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Abstract

A comparative study of the behavior of chick em-
bryo endothelial cells grown on various substrates was
performed in order to establish the reliability and the
limitation of both cell and organ culture methods. Fol-
lowing substrates were analyzed to compare these two
different culture techniques: bovine serum albumin, pig-
skin gelatin and albumin + gelatin cross-linked by glu-
taraldehyde or carbodiimide, fibrin glue and negative
control (Thermanox®). Parameters of cell growth and
adhesion were calculated and compared with electron
microscopic observations of cell morphology and of the
extracellular matrix. Both culture methods provided
complementary results and led to a similar classification
of the biomaterials. However, the cell culture method
exhibited a higher sensitivity to the surface properties of
biomaterials which limited further experimentation. This
was well illustrated by glutaraldehyde cross-linked pro-
tein membranes which did not support the growth of dis-
persed cells but enabled the formation of a cellular tissue
in organ culture, thus allowing a cytocompatibility as-
sessment. Endothelial cell morphology and extracellular
matrix elaborated on biomaterials were compared to
chicken blood vessels. Both methods showed that cells
grown on fibrin glue and on gelatin or albumin + gela-
tin cross-linked by carbodiimide had a microscopic mor-
phology similar to that of vessel wall. Organ and dis-
persed cell cultures provide complementary information
relative to the cell behavior towards vascular prosthesis
materials.
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Introduction

The cytocompatibility of biomaterials can be assess-
ed by in vitro cell culture according to alternative tech-
niques based on the growth either of dispersed cells or
of organ fragments (Rae, 1986). Embryonic and adult
type specific cells, enzymatically obtained from biopsies,
are cultured in direct contact with biomaterials in order
to test their surface cytocompatibility, whereas toxicity
of the leached products of these materials is measured
after diluting them in the incubation medium, under de-
fined conditions. Both kinetics of cell attachment and
cell proliferation are established using the trypsin sensi-
tivity of radiolabelled cells (Taylor et al., 1973; Ratner
et al., 1975; McAuslan and Johnson, 1987). Fibroblast
cell lines such as 1.929 or MRCS5 have been previously
grown in routine tests and the validity of their response
discussed (Warocquier-Clérout et al., 1990). Currently,
organ culture is widely used in cytocompatibility assess-
ments (Rae, 1976; Hegyeli, 1973; Duval et al., 1990).
Each technique has its own advantages and limitations.
Besides the easiness to set up a dispersed cell culture,
this method is rapid, sensitive and offers the possibility
of adding labelled precursors during the incubation peri-
od. In comparison, organ culture deals with smaller
amounts of cells which behave as whole tissue and are
less sensitive to the surface properties of the biomaterials
(Sigot-Luizard ez al., 1980), but are able to maintain and
even to re-express their differentiation properties
(Adolphe et al., 1991).

The limitations of dispersed cell culture are mainly
due to its high susceptibility to bacterial infection com-
pared to organ culture in which semi-solid agar medium
does not favor the propagation of micro-organisms. The
high sensitivity of dispersed cell culture for the surface
properties of biomaterials restricts its application.
Moreover, cell behavior may be substantially altered by
enzymatic treatment for seeding on materials, and serial
passages of cells induce a de-differentiation process.

The limitations of the organ culture technique lie in
the variability of the results, statistically requiring a
large number of samples (4 x 12 explants per determina-
tion).
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Figure 1. Endothelial cell growth on various substrates comparing dispersed cell and organ cultures techniques (mean
values + S.E.). (a) Cell growth on glutaraldehyde cross-linked membranes (AG, GG, AGG) in dispersed cell culture
and on uncoated plastic surface (control culture). (b) Cell growth on carbodiimide cross-linked membranes in dispersed
cell culture (AC, GC, AGC) and on uncoated plastic surface (control culture). (c) Cell growth on fibrin glue

membrane in dispersed cell culture and on uncoated plastic surface (control culture).

(d) Cell growth on each

membranes in organ culture and on Thermanox® (Thx) as control culture.

As previously reported, we used the organ culture
method to assess the cytocompatibility of protein mem-
branes cross-linked by two chemical agents: glutaralde-
hyde or carbodiimide (Sigot-Luizard ef al., 1986, Duval
et al., 1990). These membranes were proposed for
Dacron® vascular prostheses coating to improve their
impermeability and to eliminate the preclotting step
before implantation (Warocquier-Clérout ef al., 1987).
Glutaraldehyde cross-linked membranes provide an ex-
ample of material which cannot be analyzed with the dis-
persed cell culture technique because of the lethal effect
of glutaraldehyde, whereas in organ culture, a cellular
tissue succeeds in surrounding the explants. Determina-
tion of biological parameters of newly synthesized tis-
sue, such as density and migration, analyzed by refer-
ence to a control material, gives a comparative assess-
ment of the cytocompatibility. In order to compare the
results provided by these two culture methods and for a
better understanding of the differences, we propose to
analyze the behavior of endothelial cells and to examine
their morphology in different culture conditions using
scanning electron microscopy (SEM).
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Material and Methods
Tested materials

Fibrin glue with 100 UI/ml of human thrombin
(Biocol® Biotransfusion S.A.) (FG).

Albumin membrane cross-linked by glutaraldehyde
(AG).

Pigskin gelatin membrane cross-linked by glutar-
aldehyde (GG).

Albumin-pigskin gelatin membrane cross-linked by
glutaraldehyde (AGG).

Albumin membrane cross-linked by carbodiimide
(AC).

Pigskin gelatin membrane cross-linked by carbodi-
imide (GC).

Albumin-pigskin gelatin membrane cross-linked by
carbodiimide (AGC).

Negative control (Thermanox® Lux corp.) (Thx).
Cross-linking of protein membranes

Fraction V bovine albumin (Sigma) and pigskin
gelatin (Rousselot) were covalently cross-linked accord-
ing to the following techniques using glutaraldehyde
(GTA) or carbodiimide (CDI):
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Figure 2. Endothelial cell attachment and adhesion on various substrates comparing dispersed cell and organ cultures
techniques (mean values + S.E.). (a) Cell attachment on glutaraldehyde cross-linked membranes (AG, GG, AGG)
in dispersed cell culture and on uncoated plastic surface (control culture). (b) Cell attachment on carbodiimide cross-
linked membranes in dispersed cell culture (AC, GC, AGC) and on uncoated plastic surface (control culture). (c¢) Cell
attachment on fibrin glue membrane in dispersed cell culture and on uncoated plastic surface (control culture). (d) Cell
adhesion on each membranes in organ culture and on Thermanox® (Thx) as control culture.

Cross-linking by GTA: Albumin (AG) and albu-
min + gelatin (AGG) membranes were made by adding
20% protein solutions in 0.02 M phosphate buffer pH
6.8 with 2.5% GTA. Gelatin membranes (GG) were
made with 5% gelatin solution. Gelatin gel was first
dried, then immersed into 1.25% GTA solution. In both
cases, excess GTA was neutralized after cross-linking by
adding 1% glycine solution.

Cross-linking by CDI: AC and AGC membranes
were obtained by adding equal volumes of 20% albumin
and 20% albumin + gelatin solutions respectively di-
luted in 0.02 M phosphate buffer pH 4.75 with 0.2 M
1-Ethyl-3-(3-dimethylamino-propyl)  carbodiimide
(Sigma) diluted in 0.02 M phosphate buffer pH 4.75.
Gelatin membranes (GC) were post-reticulated by adding
CDI solution after drying the gelatin gel.

Each solution was sterilized by filtration. The
membranes were reticulated over a glass plate and al-
lowed to air dry in a laminar flow hood. Final mem-
branes measured 5 x 10 cm and were 200 um thick
(Duval et al., 1986).

Fibrin glue membrane: This membrane is made
by spreading, on a glass sheet, a mixture of concentrated
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hemostasis factors (fibrinogen) and human thrombin.
This mixture was then allowed to clot.

Cell culture

Culture technique: Endothelial cells were obtained
from aortas of 14 day chick embryos following the pri-
mary explant technique (Freshney, 1987). Aortas were
cut into cylindrical fragments of 1 mm length, then split
and layered into Nunc® plastic dishes so that the endo-
thelium faced the plastic substratum. Explants were
gently fed with medium 199 supplemented with 20%
fetal calf serum (Boehringer-Mannheim) and incubated
at 37 °Cin 5% CO, humid atmosphere. After 6 days
incubation, cells surrounding the explants were collected
after a brief treatment by 0.125 % trypsin + 0.10 %
ethylenediaminetetraacetic acid (EDTA). Explants were
decanted in conical tube and discarded and cells were
pooled by centrifugation at 100 g for 10 minutes. Har-
vesting of cells from 6 explants provided an average of
2 x 10° cells.

Cell growth rate assessment: Pooled endothelial
cells were resuspended in medium 199 added with 20 %
fetal calf serum, endothelial cell growth supplement



J.L. Duval, R. Warocquier-Clérout and M.F. Sigot-Luizard

(ECGS 50 mg/ml, Sigma) and heparin (50 mg/ml, Sig-
ma). They were seeded at 2 x 10* cells per cm? onto
Nunclon® 4-well plates uncoated or coated respectively
with glutaraldehyde or carbodiimide cross-linked pro-
teins or with fibrin glue (Biocol®) as described previ-
ously. At 3 day intervals, cells were counted in a hemo-
cytometer. Data are presented as the mean values of 4
counts + standard error (SE).

Cell attachment assay: Six day old explant cul-
tures which displayed a uniform cell layer, were labelled
with 1 mCi/ml [6-*H]thymidine (28 Ci/mmole, Dositek
France). After 24 hours at 37 °C, the cells were tryp-
sinized, washed with culture medium, centrifuged at 100
g for 5 minutes and resuspended in fresh culture medi-
um. Labelled cells were seeded onto coated and un-
coated plates at a density of 30,000 cells/cm?. At time
intervals up to 6 hours, medium was removed and the
cell layer was rinsed twice with phosphate buffer salt
(PBS) and then hydrolysed in 0.1 M NaOH. Extract
was transferred to scintillation vial, neutralized with 0.1
M HCI and counted in aqueous scintillation fluid
(ACS®II, Amersham) in spectrometer Beckman LS
8000. Cell radioactivity was plotted versus incubation
time. Data points represent means of 4 measurements
+ SE.

Organ culture

Culture technique: Aortic fragments from 14 day

old chick embryo were layered, the endothelial side fac-
ing the substrate to be tested (Sigot-Luizard er al.,
1986), onto buffered agar medium containing:
M199 (Boehringer Mannheim) (37 %) + fetal calf serum
(Boehringer Mannheim) (10%) + Tricin (Merck) (2%)
+ L-Glutamin (Boehringer Mannheim) (2mM) + Bacto-
Agar 1% in Gey saline solution (Difco) (50%).

After 7 days incubation at 37 °C, both surface
structure and density of cell layers growing on the bio-
material from the initial explant, were compared with
control samples results.

Cytocompatibility assessment: After neutral red
staining, the surfaces of the cell layers were measured
with stereo-microscope fitted with camera lucida and
digitizing tablet connected to microcomputer. The cells
were counted with a Multisizer® (Coultronics) and cellu-
lar density calculated after trypsin dissociation. Cell
densities were plotted versus cell migration surfaces,
each point being the average of 48 samples.

Adhesion test: The cells from layers were enzy-
matically detached with trypsin-EDTA (0.025 %) to es-
tablish the curve of the percentages of released cells as
a function of time (Duval ez al., 1988). By integration,
we calculated the area included between curve and X-
axis which determines the cell adhesion behavior. This
area is inversely proportional to the cell adhesion on the
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biomaterial. A comparative results diagram with 3 dif-
ferent zones has been drawn: Zone A = area more than
4500 = weak cell adhesion; Zone B = area between
3000 and 4500 = medium cell adhesion; and Zone C =
area less than 3000 = strong cell adhesion.

Extracellular matrix preparation: After incuba-
tion of 7 days at 37 °C, the substrates covered by the
cell layers were rinsed into the PBS and into a 20 mM
glycine buffer pH 9.6 containing phenyl methyl sulfonyl
fluoride (PMSF) 1 mM (Sigma). They were immersed
in 1% Nonidet P 40 (Sigma) in glycine buffer (pH 9.6,
PMSF 1mM) during 10-15 minutes at room temperature,
to burst the cell membranes. Then the substrates were
washed with 10 mM Tris-HCI buffer pH 7.5, with PBS
and fixed in 3% glutaraldehyde in Rembaum buffer pH
7.4.

Scanning electron microscopy: Cell layers and the
extracellular matrix on different biomaterials with both
cell culture and organ culture techniques were fixed in
3% glutaraldehyde in Rembaum buffer (pH 7.4), dehy-
drated in graded alcohols, critical-point dried from CO,
(Polaron Instrument Inc.), sputter-coated with gold
(Polaron Instrument Inc.) and examined using a JEOL
(model JSM 840) scanning electron microscope.

Results

Figure 1 summarizes the endothelial cell growth on
glutaraldehyde and carbodiimide cross-linked protein
membranes in organ culture or in dispersed cells culture.
The proliferation of isolated cells was drastically reduced
on glutaraldehyde membranes compared to uncoated sur-
face (Fig. 1a) and the number of surviving cells de-
creases more rapidly on albumin membrane (AG). After
10 days incubation, nearly all cells died. Except for
albumin membrane (AC), carbodiimide membranes al-
lowed slower cell growth rate compared to control but
cultures were able to reach confluence in 2 weeks (Fig.
1b). Cultures performed on fibrin glue (FG) and un-
coated surface (Fig. 1c) show comparable growth behav-
ior.

In organ culture, cell layers grown from explants
incubated on glutaraldehyde membranes exhibited slight-
ly lower cell density than that from control explants on
plastic surface (Thx) (Fig. 1d). Migration areas in-
creased on gelatin and albumin + gelatin membranes
cross-linked by glutaraldehyde (GG, AGG). With the
exception of albumin membrane (AC), carbodiimide
membranes enhanced both cell migration and density re-
ferring to control sample Thermanox® (Thx). Fibrin
glue Biocol® (FG) clearly stimulated cell growth (Fig.
1d).

We attempted to explain the effect of the substrate
on cell behavior by analyzing attachment and adhesion
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strengths. In dispersed cell culture, kinetics of attach-
ment of prelabelled cells give a comparative assessment
of attachment strengths during early phase of culture.

Figure 2a shows that cells adhered at similar rates
to glutaraldehyde membranes and control surface during
the first hours post seeding. Cells started to detach from
gelatin and albumin membranes cross-linked by glutaral-
dehyde (GG, AG) after 4 hours. Kinetics curves were
quite similar on both gelatin, albumin + gelatin mem-
branes cross-linked by carbodiimide (GC, AGC), and
plastic surfaces, whereas both the rate of attachment and
the number of cells attached were significantly reduced
on albumin membranes cross-linked by carbodiimide
(AC) (Fig. 2b). Otherwise, kinetics of cell attachment
appeared slightly enhanced on fibrin glue during the first
hour following cell seeding (Fig. 2c); then, become
similar to the control.

In organ culture, adhesion strength of cells to sub-
strate were evaluated after 7 days culture by measuring
the kinetics of cells released during trypsin treatment.
The diagram shown in Fig. 2d demonstrates that cell ad-
hesion to glutaraldehyde and carbodiimide membranes
was similar to Thermanox® (Thx) except for gelatin
membrane (GG) and albumin + gelatin membrane
(AGC). Fibrin glue displayed stronger adhesion than
other substrates tested.

Scanning electron microscopy of cell monolayers
grown on the different substrates has been performed in
an attempt to further analyze the growth alterations.
The micrographs presented in Fig. 3 illustrate the most
striking differences observed in the growth of cells cul-
tured on glutaraldehyde or carbodiimide cross-linked
membranes. The morphology of dispersed cell cultures
changed depending on membranes (Figs. 3a-f) and it can
be seen that even after 11 days of incubation, cells were
still scattered on glutaraldehyde cross-linked membranes
(Figs. 3e-f) and could not spread as well as on carbodi-
imide cross-linked gelatin or albumin + gelatin mem-
branes (Figs. 3c-d). Cell monolayers from organ culture
kept a conformation quite similar to that shown on Ther-
manox® (Thx) (Figs. 3g-1). We observed a continuous
tissue of well spread cells which tended to a more elon-
gated shape on carbodiimide cross-linked membranes
(Figs. 3i-j). Dispersed cells seeded on both albumin
membranes displayed an altered morphology which ex-
plained the inhibition of growth (Figs. 3e-f) unlike organ
culture which appears less sensitive and allowed for the
formation of a quasi unaltered cell monolayer (Figs. 3k-

D).

Dispersed cells have a similar morphology on both
fibrin glue Biocol® (FG) and Thermanox® (Thx) in
agreement with the growth studies (Figs. 3a-b). As seen
in Figs. 3h-j (FG, GC, AGC), closely joined cells form
a cellular tissue in organ culture which can be compared
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to the endothelium in situ of embryonic chicken artery
(Fig. 4a).

Morphological analysis of extracellular matrix ob-
served after solubilization of cell culture samples in a
non-ionic detergent, provides a complementary technique
to compare the response of cells to substrate. For both
types of cell culture, no secretion of matrix product was
detected on uncoated plastic surface as well as in dis-
persed cell cultures on both glutaraldehyde cross-linked
membranes. A loose network of fibrous material can
only be seen on carbodiimide cross-linked gelatin and
albumin + gelatin membranes (GC, AGC) (Figs. 5b-c).
In contrast, all the membranes seem to enhance secretion
of a uniform fibrous network from organ culture even
on albumin membranes (Figs. Se-f).

It is interesting to note that large amount of extra-
cellular matrix were secreted by cell cultures on fibrin
glue Biocol® (FG) (Fig. 5a) while the cells from organ
cultures produced only a thin matrix network on this
substrate (Fig. 5d). Fig. Sf reveals the similarity of the
fibrous network with the filamentous structure of sub-
endothelium in situ (Fig. 4b).

Discussion

Analysis of these results will be more conclusive by
determining what is comparable and what is different in
cell behavior cultured according to cell and organ culture
methods on different materials.

Similar results are the following:

Compared to control cultures, stronger cell attach-
ment were observed with fibrin glue Biocol® (FG) as
measured in the early phase of the culture, and stronger
cell adhesion were also observed as measured after 7
days of culture. Moreover, cell growth was enhanced in
organ culture whereas it could not exceed the confluent
cell density in cell culture because of contact inhibition.
Whether this inhibition process is responsible for the
high secretion of extracellular matrix on fibrin glue
Biocol® (FG) needs to be further investigated.

Cell attachment and cell adhesion to control surfaces
and to carbodiimide cross-linked membranes except al-
bumin, were comparable. Both culture methods exhib-
ited lower growth on all the glutaraldehyde cross-linked
membranes than on the other substrates. Whatever the
reticulating agent used, albumin always gave the lowest
growth values.

Divergent results are the following:

Migration of cells grown in organ culture was high-
er on glutaraldehyde cross-linked gelatin and albumin +
gelatin membranes (GG, AGG) compared to Therma-
nox® (Thx) whereas single cells in cell culture could not
adhere for longer than a few hours and then progressive-
ly detached from substrate.
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Figure 3 (a-f). Scanning electron micrographs of endothelial cells in cell culture on different substrates. Bar = 10
pm. (a) Culture-treated plastic dish surface; (b) FG; (¢) GC; (d) AGC; (e) AG; (f) AGG.
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Figure 3 (g-1). Scanning electron micrographs of endothelial cells in organ culture on different substrates. Bar = 10
pum. (g) Thermanox®; (h) FG; (i) GC; (j) AGC; (k) AG; (1) AGG.
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All the tested membranes allowed extracellular ma-
trix to be secreted from explants in a comparable amount
although Thermanox® (Thx) prevented any secretion;
dispersed cells culture did not synthesize cellular matrix
except when they were grown on carbodiimide cross-
linked gelatin or albumin + gelatin membranes (GC,
AGC) which presented a small amount of fibrous
material.

Considering the results provided by organ culture,
it can be concluded that the most cytocompatible mem-
branes are those which show growth parameters higher
than Thermanox®. This criterium allows the selection of
fibrin glue Biocol® (FG), gelatin and albumin + gelatin
cross-linked by carbodiimide (GC, AGC). In dispersed
cell culture, the best membranes are those which provide
kinetic curves similar to control. Again the same sub-
strates respond to these criteria: fibrin glue Biocol®
(FG), gelatin and albumin + gelatin cross-linked by car-
bodiimide (GC, AGC). It is noteworthy that these three
substrates enabled the secretion of extracellular matrix.
Absence of matrix on culture treated plastic surfaces
might result from the ionizing surface treatment to im-
prove cell culture.

As a result of this study, cross-linked albumin can
be considered as a highly toxic material. However, in
vivo experiments of implantation of prostheses coated
with carbodiimide or glutaraldehyde cross-linked albu-
min provided attenuated results which depended on the
reticulating agent used (Ben Slimane et al., 1988). Car-
bodiimide cross-linked albumin membranes enhanced the
migration of endothelial cells after implantation in dog
thoracic aorta, whereas glutaraldehyde cross-linked
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membranes induced an inflammatory reaction. Similar
observations have been made after implantation in rat
abdominal cavity (Ben Slimane er al., 1986). Organ
culture experiments confirmed these results. In contrast,
dispersed cell culture was too sensitive to the physico-
chemical properties of material and toxicity of chemical
products such as glutaraldehyde and consequently it did
not allow such a discrimination. The other glutaralde-
hyde cross-linked membranes (GG, AGG) reduced cell
growth compared to Thermanox® (Thx). Furthermore,
cell density was lower in organ culture but cells con-
tinued growing throughout the incubation period and dis-
played an unaltered morphology. Glutaraldehyde had a
lethal effect on single cells and was responsible for rapid
cell release which prevents cytotoxicity assessment.

Previous work reported a similar comparative
behavior of human umbilical vein endothelial cells
(HUVEC) grown on glutaraldehyde and carbodiimide
cross-linked membranes (Warocquier-Clérout ez al.,
1990). Cell proliferation occurred at lower rate on car-
bodiimide membranes but was inhibited by glutaralde-
hyde.

Chemical products which have to be tested in phar-
macology, and which might have an effect on biomate-
rials, can now be routinely analyzed by conjugating the
possibilities of both these culture techniques (Adolphe et
al., 1991). They are complementary applications be-
cause organ culture may approach in vivo cell environ-
ment by maintaining cellular interactions and morpholo-
gy, while dispersed cell culture may provide a more spe-
cific response of a type specific cell to a given material
(Warocquier-Clérout et al., 1991).
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Figure 5. Scanning electron micrographs of extracellular matrix from dispersed cell (a-c) and organ (d-f) cultures on
different substrates. Bar = 10 um.
Celi culture: (a) FG; (b) GC; (¢) AGC. Organ culture: (d) FG; (e) GC; (f) AGC.
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Conclusion

Organ and dispersed cell cultures are complement-
ary techniques useful to investigate the cytocompatibility
of vascular prosthesis materials. Scanning electron mi-
croscopy has provided documentation of the cell mor-
phology and behavior to elicit material which might be
able to replace in vivo vascular endothelium. Therefore,
fibrin glue Biocol®, gelatin, and albumin + gelatin
cross-linked by carbodiimide, are proposed for coating
vascular prostheses.
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Comparative assessment in organ and cell culture

Discussion with Reviewers

W.Y. Koo: The authors’ technique for harvesting cells
involves putting down the aortic explants with the endo-
thelium facing the plastic substratum. In this position,
are the endothelial cells injured? Is serum supplemented
during the 6 days of incubation? Do smooth muscle
cells grow out from the explant onto the dish in addition
to the endothelial cells? Some of the scanning photomi-
crographs (Figs. 3a,b,c,g,h,l) show overlapping of cells
which is not a characteristic feature of endothelial cells
in general. It would be helpful if the authors could
demonstrate that a pure culture of endothelial cells was
obtained, for example, by staining the cells for Factor
VIlI-related antigen or by staining for acetylated-LDL
uptake. Antibodies to a-smooth muscle actin would
identify any smooth muscle cells.

Authors: The cell culture technique for harvesting
endothelial cells was performed in accordance to current
primary explant technique (Freshney, 1987). The organ
culture routinely performed, provides a majority of en-
dothelial cells as identified by staining the cells for
Factor VIII-related antigen (Sigot-Luizard et al., 1986).
However, it is possible that some smooth muscle cells
from the tunica media grew out of the vessel since organ
culture maintains the integrity of the tissues and their
mutual interactions. Similarly, cell suspension prepared
by the primary explant technique could also contain
comparable mixed cell population since neither enzymat-
ic technique for harvesting cells nor culture medium en-
abled the discrimination of cell phenotype. The aim of
this work was to compare the results provided by two
culture techniques in order to assess the cytocompati-
bility of various substrates and purity of endothelial cell
culture is not an absolute requirement since it would not
reproduce in vivo environment.

W.Y. Koo: A number of cross-linked biomatrices were
tested for cytotoxicity. It would be helpful to include a
control study where the same matrices were used but
non-cross-linked by any agents.

Authors: It is not possible to include a control study
with the non-cross-linked matrices because albumin and
gelatin are soluble proteins at 37 °C. They need cross-
linking agent to become insoluble and to constitute solid
membranes.

W.Y. Koo: The authors are comparing the cytotoxicity
of two cross-linking agents: glutaraldehyde and carbodi-
imide. In their experiments, are the authors sure that
the proteins tested were cross-linked to the same extent
by both agents? This is most important because if one
agent caused more cross-linking than the other, then the
authors are not testing for cytotoxicity of the substrates
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but rather, they would be testing for the ability of cells
to survive on substrates cross-linked to different degrees.
Authors: The biochemical processes of cross-linking of
proteins by glutaraldehyde or carbodiimide are quite dif-
ferent: the glutaraldehyde links the amine radicals of the
proteins to form a tridimensional network. In contrast,
carbodiimide acts as a catalyst to activate carboxyl
groups of proteins which bind amine radicals, then sec-
ondary products of carbodiimide are released from
cross-linked protein network. The difference in the cy-
tocompatibility of the substrates seem to be due to the
presence of the cross-linking agents in the membranes
rather than to the degree of reticulation. It could be
argued that carbodiimide concentration of 0.2 M pro-
vided optimal conditions for high degree of reticulation
meanwhile glutaraldehyde concentration was calculated
to strengthen protein reticulation and to minimize the
amount of remaining free-aldehyde groups. The toxicity
of glutaraldehyde is now well known and unpublished
data from our laboratory demonstrated that careful rins-
ing of the carbodiimide cross-linked membranes could
reduce the leakage of carbodiimide to a non-toxic level.

W.Y. Koo: Could the extracellular matrix elaborated
by organ cultures originate from vascular smooth muscle
cells rather than endothelial cells? This may also ex-
plain why endothelial cells from organ cultures attached
and grew better than dispersed cells cultures.

Authors: This is an interesting question for discussion.
Whatever the percentage of vascular smooth muscle cells
present in our organ cultures, it could be thought that
they secrete growth factors or matrix products which
modulate endothelial cell growth unless a process of re-
verse cell interaction takes place. Primary culture of
explant by preserving the integrity of cell tissues help
cell metabolism to resume after seeding whereas enzy-
matic treatment used in dispersed cell culture caused the
solubilization of the extracellular matrix and injuries of
cell membrane which modify the cell behavior. These
technical differences may explain why endothelial cells
from organ cultures attached and grew better than dis-
persed cell cultures.

J.M. Schakenraad: Why is it a restriction of the cell
culture model that it is sensitive for physico-chemical
material properties. Does that not also provide infor-
mation on the biocompatibility of a material?

Authors: In the early phase of cell-material contact,
physico-chemical properties of the material defined by
Grinnell [Grinnell F (1978) Cellular adhesiveness and
extracellular substrata. Int. Rev. Cytol. 53, 65-144] as
pH, isoelectric point pl, van der Waal’s forces, ionic
forces, wettability etc. may interact to inhibit single cell
attachment causing a subsequent rapid cell death. Organ
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culture can modify these characters by secreting extra-
cellular matrix products which allowed cell migration to
be delayed and then rebuilt the in vivo environment.
This is well illustrated by albumin membranes: dispersed
cells are not able to adhere and they die rapidly; ex-
plants from organ culture appeared surrounded with a
limited cell layer of living cells. So, cell culture indi-
cates an early cytotoxic effect, possibly not due to the
physico-chemical properties of the membrane which can
be overcome in the organ culture conditions.

J.M. Schakenraad: If your aim is stated as: comparing
the cell culture and the organ culture models, why do
you then choose all proteinaceous materials, of which
you give no physico-chemical data. Since you also con-
clude that these physico-chemical material properties in-
fluence your cell culture test, I think it is necessary to
have an idea about the material properties.

Authors: These proteinaceous membranes have been
chosen because of their possible application for coating
vascular polyester prostheses. Among their physico-
chemical properties, we studied the influence of the pI
on their cytocompatibility (Sigot-Luizard ez al., 1980).
This parameter revealed some electric charge oppositions
among these materials and it seemed to have no influ-
ence on their cytocompatibility in organ culture. Stabili-
ty of the membranes have been controlled in in vitro
physiological conditions but as stated in answer to W.Y.
Koo, we do not know the degree of cross-linking. How-
ever, an attempt to evaluate the degree of cross-linking
by measuring the shrinkage temperature of membranes
showed a minimum of shrinkage for AG membrane at
water-bath temperatures as high as 88 °C.

J.M. Schakenraad: What do the authors think is the
reason for the different behaviour of the same cells in a
different test model towards these materials.

Authors: We think that the main reason for different
behavior of the same cells in a different test model to-
wards these materials is an eventual secretion of extra-
cellular matrix products by the whole cell tissue in organ
culture and the maintenance of the organ structure which
preserves the original environment of the cells.

J.M. Schakenraad: Apparently, in France Thermanox®
is a negative control material. However it is not al-
lowed as such in USP (United States Pharmacopoea),
BSI (Britsh Standard Institute) or ISO (International
Standard Organization). Why then use Thermanox® as
"the golden standard"?

Authors: With regard to ISO international norms, the
AFNOR (Association Francaise de NORmalisation)
norms have the same value as BSI or USP national
norms. All the national norms have been referenced in
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ISO norms, consequently Thermanox® can be considered
as a negative control as defined in the AFNOR norm.

G. Pasquinelli: Do you know whether GC and AGC
can remain sufficiently stable in the early phase of graft
implantation thus avoiding any significant blood loss
from the graft? On the other hand, can the substrate be
readsorbed within 7-14 days as conventional G and A
coatings do?

Authors: The stability of GC and AGC has been tested
in vitro (Warocquier-Clérout et al., 1987) but the in vivo
study has yet to be done.

G. Pasquinelli: Apart from the agents which are used
to cross-link the substrate, albumin per se always pro-
vided unsatisfactory results (however, this contrast with
the corresponding SEM investigation). Would you com-
ment on this?

Authors: As we answered to the first remark of Dr.
J.M. Schakenraad, the surface properties of albumin
membranes inhibit the adhesion of single cells and they
are responsible for the abnormal shape of the few at-
tached cells (Fig. 3e). In contrast, the organ culture
appears less sensitive to the surface properties of the
material and allows the formation of a limited cell layer.
It is suggested that an early secretion of extracellular
matrix neutralizes the surface properties of albumin to
allow subsequent cell migration. We intend to study the
kinetic of this secretion in organ culture to understand
the mechanisms of cell migration in these conditions.

G. Pasquinelli: Figs 3e-f show details which can be
eventually related to bacterial contamination. Did the
authors perform any assays to rule out bacterial contam-
ination? With regard to the adverse effect of glutaralde-
hyde, do you think that the presence of residual free al-
dehydic radicals may be, at least, in part, responsible for
the cell failure to adhere and grow on the corresponding
substrates?
Authors: Cells have been observed in SEM on day 11
and cultures were further incubated at 37 °C up to day
14 without appearance of bacterial contamination. We
think that small points observed in SEM are artifacts.
The residual free aldehydic radicals are surely re-
sponsible for the cell failure to adhere and grow on the
membranes cross-linked by glutaraldehyde. This toxici-
ty is well-known and led us to look for another cross-
linking agent such as carbodiimide. However it is possi-
ble to limit these residual radicals by rinsing the mem-
branes in glycine solution after cross-linking reaction.

G. Pasquinelli: By looking over Figs. 3g-1, FG and
AG seem to provide the best cell linings. The latter
finding sharply contrasts with results provided by the
functional assays. Would you comment on this subject?
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Authors: Here is the typical difference between cell
and organ culture. The albumin cross-linked by glutar-
aldehyde allows a weak cell migration but the morpho-
logic aspect of the tissue is comparable to that on control
culture Thermanox® or fibrin glue. Nevertheless, cell
growth is drastically reduced, as also reported by van
Wachem e al. [van Wachem PB, Vreriks CM,
Beugeling T, Feijen J, Bantjes A, Detmers JP, van Aken
WG (1987) The influence of protein adsorption on inter-
actions of cultured human endothelial cells with poly-
mers. J. Biomed. Mat. Res., 21, 701-718], and the phe-
nomenon by which single cells were released from albu-
min membranes after an early adhesion process is still
unexplained.

G. Pasquinelli: Further, unlike FG, it appears that GC
and AGC could facilitate the achievement of cell polari-
ty. This finding is further substantiate by the amount of
matrix deposited as well as by the pattern of matrix ar-
rangement on such substrates as illustrated in Figs 5.
Do you have any explanation for this?

Authors: This observation is difficult to explain but
further demonstrates the cytocompatibility of these mate-
rials. The carbodiimide has been eliminated from these
membranes by extensive washing and the cells are di-
rectly in contact with polymerized gelatin deprived of
toxic residues. Thus gelatin membrane behaves as col-
lagen coating which has been widely described to pro-
mote monolayer expansion and to influence cell polarity.

L.M. Waples: Your way of assessing attachment and/
or adhesion in cell and organ culture is different between
the two culture types. For cell culture, you looked at
extracts from culture using PBS and 0.1 M NaOH for
hydrolysis. How can you compare results from this
method to the trypsin-EDTA treatment used for cell ad-
hesion assessment in organ culture? Techniques have to
be similar or ideally, identical in order to compare di-
rectly. Furthermore, attachment of cells to a substrate
is a different parameter than adhesion strength of the
cells to a substrate. Please clarify these items.

Authors: Analysis of endothelial cell behavior on bio-
materials led us to observe phenomenon occurring
during the very early phase of cell-material contact. In
cell culture, we had the possibility to measure the
kinetics of cell attachment by a using classical technique
of solubilization of pre-labelled cells which provided
accurate quantitative results. Both measures of the
percentage of bound cells and of the rate of cell
attachment vary depending on surface properties of
substrates. In organ culture, early interaction of
biomaterials could not be observed before cells had
escaped from explants. This is the reason why we only
gave a measure of adhesion strengths in a late growth
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phase. Fibrin glue appeared to enhance the rate of cell
attachment and to increase adhesion strength in organ
culture compared to the plastic control surface.
However, attachment and adhesion processes were not
affected in a similar way on other substrates.
Carbodiimide cross-linked albumin decreased the rate of
cell attachment and the amount of bound cells but did
not affect the adhesion. Thus, this suggests that
attachment and adhesion involved different molecular
mechanisms and the two culture types provide comple-
mentary aspects of cell-substrate interactions.

L.M. Waples: Please comment on the statistics per-
formed on the cell growth or cell attachment data
presented in Figures 1 and 2.

Authors: The results of cell growth and cell attachment
were subjected to Student’s "t" test to determine the sta-
tistical significance. With a level of significance set up
at p < 0.05, it appeared that cell growth on all the glu-
taraldehyde membranes and on both albumin membranes
differed from control. On carbodiimide membranes
(AGC, GC) significant decrease was observed on day 7
compared to control, then some cells began to detach
from confluent control culture and on day 11 all the con-
fluent cultures had similar densities. Cell growth on fi-
brin glue did not statistically differ from control.

As to kinetics of cell attachment, we found a signifi-
cant increase on fibrin glue after 30 minutes incubation,
then results did not differ. The rate of cell attachment
was similar on all the membranes when compared to
control except after 1 hour post seeding on glutaralde-
hyde cross-linked albumin + gelatin and on carbodi-
imide cross-linked albumin.

L.M. Waples: Please discuss why cell growth and cell
attachment differed on the different membranes.
Authors: Experiments herein reported did not provide
biochemical arguments to explain the differences in cell
growth and cell attachment on the membranes. How-
ever, SEM observation of the extracellular matrix and of
the morphological changes of cells indicated the involve-
ment of the secretion of extracellular proteins and proba-
bly a rearrangement of the cytoskeleton which have to
be further investigated by other methods.

L.M. Waples: It is not entirely clear from this study
that you have measured cross-linked albumin to be toxic!
Your measured parameters are cell growth and cell at-
tachment. There could be decreased cell proliferation as
opposed to cell death.

Authors: Cross-linked albumin membranes displayed a
surface toxicity which hindered cells from spreading or
proliferating so that the attached cells rounded and pro-
gressively detached from these membranes.
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L.M. Waples: While it is good to look at cell attach-
ment, adhesion and growth on a given substrate, other
parameters must be evaluated before a substrate is
labelled cytotoxic:

a) You mentioned in the introduction about using
cell culture to test leached substances from a biomate-
rial. It would be worthwhile to perform this test with
your substrate. This way, if cell death is occurring you
might be able to determine what factor, the material or
its leached substances, is cytotoxic. Note: there is an
ASTM test method for obtaining extracts from implant
materials.

b) It would be very useful to perform a cytotoxicity
assay. Many ways exist to do this; load the cells with
a label and look for the labels release or measure an en-
zyme released upon lysis such as LDH.

This information, a & b, coupled with your current
work would allow better assessment of the substrates and
better comparison between organ and cell culture tech-
niques. Otherwise it is difficult to say with your current
data that organ and cell culture yield comparable results.
Furthermore, insufficient data exist to label a given sub-
strate cytotoxic or non-cytotoxic.
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Authors: We agree with you that the biocompatibility
of a material has to be tested first by determining the
cytotoxicity of leached substances by using the standard-
ized assays that you mentioned. Our cross-linked mem-
branes had undergone classical cytotoxicity tests and a
chromatographic analysis of the leached products
(Warocquier-Clérout ez al., 1987). A detailed protocol
of elution of the membranes has been set up to lower the
amount of leached secondary degradation products of
carbodiimide to a level which does not affect cell pro-
liferation (to be published).

The main purpose of this work was to analyze some
biological parameters (attachment, adhesion, growth, mi-
gration) which were accessible respectively in cell cul-
ture or in organ culture or both in order to assess the
cytocompatibility of a biomaterial. Different aspects of
endothelial cell behavior were thus studied by using
these techniques and classification of the substrates,
which responded to the best criteria of biocompatibility
as defined in each method, gave the same results.
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