concentration, freezing 
temperature between -30°C and -40°C) range from 50-150 pm in diameter, 
and therefore exceed the diameters of cultured epidermal keratinocytes in 
suspension (15-25 pm). Lamination of a smooth, continuous surface to the 
porous dermal substitutes prevents passive invasion of the membrane's 
interior by cultured keratinocytes. The surfaces of laminated membranes 
with and without keratinocytes are shown in Figure 8. The lamination 
(Figs. 8a, d) is very thin and does not affect the internal porosity of the 
dermal substitute. Inoculation and incubation of cultured human epidermal 
keratinocytes" results in complete coverage of the laminated surface with 
cells (Fig. 8b). The dermal-epidermal composite is compared to split- 
thickness skin graft by SEM (Figs. 8b, c) and by light microscopy (Fig. 8e, f ) .  
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Figure 6. Membrane thickness vs. % wt/vol concentration of starting mate- 
rials, histological analysis. Change in average thickness of the dermal substi- 
tute is demonstrated in this collection of light micrographs. Examples are 
shown of membrane thickness resulting from solute concentrations (a) 0.17%, 
(b) 0.29%, (c) 0.52%, (d) 0.94%, and (e) 1.62% wt/vol. Significant increase of 
pore size is observed between concentrations of 0.17 and 1.62% wt/vol con- 
centrations of starting materials. Scale bar = 1.0 mm. 

Biotinylation of collagen 

Horseradish peroxidase covalently bound to avidin (avidin-HRP) was 
reacted with solubilized collagen, before and after conjugation with biotin 
as shown in Figure 9. Avidin-HRP binds to and stains biotinylated col- 
lagen diluted 1:2 and 1: 10 (Fig. 9a, b) from a starting concentration of 
0.15% wt/vol. Dilution of biotinylated collagen 1 : 20 shows faint reaction 
with avidin-HRP and demonstrates the dilution of the binding substrate 
(Fig. 9c). No binding of avidin-HRP with nonbiotinylated collagen occurs 
(Figs. 9d, e, f), demonstrating the specific binding of avidin-HRP by biotin 
bound to collagen. 
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ELUTION TIME (days) 

Figure 7. Percentage original GAG content vs. elution time. GAG was eluted 
from dermal substitutes by storage in liquid media of increasing ionic 
strength: 70% isopropanol (o), Milli-Q purified water (@), isotonic saline (o), 
or 1M NaCl (m). Weakly ionic media, 70% isotonic and purified water, elute 
less than 10% of total GAG in dermal substitutes after 7 days. Isotonic saline 
elutes 40-50% of GAG in between 3-7 days, and 70-75% of GAG is eluted 
after 3-7 days storage in 1M NaCl. Due to its low GAG elution and to its 
antiseptic properties, 70% isopropanol is used as the storage medium for 
dermal substitutes before they are inoculated with cultured human epidermal 
keratinocytes. 

DISCUSSION 

Skin substitutes that resemble split-thickness skin in structure and com- 
position may be expected to accomplish wound closure as predictably, effec- 
tively and safely as skin autograft. This article describes a dermal substitute 
of biopolymers, and an epidermal substitute of cultured human keratino- 
cytes (HK) that can be prepared consistently with structural and biochemical 
properties that are similar to split-thickness skin. Although collagen and 
glycosaminoglycans constitute the greatest mass of extracellular polymers 
in skin, they represent only a small subset of the total number of extracellu- 
lar cutaneous compounds. Primary wound healin$ in the absence of infection 
and inflammation restores much of the normal complement of extracellular 
dermal compounds, and promotes the development of microvascular sup- 
ply. Hypothetically, the deliberate addition of angiogenic, antibiotic and/or 
anti-inflammatory compounds into the dermal substitute will influence 
beneficially the processes of primary wound healing, and result in tissue 
repair that more closely resembles healthy skin than deforming scar. Also 
demonstrated here is a general method for ligation of biologically active 
compounds to the dermal substitute for promotion of primary wound heal- 
ing. It is expected that as the biochemical and cellular compositions of the 
skin substitute more closely approximate the composition of undamaged skin, 
the efficacy of the skin substitute for wound closure will become comparable 
to split-thickness skin graft. 
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Figure 8. Laminated membranes vs. human split-thickness skin, SEM and 
histological analysis. Surface (a-c) and transverse (d-f) aspects of (a, d) 
collagen-GAG dermal substitutes laminated with continuous surfaces as cul- 
ture substrates; (b, e) composites of laminated collagen-GAG "dermis" cov- 
ered with cultured human keratinocyte "epidermis"; and (c, f )  split-thickness 
human skin. a-c, scale bar = 1.0 mm; d-f, scale bar = 100 pm. 

Structural regulation of the skin substitute depends greatly on control of 
the pore size, thickness and surface characteristics of the dermal membrane. 
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Figure 9. Binding of avidin-HRP to biotinylated collagen, spot test. 
Avidin-HRP (100 pg/mL) was incubated with (a-c) biotinylated collagen and 
(d-f) nonbiotinylated collagen that was dried onto nitrocellulose paper, 
and reacted with 0.5 mg/mL diaminobenzidine containing 0.01% hydrogen 
peroxide. Binding substrates were diluted (a, d) 1 : 2, (b, e) 1 : 10, and (c, f )  1 : 20. 
Concentration dependent reaction of HRP demonstrates specific binding of 
avidin-HRP conjugate to biotin-collagen conjugate. Nonbiotinylated col- 
lagen shows no reaction with avidin-HRP. 
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Major factors that influence pore size (P,) of lyophilized collagen-GAG der- 
mal substitutes include temperature of freezing and % wt/vol concentration 
of the liquid before freezing. Temperature of the freezing bath (Tb) con- 
tributes to the rate of freezing (R*) which is inversely proportional to the size 
of the ice crystals (C,) in the frozen coprecipitate. If the rate of freezing of an 
aqueous solution is infinitely large, so that freezing is instantaneous, then no 
ice crystallization occurs and vitreous ice is f ~ r m e d . ~ ~ , ~ ~  As shown here 
and by  other^,'^,^^ initial temperature of the freezing bath is directly propor- 
tional to size of the ice crystals in the frozen collagen dispersion that 
determine the pore size of lyophilized collagen. These relationships are 
summarized as follows: 

1 
TmC,mP,m- 

R f 

Other factors that contribute to the rate of freezing include, but are not 
limited to, the thermal conductivities, the specific heat capacities and masses 
of all materials through which heat must flow to initiate solute crystallization; 
the amounts of heat both in the liquid sample to be frozen and in the system 
components; and the amount of heat absorbed by the bath. 

With thermal conductivities and initial sample heat at constant values, 
and with temperature of the liquid sample close to O°C, decrease of the initial 
bath temperature (Tb) will decrease the initial heat content of the freez- 
ing bath and increase the potential for heat to flow out of the sample upon 
contacting the bath. Decrease of the initial heat of the freezing bath by 
decrease of the initial bath temperature will increase the magnitude of the 
heat transferred per unit time from the liquid coprecipitate which causes an 
increase in its rate of freezing. Smaller size of ice crystals and smaller mem- 
brane pore size result from increase in the freezing rate. Conversion of these 
proportionalities to equations would require identification of rate constants 
for the flow of heat through all materials in the system components, and 
measurement of heat lost to the surroundings. Theoretical and empirical 
determinations of the relationships of heat transfer from sample to sur- 
roundings are beyond the scope of the present studies. 

Pore size data in Figure 1 (vs temperature of freezing) and in Figure 3 (vs 
concentration of starting materials) were collected under similar experimental 
conditions, but appear to disagree. Pore size measurements from tempera- 
ture of freezing experiments at -40°C were performed with coprecipitate of 
0.52% concentration. These measurements do not agree with measurements 
from % wt/vol concentration experiments at 0.52% that were performed at 
-40°C. In addition, pore size data in this report of freezing temperatures 
at -30°C and coprecipitate at pH 3.0 do not agree with similar conditions 
reported by D~il lon. '~ These discrepancies are accounted for by different 
devices and methods used to prepare membranes in the different sets of 
experiments. The device that was used to submerge the coprecipitate in the 
temperature of freezing experiments in this report was small and made 
predominantly of wood which has low mass and low thermal conductivity 
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that resulted in greater heat transfer from the sample to the freezing bath. 
Similarly, the freezing device used by Doillon was made of styrene-based 
plastic which is also of low mass and would not transfer large quantities of 
heat to the freezing bath. Conversely, the device used to submerge the 
coprecipitate in the % wt/vol concentration experiments reported here was 
made of solid metal (aluminum) that was many times more massive and of 
much higher thermal conductivity than either the wooden or plastic devices. 
However, in both sets of experiments reported here, a freezing bath of 
approximately the same volume and composition was used. Therefore, pro- 
portionately more heat was transferred from the freezing device to the bath 
in the % wt/vol concentration experiments than in the temperature of freez- 
ing experiments. Consequently, in the % wt/vol experiments, the freezing 
bath was heated more by the device, and rate of freezing of the sample was 
reduced which resulted in an upward shift of all of the measured pore sizes. 

With bath temperature held constant, membrane pore size is inversely 
proportional, and membrane thickness (T,) is directly proportional to the 
dry wt/vol concentration of starting materials (C,) in a fixed volume of liquid 
coprecipitate: 

As C, increases the concentration of free water per unit volume of copre- 
cipitate decreases, which may account for reduced formation of ice crystals 
and smaller membrane pore size. However, the mechanistic basis of the 
relationship between C, and Ps requires further study. Also, as C, increases, 
thickness of the rehydrated membrane increases. At the lowest C, tested, 
the lyophilized membrane did not retain the shape of the casting chamber, 
although at intermediate and high C, the shape was retained. In addition, 
the spongelike structure of the lyophilized membrane expands upon re- 
hydration, such that at the highest concentration tested, thickness of the wet 
membrane (about 2.6 mm) exceeds the thickness of the dry membrane 
(about 2.0 mm). The effects of C, on the pore size and thickness of the 
dermal substitute were considered carefully to allow easy ingrowth of vascu- 
lar supply, and to limit the distance from the woundbed to the membrane 
surface where cultured epidermal keratinocytes are nourished initially from 
wound exudate and ultimately from regenerating vasculature. 

Formation of a stratified epithelium is a primary consideration in the 
design of a permanent skin substitute. Combination of epidermal cells with 
a porous collagen-GAG membrane allows movement of the cells (15-25 pm 
diameter) through membrane pores (50-150 pm diameter). Inoculation of 
uncultured epidermal cell suspensions from the internal surface of the mem- 
brane,' or of cultured keratinocytes from the external surface of a non- 
laminated membrane15 results in a subset of the inoculum attached inside 
the body of the membrane. These results generate a composite material 
that is not histologically similar to skin and is not optimal for grafting ap- 
plications. Addition of a nonporous surface to the porous collagen-GAG 
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membrane allows restriction of cultured epidermal keratinocytes to the mem- 
brane's surface and prevents the passive invasion of the membrane by the 
cells. The planar surface also provides lateral approximation of proliferating 
cells that appears to promote histological organization of keratinocytes into 
an epidermal analog. 

Collagen-based materials in the design and preparation of tissue and organ 
substitutes offer a high degree of plasticity that is needed to meet application 
criteria. Collagen is found in the dermal component of split-thickness skin 
graft which is the ideal skin substitute. Therefore, the main objective of these 
studies is the preparation in vitro of a skin substitute, consisting of a collagen- 
based dermal substitute combined with cultured human epidermal kera- 
tinocytes, that has histological similarity to split-thickness skin. Structural 
requirements for this objective include, but are not limited to: total thickness 
of 0.5 mm or less; and exclusion of cultured cells from the interior of the 
porous dermal component. Regulation of % wt/vol concentration and thick- 
ness of the freezing chamber control the thickness of the dermal substitute 
which composes more than half of the thickness of the dermal-epidermal 
skin substitute. Lamination of a nonporous film of collagen-GAG to one 
surface of the dermal membrane restricts cultured epidermal keratinocytes 
to the external surface of the skin substitute, and results in a composite 
material that is histologically similar to split-thickness skin. Furthermore, the 
conjugation of biotin to the collagen provides a general mechanism for 
biochemical modification of dermal component for promotion of cellular 
growth into and onto the biopolymer core of the skin substitute. Control of 
the biological plasticity of this example of a skin substitute allows regulation 
of its structural, biochemical, and cellular compositions. These principles of 
biological plasticity are also readily transferable to the design criteria for vas- 
cular prostheses,31 endocrine  implant^,^^,^^ or nerve regeneration templates34 
that will have increasing importance in the future of soft tissue repair. 

The authors express sincere gratitude to Ms. Tanya Foreman and Sandra Weise for 
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