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Abstract

The purpose of this study was to evaluate the influence of fibrin glue and aprotinin on the growth of adult human skin
keratinocytes in defined serum-free conditions. The keratinocytes were cultured on cell culture plastics and on a fibrin matrix
prepared from fibrin glue. The cell growth was measured by MTT assay, while the growth of clonogenic keratinocytes was
evaluated by colony assay and expressed as colony-forming efficiency (CFE). The clonogenic potential of keratinocytes released
from subconfluent and confluent cultures grown on fibrin glue was also studied by the colony assay. In comparison to a plastic
culture surface the fibrin glue had significantly (P< 0.05) increased the clonogenic potential of keratinocytes, as well as enhanced
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heir growth. Keratinocytes released from subconfluent cultures grown on fibrin glue attained a significantly (P< 0.05) highe
ercentage of clonogenic cells than their confluent parallels. At 75, 150, 300 and 450 KIU/ml aprotinin did not influ
rowth of keratinocytes (P> 0.2). A fibrin-based skin substitute produced in the defined keratinocyte medium could be
sed to treat a number of skin defects.
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1. Introduction

Various skin substitutes have been developed i
der to treat acute and chronic skin defects (burns, s
cutaneous ulcers and congenital cutaneous an
lies). They are based on different biocompatible
biodegradable matrices that support the growth
skin cells (Boyce, 2001). Fibrin-based cultured sk
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substitutes use fibrin as a scaffold for transferring ker-
atinocytes onto the wound. They can be applied in a
solid form as a thin flexible transparent film (Ronfard et
al., 2000; Pellegrini et al., 1999) or they can be sprayed
onto the wound as a keratinocyte–fibrin glue suspen-
sion (Horch et al., 1998). The fibrin matrix can be pre-
pared from commercial fibrin glue, which is produced
from pooled human plasma, or from the patient’s own
autologous blood. The commercial fibrin glue is a two-
component tissue sealant based on fibrinogen/factor
XIII/fibronectin concentrate and human thrombin con-
centrate. Normally it is used for achieving hemostasis,
to seal tissues and to support the healing of the wound.
It also improves the adherence and engraftment of skin
substitutes, it may have a protective effect against in-
fection and is a suitable delivery vehicle for exogenous
growth factors (Currie et al., 2001).

Fibrin-based cultured skin substitutes, using a
feeder layer of murine fibroblasts for isolation and
cultivation of keratinocytes (Rheinwald and Green,
1975), have been successfully grafted onto a mouse
(Meana et al., 1998) and human full-thickness burns
(Ronfard et al., 1991, 2000; Kaiser et al., 1994;
Pellegrini et al., 1999). Keratinocytes cultured with-
out the feeder layer in a serum-free medium supple-
mented with bovine pituitary proteins were also ef-
ficiently transplanted as keratinocyte–fibrin glue sus-
pensions onto full-thickness wounds of athymic mice
(Horch et al., 1998), onto chronic leg ulcers (Horch
et al., 2001; Drukala et al., 2001) and with the ad-
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defined keratinocyte medium. Since, the presence and
persistence of clonogenic keratinocytes in skin substi-
tutes are one of the essential factors for successful en-
graftment, we also decided to study the colony-forming
efficiency (CFE) of keratinocytes released from sub-
confluent and confluent cultures grown on a fibrin ma-
trix in order to demonstrate the preservation of clono-
genic keratinocytes. A culture of proliferating ker-
atinocytes rapidly degrades the fibrin glue, therefore
a fibrin-based skin substitute must be cultured in a
medium that contains aprotinin, which is an inhibitor
of serine protease and prevents plasmin from cleaving
fibrin (Ronfard and Barrandon, 2001). For this reason,
we also investigated the influence of aprotinin on the
growth of keratinocytes. We used a fibrin matrix pre-
pared from commercial fibrin glue (Tissucol), which
according to the manufacturer contains the follow-
ing substances: fibrinogen (70–110 mg/ml), fibronectin
(2–9 mg/ml), factor XIII (10–50 U1/ml), plasminogen
(40–120�g/ml), bovine aprotinin (3000 KIU/ml) and
thrombin.

2. Materials and methods

2.1. Materials

Amphotericin B (Fungizone), gentamicin, de-
fined keratinocyte serum-free medium (defined
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ition of calf serum to the culture medium also o
ull-thickness burns (Stark et al., 1995). The growth
f keratinocytes cultured on a feeder layer and fi
lue has already been studied (Ronfard et al., 2000
ellegrini et al., 1999). These studies have shown t
brin does not affect the clonogenicity of keratinocy
or does it induce their clonal conversion with the c
equent loss of epidermal stem cells. We have not f
single study that would evaluate the growth of

tinocytes on a fibrin matrix without using a fee
ayer in the defined serum-free conditions. During
ent years defined keratinocyte culture media with
ovine pituitary proteins have become commerci
vailable. The growth of keratinocytes in such co
ions is possible, thus enabling a production of s
nd more defined skin substitutes.

The aim of our study was to evaluate the gro
f keratinocytes on a fibrin glue matrix using suc
eratinocyte-SFM medium) without bovine pituita
xtract and Trypan blue stain all by Invitrog
orporation (Paisley, UK). Tissucol KitTM by
axter-Hyland Immuno (Vienna, Austria). Tryps
DTA solution (0.05% trypsin/0.02% EDTA) an
enicillin–streptomycin solution by Sigma-Aldri
hemie (Taufkirchen, Germany). Soybean Trypsin
ibitor, HBSS (Hanks’ balanced salt solution with
g2+ and Ca2+), MTT (thiazolyl blue), isopropano
ispase all purchased from Sigma-Aldrich Che
Steinheim, Germany). Aprotinin (Antagosan) w
upplied by Hoechst Marion Roussel (Frankfurt
ain, Germany). Our experiments were carried ou

ell culture dishes made by Corning (NY, USA).

1 One unit corresponds to the amount of Factor XIII containe
ml of normal fresh plasma.
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2.2. Isolation and culture of keratinocyes

With the approval of the National Ethical Commit-
tee we obtained normal adult human skin samples from
breast reductions and abdominoplasties. Keratinocytes
were prepared according to the GibcoBRL (Life Tech-
nologies) protocol with the exception of minor modifi-
cations. Firstly, each skin biopsy was decontaminated
for 5 s in 70% ethanol and then it was re-hydrated
in the sterile Hanks’ balanced saline solution with-
out Ca2+ and Mg2+. The excess of connective tissue
was trimmed off and the remaining skin was cut into
5 mm× 5 mm pieces, which were incubated overnight
at 4◦C in a solution of dispase (25 U/ml), supplemented
with gentamicin (50�g/ml), amphotericin B (2�g/ml),
penicillin (100 U/ml) and streptomycin (0.1 mg/ml).
Subsequently, the epidermis was peeled off and ker-
atinocytes were extracted from it during a 15 min diges-
tion in 0.05% trypsin/0.02% EDTA solution at 37◦C.
The suspension of keratinocytes was filtered through a
100�m cell strainer, washed in a solution of soybean
inhibitor (1 mg/ml), centrifuged at 200×g for 5 min
and plated into a plastic cell culture dish in a defined
keratinocyte-SFM medium supplemented with ampho-
tericin B (2�g/ml), penicillin (100 U/ml) and strepto-
mycin (0.1 mg/ml). The cells were cultured at 37◦C
in a humidified atmosphere containing 5% CO2. They
were fed with fresh medium every 3–4 days. The cells
were serially sub-cultured at a split ratio of 1:3 and the
keratinocytes at passages 1–4 were used for all exper-
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the plate, as is the case in the process of skin sub-
stitute preparation, plates made by Golias (Ljubljana,
Slovenia) or plates not treated for cell culture made by
Greiner Bio-One (Kremsm̈unster, Austria) were used
(Pellegrini et al., 1999), since in Corning’s plates fibrin
stuck to the bottom and therefore could not be manually
detached.

2.4. Influence of fibrin glue on the colony-forming
efficiency of keratinocytes

Colony-forming assay was performed in triplicate
on fibrin-coated and bare plastic six-well plates. Ker-
atinocytes were plated with 1000, 2000 or 4000 vi-
able cells per well and incubated in keratinocyte-SFM
medium supplemented with amphotericin B (2�g/ml),
gentamicin (50�g/ml) and aprotinin (150 KIU/ml).
The cell culture medium was changed twice per
week, 7 days later the colonies were stained with
MTT. The colonies were incubated in the culture
medium with 0.5 mg/ml of MTT for 1 h. Intra-
cellular dehydrogenases convert MTT to blue for-
mazan, which colours the cells blue. The colonies
with a diameter exceeding 0.5 mm were counted
and the colony-forming efficiency was calculated ac-
cording to the following formula (Boyce and Ham,
1983): (number of colonies× 100/number of live cells
plated) = CFE.
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ments. Before each experiment the cells were sta
ith trypan blue solution to asses their viability a
ere microscopically counted in a haemocytom
hamber.

.3. Preparation of fibrin glue-coated plates

Cell culture plates were coated with fibrin g
TissucolTM, Baxter-Hyland Immuno) as describ
reviously byPellegrini et al. (1999). The original stoc
olution of thrombin was diluted to 3 IU/ml with 1.1
aCl and 1 ml CaCl2 solution; 5.8 ml of the same sali
olution was added to the original 5 ml of the fibrin
en stock solution. Each well (9.2 cm2) of a six-well
late was coated with a mixture of 230�l thrombin
nd 230�l fibrinogen solution. The plates were th

eft for 10 min at 37◦C for complete solidification
hen the fibrin matrix needed to be detached f
.5. Colony-forming efficiency of keratinocytes
eleased from the fibrin glue

Keratinocytes were plated at a density
000 cells/cm2 in six fibrin coated plastic dishes a

ncubated in a keratinocyte-SFM medium sup
ented with amphotericin B (2�g/ml), gentamicin

50�g/ml) and aprotinin (150 KIU/ml). When subco
uent growth was reached – approximately at 7
onfluence – three cultures were immediately te
or CFE, while the remaining ones were further
ubated until confluence was achieved and were
hen processed for CFE. The cultures were trypsin
nd 1000 or 2000 viable cells were plated in
in coated six-well plates, incubated for 7 days
rocessed in order to determine the percentag
lonogenic cells. All experiments were performed
riplicate.
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2.6. Influence of fibrin glue on cell growth

Two thousand keratinocytes per well were plated
in four fibrin-coated and four non-coated wells within
a 24-well plate. The cells were incubated in a de-
fined keratinocyte-SFM medium supplemented with
amphotericin B (2�g/ml), gentamicin (50�g/ml) and
150 KIU/ml of aprotinin. After 6 days the MTT as-
say was performed: cells were incubated for 1 h in
a culture medium with 0.5 mg/ml of MTT. The stain
was then eluted with acidified isopropanol (0.04N
HCl in isopropanol) and the optical density was
measured at 570 nm and subtracted for the optical
density at 620 nm. For negative controls the same
protocol was applied but the cells were excluded.
Their optical densities were subtracted from the op-
tical densities of cell culture supernatants. The cell
growth was measured in four replicates by MTT
assay.

2.7. Influence of aprotinin on cell growth

Eight thousand keratinocytes per well were plated in
12-well plates and incubated in a defined keratinocyte-
SFM medium supplemented with antibiotics, antimy-
cotic and various concentrations of aprotinin (0, 75,
150, 300 and 450 KIU/ml). Following 7 days of cultiva-
tion, the MTT assay was performed in order to measure
the growth of keratinocytes. For negative controls the
same protocol was applied but the cells were excluded.
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Fig. 1. Colony-forming efficiency of keratinocytes grown on fibrin
glue and on cell culture plastic. Results shown are the means of three
parallel cultures± S.D. (P< 0.05; Student’st-test).

from four different donors. The graph inFig. 1demon-
strates the results of a representative experiment per-
formed with passage 1 keratinocytes: colonies were
formed by 19.8± 3.2% of cells plated on the fibrin
compared to 9.6± 1.0% of cells plated on bare cul-
ture plastic. Keratinocytes grown on fibrin achieved
significantly higher CFE values than those cultured on
plastic (n= 3;P= 0.006). We performed the experiment
four times and on each occasion we found significantly
higher numbers of colonies on fibrin surfaces then on
plastic surfaces (P< 0.01). Hence: 19.8% versus 9.6%;
1.2% versus 0.6%; 1.9% versus 0.2%; 1.8% versus
0.2%.

Growth of keratinocytes on fibrin glue or on bare
culture plastic was evaluated by MTT assay. Results
represented inFig. 2 show that fibrin glue signifi-
cantly enhances the growth of keratinocytes (n= 4;
P= 0.0003). Four parallel cultures were used to per-
form this experiment.

F ture
p
(

he influence of aprotinin was studied in triplicate c
ures.

.8. Statistics

Data were expressed as means± standard deviation
he differences between means were assessed
tudent’st-test. A value ofP< 0.05 was considered
e statistically significant.

. Results

.1. Influence of fibrin glue on colony-forming
fficiency and cell growth

Four independent experiments were performed
eratinocyte subcultures derived from skin sam
ig. 2. Growth of keratinocytes on fibrin glue and on cell cul
lastic. Results shown are the means of four parallel cultures± S.D.
P< 0.05; Student’st-test).
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Fig. 3. Colony-forming efficiency of keratinocytes released from
subconfluent and confluent cultures grown on fibrin glue. Results
shown are the means of three parallel cultures± S.D. (P< 0.05; Stu-
dent’st-test).

3.2. Clonogenic potential of keratinocytes
released from fibrin glue

We measured the clonogenic potential of ker-
atinocytes released from subconfluent and confluent
cultures grown on fibrin glue. Keratinocytes plated at
5000 cells/cm2 on a fibrin matrix reached about 70%
confluence within 3 days. A further 2 days of in-
cubation were necessary in order to reach a conflu-
ent state. Cells released from subconfluent cultures
grown on fibrin attained significantly higher CFE val-
ues than those released from confluent cultures. The
results of this representative experiment are presented
in Fig. 3: colonies formed in 25± 1.0% of cells re-
leased from subconfluent secondary cultures compared
to 6.3± 0.6% of cells released from the confluent cul-
tures (n= 3; P= 0.00001). Experiments with cells at
higher passages displayed similar results although they
contained less clonogenic cells. Keratinocytes released
from the subconfluent passage four cultures contained
3.8± 0.3% of clonogenic cells, while the ones released
from confluent cultures contained 1.1± 0.1% of clono-
genic cells (n= 3;P= 0.00005).

3.3. Influence of aprotinin on cell growth

At first we tried to produce a skin substitute with-
out adding aprotinin to the culture medium. However,
proliferating keratinocytes dissolved the fibrin matrix,
therefore the skin substitute lost its elasticity and could
n nted
fi
e ns-

Fig. 4. Photography of fibrin-based skin substitute.

Fig. 5. Influence of aprotinin on the growth of keratinocytes. Re-
sults shown are the means of three parallel cultures± S.D. (P> 0.2;
Student’st-test).

parent and delicate but retained sufficient elasticity for
potential clinical application (Fig. 4). Results inFig. 5
show that aprotinin at 75, 150, 300 and 450 KIU/ml
does not significantly affect the growth of keratinocytes
compared to cultures that were incubated without it
(n= 3;P> 0.2). The presence of aprotinin in the culture
medium (negative control) did not change the optical
density of the culture supernatant.

4. Discussion

Fibrin glue has been successfully used in fibrin-
based skin substitutes (Ronfard et al., 1991; Kaiser et
ot be detached from the plate. After that we preve
brinolysis by using aprotinin at 150 KIU/ml (Ronfard
t al., 2000). The resulting skin substitute was tra
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al., 1994; Pellegrini et al., 1999; Horch et al., 2001).
Earlier studies demonstrated the preservation of clono-
genic keratinocytes within a fibrin matrix. They were
able to isolate 16–66% (Ronfard et al., 2000) and
12.9–45.2% (Pellegrini et al., 1999) clonogenic cells
from graftable cultures prepared with a feeder layer of
murine 3T3 cells on a fibrin matrix. Additionally, it has
been shown that the migration of keratinocytes into the
fibrin matrix does not impair their colony-forming ef-
ficiency (Ronfard and Barrandon, 2001). Our results
also demonstrate that subconfluent secondary cultures
grown without a feeder layer on fibrin glue using the
defined medium contained about 25% clonogenic cells.
Furthermore, we clearly demonstrated that subconflu-
ent cultures grown on fibrin contained more clonogenic
keratinocytes than confluent cultures, our results sup-
ported by previous studies on a cell culture plastic
surface (Boyce and Hansbrough, 1988; Poumay and
Pittelkow, 1995). We also demonstrated that in com-
parison to a plastic surface the fibrin glue increases
the clonogenic potential of keratinocytes and enhances
their growth, which is in contrast to findings showing
that compared to cell culture plastic the fibrin matrix
does not affect the growth of clonogenic keratinocytes
(Ronfard et al., 2000; Pellegrini et al., 1999). The expla-
nation to this discrepancy is because they used a feeder
layer, thereby masking the enhancing effect of the fibrin
matrix. In support of our findings are published results,
that under suboptimal growth conditions, extracelullar
matrix components can modulate keratinocyte growth
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(Tissucol). It contained fibrinogen (16.2–25.5 mg/ml),
fibronectin (0.46–2.08 mg/ml), thrombin (1.5 IU/ml),
factor XIII (2.3–11.6 U1/ml), plasminogen (9.3–27.8
�g/ml) and aprotinin (694 KIU/ml), as calculated from
the manufacturer’s specification. Some substances
present in the fibrin glue were proven to influence the
growth of keratinocytes. It has been shown that fib-
rin inhibits keratinocyte spreading and replication in
the absence of fibronectin and cross-linking with fac-
tor XIII ( Weiss et al., 1998). The mechanism of fi-
bronectin action could be explained by inhibition of ter-
minal differentiation of human keratinocytes (Adams
and Watt, 1989) and by enhancing outgrowth of clono-
genic keratinocytes through its main receptor�5�1 in-
tegrin (Bata-Csorgo et al., 1998). One of the biolog-
ical markers of keratinocyte stem cells is a high sur-
face expression of�1 integrins (Watt, 1998), which
was also found in keratinocytes grown in the fibrin ma-
trix prepared from TissucolTM (Reissig and Schmidt,
1998). Furthermore, human thrombin, which is also
present in small quantities in the fibrin matrix, has been
shown to enhance the growth of keratinocytes in a dose-
dependent manner in the absence of other growth fac-
tors (Derian et al., 1997).

In conclusion, we have shown that the fibrin ma-
trix prepared from commercial fibrin glue enhances the
colony-forming efficiency of keratinocytes and enables
the cultivation of cells at low seeding densities within
the defined serum-free medium. We also showed that a
fibrin-based skin substitute with a subconfluent epithe-
l uent
o d in
t sed
t

A

re-
s Min-
i blic
o

R

A dif-
Woodley et al., 1990). We could also show that th
brin matrix promotes the growth of keratinocytes
ater passages, when low seeding densities were ap
108 cells/cm2), while it was impossible to culture su
ow number of cells on the bare plastic surface. The
ition of aprotinin to the culture medium was essen

or the maintenance of the elastic structure of the fib
ased skin substitute. Ronfard and Barrandon de
trated that keratinocytes could dissolve the fibrin
rix by migrating into it with a rate up to 2.1 mm/da
50 KIU/ml of aprotinin stopped 90% of migratin
ells, while 500 KIU/ml completely suppressed the
ration (Ronfard and Barrandon, 2001). We showed

hat aprotinin at 75, 150, 300 and 450 KIU/ml does
nfluence the growth of keratinocytes. Hence, it ca
sed in production of skin substitutes.

The fibrin matrix, which was used in our stu
as prepared from diluted commercial fibrin g
ium preserves more clonogenic cells than a confl
ne. Finally, a fibrin-based skin substitute produce

he defined keratinocyte medium could be safely u
o treat various skin defects.
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