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Objective. To determine if matrix metalloproteinase-1
(MMP-1) was involved in the premature degradation of
the dermal component in cultured skin substitutes
(CSS) prepared with cells from burn patients.

Methods and results. CSS 645 and 647 were prepared
from clinical human fibroblasts (HF) and keratino-
cytes (HK) that demonstrated premature degradation
of collagen-glycosaminoglycan sponges in vitro. The
control CSS were prepared from clinical HF and HK,
CSS 648, and a pre-clinical cell strain, CSS 644 that did
not degrade the sponges. Surface electrical capaci-
tance measures surface hydration and was signifi-
cantly higher for CSS 647 from days 9 through 14. MTT
(3-[4,5-dimethylthiazol-2-yl]- diphenyltetrazolium bro-
mide) conversion, an indicator of cellular viability was
significantly lower for the 6-mm punch biopsies from
CSS 645 and 647 at day 15 as compared to control CSS.
MMP-1 protein levels measured by ELISA were signif-
icantly higher in medium from HF 645 and 647 than
controls on the day of CSS inoculation. At day 14 of
incubation, the mean MMP-1 concentration was signif-
icantly elevated in the medium from CSS 645 and 647
versus the controls, CSS 644 and 648. Western blots,
and casein zymography demonstrated the presence of
the latent and active forms of MMP-1 in the HF and
CSS media, respectively.

Conclusion. MMP-1 was significantly higher in the
media from two of the four HF strains and CSS after a
24 h incubation period. Elevated MMP-1 coincided
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with premature degradation of the dermal substi-
tute in vitro, and reduced numbers of CSS that met
quality assurance standards for clinical transplan-
tation. © 2005 Elsevier Inc. All rights reserved.
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INTRODUCTION

Cultured skin substitutes (CSS) are used to close
burn wounds and restore the major function of the skin
by reestablishing the epidermal barrier. Wound heal-
ing involves both the removal and replacement of in-
jured tissue, and the long-term remodeling of the skin.
Matrix metalloproteinases (MMPs) are a family of en-
zymes involved in degradation of the extracellular ma-
trix of the skin and other tissues. Structurally, the
MMPs have a catalytic domain with a zinc-binding
site, a signal peptide and a propeptide [1]. There are
three members of the collagenase subgroup including
MMP-1 (collagenase-1), MMP-8 (collagenase-2), and
MMP-13 (collagenase-3). The collagenases are respon-
sible for breaking down fibrillar collagen types I, II, III,
VII, VIII, and X in the extracellular matrix. The colla-
genases have substrate preferences, with MMP-1 de-
grading type III collagen more effectively than the
other collagen types [1]. The latent or inactive form of
MMP-1 is released into the extracellular space where
proteolytic enzymes convert it to the active form. Sev-
eral activators of the latent form of MMP-1 include
trypsin, plasmin and stromelysin [1, 2].

MMP-1 is required for the growth of the epidermis
and skin appendages during development and is ex-
pressed in basal keratinocytes and dermal fibroblasts

beginning about the third month of gestation [1]. Ex-
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pression of the MMP-1 protein decreases during hu-
man development, and cannot be detected in the nor-
mal adult epidermis. However, if the skin is injured,
MMP expression is activated as part of the complex
process of tissue repair and regeneration [3]. The ex-
pression of MMPs in the skin is induced by growth
factors and cytokines, such as, epidermal growth fac-
tor, platelet derived growth factor-BB, interleukin-6
and interleukin-1� [1, 4–5]. Recently, Ghahary et al.
(2004) [6] reported that stratifin, a factor released by
keratinocytes can stimulate collagenase mRNA in hu-
man fibroblasts. Conversely, transforming growth
factor-�, insulin-like growth factor-1, and endothelin-1
down regulate MMP-1 synthesis by dermal fibroblasts
[7–9]. Negative regulation of MMP activity also results
from the synthesis of tissue inhibitor of metalloprotein-
ases (TIMPs) by fibroblasts and keratinocytes that
bind to active MMPs in the extracellular space [1, 10].
In burn wounds, collagenase activity and TIMPs are
both elevated as compared to normal, uninjured skin
suggesting that tissue repair and remodeling are well-
regulated to restore homeostasis [11]. An imbalance
between the production of MMPs and TIMPs can result
in skin disease. For example, recessive dystrophic epi-
dermolysis bullosa has been linked to elevated MMPs,
and in the most severe cases, the TIMP levels are
decreased resulting in blister formation [12]. Hypertro-
phic scarring observed in the post-burn patient has
been related to suppression of MMP-1 levels and ele-
vated insulin-like growth factor-1 [8, 13].

Previous studies from this laboratory have reported
the regulation of keratinocyte proliferation and barrier
formation in skin substitutes by addition of vitamin C
to the culture medium [14], generation of pigmentation
by addition of selective cultures of epidermal melano-
cytes to CSS [15], formation of vascular analogs by
addition of dermal microvascular endothelial cells to
CSS [16], and successful grafting of autologous CSS for
closure of full-thickness burns [17–19], reconstructive
surgery [20], or chronic wounds [21]. In selected pa-
tients, it was observed that CSS in vitro demonstrated
premature degradation of the collagen and chondroitin-
sulfate substrate during the maturation phase of the
CSS incubation. The biopolymer substrates of those
grafts deteriorated to the extent that fibroblasts
attached directly to the underlying culture support,
and those CSS often failed to meet quality assurance
standards. The current investigations compared the
MMP-1 secreted into the culture media by two human
keratinocyte and fibroblast strains that demonstrated
this abnormal CSS phenotype, to two control strains
that did not. The results of these studies showed that
the CSS with the abnormal phenotype released signif-
icantly elevated MMP-1 concentrations into the cul-

ture medium.
MATERIALS AND METHODS

Cell Culture and CSS Preparation

Human keratinocytes (HK) and fibroblasts (HF) were isolated
simultaneously from either surgical discard tissue (strain #644) or
skin obtained from burn patients (strains #645, #647, #648). The
cells were grown in selective growth media and cryopreserved at
passage 0 (primary culture) providing a stock of cells for cultured
skin substitutes [22, 23]. Acellular biopolymer substrates were pre-
pared as previously described [24] from comminuted bovine hide colla-
gen, and chondroitin-6-sulfate (GAG), except without chemical cross-
linking with glutaraldehyde [25]. Briefly, bovine collagen powder
was solubilized in 0.5 M acetic acid, and co-precipitated with GAG to
yield a final concentration of 0.6% wt/vol. The co-precipitate was cast
into sheets, frozen, lyophilized, cross-linked by vacuum dehydration
at 105°C for 24 h, cut into squares (9 � 9 cm), packaged into
peel-packs, and sterilized by gamma-irradiation at �25 Kg. For cell
culture, the polymer substrates were rehydrated in Hepes-buffered
saline solution, and changed into culture medium for inoculation of
cells. For inoculation, substrates were placed on top of N-terface
mesh, a cotton pad and a steel lifting platform. Then HF (0.5 �
106/cm2) were inoculated onto the collagen-GAG substrate and cul-
tured at 37°C and 5% CO2. The HF culture medium consisted of
Dulbecco’s modified eagle’s medium (DMEM) supplemented with 5%
fetal bovine serum, 10 ng/ml epidermal growth factor, 5.0 �g/ml
insulin, and 0.5 �g/ml hydrocortisone [14]. On the following day, the
collagen-HF substrates were rinsed and incubated overnight in the
CSS serum-free culture medium [26]. HK (1.0 � 106/cm2) were inoc-
ulated on the lifted collagen-HF substrates (n � 3 per cell strain) in
the CSS culture medium (incubation day 0), and the CSS culture
medium was replaced daily. Biopsies for histology were collected on
days 7 and 14 for light microscopy. The clinical CSS were assessed
for quality assurance (QA) by surface electrical capacitance (see
below), and histologic examination according to criteria previously
determined [27]. CSS that did not meet these standards failed QA,
and were not grafted. Clinically, the CSS performed well with pa-
tient 648 (�3% failed QA). However, the CSS phenotype for patients
645 and 647 was variable with thin, collapsed areas of the dermal
substitute, and high rates of QA failure (�20% and �60%, respec-
tively). Based on these observations, the strains 645 and 647 were
chosen for analysis in these studies. A strain derived from surgical
discard (#644), and a contemporary clinical strain (#648) performed
well in vitro, and served as control CSS.

Surface Electrical Capacitance (SEC) Measurement

Skin surface hydration is measured by capacitance and is in-
versely proportional to the electrical impedance [28, 29]. SEC mea-
surements were collected using the NOVA Dermal Phase Meter
(DPM 9003; NOVA Technology, Portsmouth, NH) from the CSS
grafts in vitro. On culture days 7, 9, 12, and 14, 10-serial measure-
ments at 1-s intervals were taken from four sites on each CSS in vitro
(12 values per group) and the SEC values are expressed in DPM
units as mean � SEM.

MTT Viability Assay

On day 15, 6-mm punch biopsies were collected (n � 4 per CSS; 12
per group). The biopsies were incubated with 1 ml of 0.5 mg/ml MTT
(3-[4,5-Dimethylthiazol-2-yl]-diphenyltetrazolium bromide; Sigma
Chemical Co., St. Louis, MO) for 3 h at 37°C. MTT was cleaved to a
formazan by-product by mitochondria from viable cells [30]. One
milliliter of 2-methoxy-ethanol released the MTT-formazan reaction
product from the cells after 3 h of incubation on a shaking platform
and was measured at 590 nm on a microplate reader (Cambridge
Technologies, Watertown, MA). The values represent the mean op-

tical density � SEM.
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MMP-1 ELISA

MMP-1 concentrations were measured with a human
metalloproteinase-1 Biotrak ELISA (Amersham Biosiences Corp.,
Piscataway, NJ). Twenty-four hour incubation media samples (n � 3
per strain) were collected from HF and HK on the day of inoculation
and from CSS on days 7 and 14. Duplicate 100 �l samples were
assayed and normalized to ng per 105 cells or per cm2 of CSS. This
ELISA measures total human MMP-1 including free MMP-1 and
MMP-1 bound to the specific inhibitor TIMP-1, but does not measure
MMP-1 complexed to the non-specific inhibitor �-macroglobulin. The
assay does not cross-react with TIMP-1, MMP-2, 3, or 9. The values
represent the normalized MMP-1 concentration � SEM.

Western Blot Analysis

Proteins from HF 644, 645, 647, and 648 were extracted using the
Mammalian Cell Lysis Kit (Sigma Chemical Co.). Twenty-five micro-
grams of protein were separated by SDS-PAGE on a 10% gel under
denaturing and reducing conditions with 50 mM dithiothreitol. The
proteins were transferred to a nitrocellulose membrane, blocked, and
incubated with 1 ug/ml mouse anti-human-MMP-1 (Ab-1; Calbio-
chem, LaJolla, CA) overnight on a shaking platform. The proteins
were detected using the Western Breeze Chemiluminescent Immu-
nodetection Kit (Invitrogen Life Technologies, Carlsbad, CA). This
antibody detects the latent (57/52 kD) and active (46/42 kD) forms of
MMP-1 and does not cross react with human MMP-2, MMP-3, MMP-8,
MMP-9, or MMP-13. Positive control purified pro-MMP-1 was included
on the gel (100 ng, 50 ng, and 25 ng).

MMP-1 Zymography

Twenty-four hour CSS media samples were concentrated using
Centricon YM-3 centrifugal filter units by a factor of 7 (n � 2 CSS
media samples per group). A 12% Zymogram casein gel (Invitrogen
Life Technologies) was loaded with 25 �l of each concentrated CSS
media sample and electrophoresed using Tris-glycine SDS running
buffer. The gel was equilibrated in a renaturing buffer containing
2.7% Triton X-100 for 30 min. Subsequently, the gels were incubated
overnight at 37°C with a developing buffer containing calcium nec-
essary for enzyme activity (Invitrogen Life Technologies). The gel
was stained with Coomassie Blue and the protease activity was
visualized as clear bands against the blue casein background. A
control gel represented a titration of pro-MMP-1 (100-10 ng/lane)

FIG. 1. The histologies were prepared in glycolmethacrylate and
stained with methyl blue. The CSS cross-sections are from day 14
post-HK inoculation representing CSS 644 (A), CSS 648 (B), CSS 645
(C), and CSS 647 (D). Scale bar � 0.1 mm.
and pro-MMP-1 (100-10 ng/lane) activated with 50 �M
p-aminophenylmercuric acetate (“APMA”; Calbiochem, SanDiego,
CA) for 2 h at 37°C. The APMA promotes the cleavage of the pro-
MMP-1 into its active form [31, 32].

Statistical Analysis

The SEC, MTT, and MMP-1 ELISA data were analyzed by one-
way ANOVA (Sigma Stat). Significance was determined on all pair-
wise multiple comparisons by Tukey’s Test (P � 0.05).

RESULTS

Cultured skin substitutes are evaluated for quality
assurance using histologies and surface electrical ca-
pacitance. Histologies were taken at 14 days post-HK
inoculation from the CSS prepared for this study (Fig. 1).
In CSS with strains 644 (Fig. 1A) and 648 (Fig. 1B),
epidermal substitutes were well stratified and keratin-
ized, and the collagen-GAG polymer was clearly evi-
dent in dermal substitutes. Premature degradation
and collapse of the collagen-GAG sponge was observed
in CSS 645 (Fig. 1C). The CSS prepared with HF/HK
strain 647 (Fig. 1D) had a disorganized epidermal com-
ponent, and no stratum corneum.

Figure 2 shows that values of surface hydration
(SEC) were significantly higher (wetter) at day 7 for
CSS 644 and 648 compared to CSS 645 and 647. At all
other time points, the SEC for CSS 647 was elevated
compared to all other groups. Elevated SEC values for
CSS 647 indicates a failure to form the epidermal bar-
rier corresponding with the histology for CSS 647 (Fig.
1D). The other three groups, CSS 644, 648, and 645

FIG. 2. Surface electrical capacitance measured the hydration of
the CSS on days 7, 9, 12, and 14 (n � 3 per group). Statistical
analysis showed that 644 and 648 were different from 645 and 647 (P

� 0.05; #) and 647 was different from all other groups (P � 0.05; *).
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were not statistically different from each other at days
9, 12, and 14 and were similar to normal human skin
SEC values (Fig. 2, reference line).

At incubation day 15, the CSS biopsies from the two
control CSS strains 644 and 648 had significantly
higher mean MTT values, 0.749 and 0.639, respectively
(Fig. 3). The mean MTT measurements were lower
from the CSS prepared with HF/HK 645 and 647 (0.297
and 0.161, respectively) indicating the presence of less
viable cells.

The MMP-1 concentrations in medium from HF 645
and 647 (14.6 and 15.2 ng/105 cells, respectively) were
significantly higher than from the control HF 644 or
648 (4.5 and 10.5 ng/105 cells, respectively) on the day
of CSS inoculation (Fig. 4A). The pre-clinical control
HF 644 secreted significantly less MMP-1 into the cul-
ture medium when compared to all clinical HF strains
(645, 647, and 648). Minimal MMP-1 (�1 ng/105 cells)
was measured in the culture media from the 4 isoge-
neic HK strains (data not shown). The mean MMP-1
concentration from the CSS culture media on day 14
post-HK inoculation was also significantly higher from
CSS 645 and 647 (273.0 and 182.5 ng/cm2, respectively;
Fig. 4B) as compared to control CSS 644 and 648 (103.3
and 106.1 ng/cm2, respectively). The higher MMP-1 levels
in HF and CSS culture media from clinical strains 645
and 647 corresponded with an increased tendency of CSS
to deteriorate during maturation in vitro.

Western blots demonstrated immunodetection of
MMP-1 in the fibroblast lysate samples. Bands for both
the latent (57/52 kD) and active (46/42 kD) forms of
MMP-1 were identified by SDS-PAGE in HF 644, 647,
648 and 645 (lanes 2–5, respectively; Fig. 5). Lanes 7 to
9 correspond to a titration of the positive control pro-
MMP-1 with both the latent and active forms present
on the blot. These fibroblast-derived samples represent
the cell-associated MMP-1.

Zymography was performed to demonstrate the
MMP-1 enzyme activity secreted in the culture media
from the CSS after 24 h of incubation. Concentrated
media were electrophoresed on casein gels and the
clear zones on the gel represent areas of caseinolytic
activity (Fig. 6). Positive control pro-MMP-1 estab-
lished a titration (100- 10 ng/lane) of the latent (57/52
kD) and active (46/42 kD) forms of MMP-1 following
activation with 50 �M p-aminophenylmercuric acetate
(Fig. 6A). Both the latent and active forms of MMP-1
were detected on the zymogram of the CSS media from
all four cell strains (Fig. 6B). The more prominent
bands for active MMP-1 are seen from media of CSS
645 and 647 correlating with CSS that had a higher
percentage of QA failure. The higher molecular weight
(60–70 kD) band of caseinolytic activity is consistent
with MMP-13 and may also contribute to the CSS

degradation [31].
DISCUSSION

Data from this study show a strong association be-
tween elevated expression of MMP-1, and premature
degradation of the dermal component of autologous
CSS used for investigational grafting of burn patients.
To provide the greatest benefits to patients, it is im-
portant to reduce this degradation to a minimum, and
promote maximum development of skin anatomy and
physiology in vitro. It is expected that understanding
the mechanisms of degradation will allow regulation of
conditions to promote anabolic metabolism, and reduce
catabolic activities. Evaluations of microscopic anat-
omy, epidermal hydration, cellular viability, expres-
sion of MMP-1 protein, and enzyme activity provide
important indicators of how the anatomy and physiol-
ogy of CSS may be regulated to provide the greatest
benefits to patients.

CSS degradation in vitro is clearly attributable to
individual differences in expression of MMP-1 among
patients. In this study, samples from patients (#645,
#647) with the most extreme degradation were selected
specifically to emphasize the observation, and provide the
greatest probability of finding a biochemical marker of
the phenomenon. It is noteworthy that both of these
patients were treated at hospitals outside of the city
where the CSS were prepared. Consequently, the biop-
sies of skin used to generate the CSS were shipped by
express delivery, and experienced ischemic periods up

FIG. 3. On day 15, 6 mm punch biopsies of the CSS were tested
in the MTT viability assay (n � 12 per group). The formazan reaction
product was measured at 590nm. CSS 644 and 648 had statistically
higher mean MTT levels when compared to CSS 645 and 647 (P �

0.05, *).
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to 24 h, compared with less than 2 h for intramural
patients. Hypoxia has been implicated in the induction
of MMP-1 in dermal fibroblasts [33, 34]. In those stud-
ies, a three-dimensional culture method was developed
to study the effects of hypoxia on dermal human fibro-
blasts. By 48 h of reduced oxygenation (2% O2), the

FIG. 4. MMP-1 was measured using an ELISA. Fig. 4A repre-
sents the mean MMP-1 concentration from the culture media of the
human fibroblasts 644, 645, 647, and 648 (n � 3 per group). HF 644
(*) and 648 (#) were statistically different from all other groups (P �
0.05). (B) Represents the mean MMP-1 levels in the culture media of
the CSS (n � 3 per group). CSS 645 (*) and 647 (#) were statistically
different from all other groups (p � 0.05).
mRNA levels of pro-MMP-1 and MMP-1 were signifi-
cantly elevated as compared to the HF cultured under
normoxic conditions (20% O2). Kan et al. (2003) [34]
found that after 72 h of hypoxia, reoxygenation for an
additional 72 h did not restore the MMP-1 levels to
normal. This possibility for induction of MMP-1 expres-
sion may be investigated in future studies, and could
be regulated by increasing the oxygen concentration in
the transport medium. However, it should also be rec-
ognized that overall rates of quality assurance failures
has been low (�10%) in the study of more than 75
patients over more than 10 years. Therefore, in a con-
text of variable expression of proteases, or other deg-
radative enzymes in the population of burn patients,
another consideration is the stability of the biopolymer
component to the activities of those enzymes. Analysis
of cross-link density [35] in the starting materials may

FIG. 6. Zymography of MMP-1 in the CSS culture media. (A)
Represents a titration of the active form (46/42 kD) of pro-MMP-1
activated with 50uM APMA in lanes 1 to 4 (100, 50, 25, 10 ng/lane).
Both the latent (57/52 kD) and active forms (46/42 kD) of the control
pro-MMP-1 are present in lanes 6 to 9 (100-10 ng/lane). Figure 6B
represents the MMP-1 digestion from duplicate CSS culture media
samples for CSS 644 in lanes 2 and 3, CSS 647 in lanes 4 and 5, CSS
648 in lanes 6 and 7, and CSS 645 in lanes 8 and 9. All CSS media
have the latent and active forms of MMP-1. CSS 645 and 647 have
more prominent bands than the control CSS representing the active
form of MMP-1. The higher molecular weight band may represent

FIG. 5. Immunodetection of MMP-1 by Western Blotting. SDS-
PAGE was used to show the presence of the latent (57/52 kD) and
active (46/42 kD) forms of MMP-1 in the fibroblast cell lysate. Lanes
2 to 5 represent the HF 644, 647, 648, and 645, respectively. The
positive control pro-MMP-1 was titrated in lanes 7 to 9 (100 ng, 50
ng, and 25 ng per lane, respectively). Lane 1 represents the molec-
ular weight markers.
MMP-13. Molecular weight markers: A) Lane 5; B) Lane 1.
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provide an index of polymer stability. If cross-link den-
sity is insufficient for polymer stability, the addition of
chemical cross-linking [25], as with carbodiimide [35,
36] would stabilize the polymer component, and pre-
vent premature degradation.

The polymer component of CSS consists of both protein
(mostly type I collagen), and carbohydrate (chondroitin-
6-sulfate) [24]. Therefore, the degradation of the poly-
mer component may result from either proteases,
and/or glycosidases. In the present study, activity of a
single protease (MMP-1) was associated with prema-
ture degradation of CSS. However, degradation or pre-
mature loss of the polysaccharide from the polymer
component could also contribute to degradation of the
dermal substitute of CSS. Previous studies [24] have
shown that the chondroitin-6-sulfate is not cross-
linked covalently to the collagen of the biopolymer com-
ponent in this model, but is bound ionically. Therefore,
if the chondroitin-6-sulfate is lost too rapidly from co-
precipitate with collagen, then the collagen may be
more subject to disaggregation. Preliminary studies
with biopolymer substrates made without chondroitin-
6-sulfate suggest that premature degradation is re-
duced. Conversely, measurement of glycosaminoglycan
content (GAG/mg wet weight) of CSS over time shows
that more GAG is synthesized and added to the sub-
strate by cells, than is added to the co-precipitate from
which the substrates are made (data not shown).
Therefore, regulation of the degradation of the dermal
component may be expected to require considerations
of the concentrations of degradative enzymes released
from cells in CSS, the biochemical stability of the poly-
mer to the activities of the enzymes, and the synthesis
of new extracellular matrix by cells in the grafts.

Histology of CSS showed few or no reticulations of
the collagen-GAG polymer in strains 645 and 647 in
which premature degradation was most pronounced.
However, dense populations of fibroblasts were ob-
served (Fig. 1). This supports the hypothesis that poly-
mer degradation was cellular derived. In CSS 644 and
648, with low expression of MMP-1, the development of
epidermal barrier as measured by surface hydration
followed a typical decrease between days 7 and 14 of
incubation, and reached levels of uninjured human
skin (Fig. 2). CSS 645 and 647, with high expression of
MMP-1, showed statistically lower hydration at day 7,
and CSS 647 did not decrease in hydration which
means the epithelium did not keratinize. The lower
SEC of CSS 645 and 647 at day 7 is interpreted as
accelerated apoptosis of keratinocytes which leads to
cornifiation. However, if sufficient numbers of viable
keratinocytes are not supporting the cornified layer, it
can deteriorate prematurely with increase of SEC val-
ues as observed in CSS 647. In a condition of low
cellular viability, the cornified epithelium can generate

false positive SEC values as seen in CSS 645. This is
consistent with the histology of this strain that shows
no formation of stratum corneum in CSS 647, and
fewer layers of nucleated keratinocytes in CSS 645.
Therefore, the degradative activities may affect both
the polymer and cells in the cultured grafts. The in-
verse relationship between cell viability and prema-
ture degradation of CSS strains 645 and 647 is dem-
onstrated by statistically lower MTT values (Fig. 3).
SEC is an index of differentiated epithelium, and MTT
demonstrates cell viability. In a condition of low cell
viability (MTT), any positive SEC readings can be in-
terpreted as false positive, and CSS can be predicted
not to heal after transplantation. Furthermore, the
numbers of samples per condition for MTT and SEC (n
� 12) was greater than for histology (n � 1). Therefore,
the quantitative data have greater statistical strength
than the qualitative histology.

The source of released MMP-1 was shown by ELISA
to be predominantly from fibroblasts, with negligible
expression from keratinocytes. MMP-1 protein was
highest in strains 645 and 647 before inoculation of
fibroblasts onto the polymer (Fig. 4A). This suggests
that the cellular secretion of MMP-1 was activated
during selective culture, or may be induced by burn
injury. Alternatively, the release of MMP-1 into the
medium may result from cell lysis during CSS degra-
dation. Elevated expression of proteases in burn
wounds has been reported [37], and activation of
MMPs in wound healing is well understood [38]. Not
surprisingly, release of MMP-1 was also elevated sig-
nificantly in CSS 645 and 647 in which premature
degradation was observed (Fig. 4B). However, CSS 644
and 648 with normal phenotypes expressed statisti-
cally lower levels of extracellular MMP-1. There was a
notable decrease of MMP-1 detection from fibroblast
strain 648 compared to CSS 648 which released levels
equal to control CSS 644. The decrease of secreted
MMP-1 may be attributed to addition of keratinocytes
that are known to down-regulate fibroblast factors,
including MMP-1 [39] and TGF-�1 [40]. Results of this
study also imply that epithelial factors inhibit expres-
sion of MMP-1, and may regulate the development and
stability of the CSS phenotypes. This result is also
consistent with the suppression of granulation tissue
and scar by unmeshed, sheet grafts [41–43].

Western blot analysis of cellular extracts (Fig. 5)
confirmed that both latent (57/52 kD) and active (46/42
kD) forms of MMP-1 were expressed in the four strains
of fibroblasts tested. No qualitative differences were
detected in the proportions of latent and active forms of
MMP-1. Together with the ELISA results (Fig. 4) these
data suggest that the quantitative differences in secre-
tion of active collagenase accounts for its contribution
to premature degradation of CSS. That interpretation
is supported by quantitative differences in enzyme ac-

tivity are shown by zymography (Fig. 6). Medium from
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CSS (strains 645 and 647) with premature degradation
demonstrated the greatest amounts of active and la-
tent MMP-1. This result clearly implicates extracellu-
lar MMP-1 as a factor associated with premature deg-
radation and reduced quality of CSS grafts. The
release of MMP-1 may result from active mechanisms
of cellular secretion, or by a passive mechanism after
cell lysis. Investigation of the mechanism of release is
planned for future studies.

Based on these results, two general approaches may
be considered to maintain the anatomic and physio-
logic integrity of CSS for grafting. Either the polymer
component may be cross-linked to resist the degrada-
tive activities, or those activities may be reduced. In-
crease of the cross-linking of the polymer provides a
measurable and predictable alternative that may con-
fer resistance to the degradative activities. Alterna-
tively, addition of protease inhibitors may be effective,
but would require estimation of protease activities, and
may also inhibit beneficial proteases in cellular metab-
olism. MMP-1 expression may also be reduced by de-
creasing the ischemia experienced by the skin tissue
during transport from outside hospitals to the site of
CSS preparation. Enrichment of the transport medium
with greater oxygen, or addition of an oxygen-carrier,
such as a perfluorocarbon solution, may reduce isch-
emic injury to tissue. Each approach, or a combination
of the two, will be considered to maintain standards of
CSS quality within optimal limits for clinical trans-
plantation, and to maximize availability of CSS for
wound closure. With introduction of procedures for
more consistent composition of CSS, its efficacy and
medical benefits for wound closure may be expected to
increase.
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