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Abstract

In order to minimize the risk of contamination associated
with tissue transplantation, tissue banks commonly chemi-
cally treat the tissues whenever possible. As viral inactiva-
tion uses agents lethal to microorganisms, it is imperative
to assure that chemically inactivated tissue remains
biocompatible. In vitro assays can be an effective means
to assess the acute cytotoxicity of chemically treated hu-
man allografts. We have used different types of cells
cultured in the presence of treated tissue extract. A stand-
ard cell line, a human fibroblast (WI38), which was the
same for all the samples, was chosen. In addition, as the
banked tissues (bone and fascia lata) were prepared to be
used in bone or as a dura mater substitute, two other cell
types were also used: an osteoblastic cell line (SaOS-2)
and a neuronal cell line (Neuro 2A). Cytotoxic assessment
was performed by qualitative evaluation of cell morphol-
ogy based on confluence, granulation, vacuolization and
swelling analysis. In addition, quantitative methods based
on the use of neutral red (NR) and 3- (4,5-dimethylthiazol-
2-yl)-2,5 diphenyl tetrazolium bromide (MTT) were as-
sayed. Qualitative and quantitative evaluation of fascia lata
and bone extracts did not show deleterious effects on cell
cultures. These results show that in vitro methods can be
appropriate to select a non-toxic procedure before it is used
in the human body and that several strong chemical treat-
ments can result in a tissue suitable for human implanta-
tion.
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Introduction

Human tissue transplantation remains associated with a
potential although very low risk of virus transmission [e.g.,
human immunodeficiency virus (HIV), or hepatitis] through
orthopaedic allografts (Buck et al., 1989; Campbell ez al.,
1994; Eggen and Nordbo, 1992). However, Lelie et al.
(1996), estimated that the risk was ten times higher in the
case of organ or tissue transplantation when compared to
blood transfusion. Various inactivation procedures have
been advocated to reduce this risk (Delloye, 1994;
Feinstone ef al., 1983; Spire et al., 1984, 1985). Viral in-
activation can be only obtained by serial step processing,
using physical and chemical treatment such as supercritical
CO, (Fages et al., 1994), solvent detergent (Feinstone et
al., 1983; Spire et al., 1984), ethylene oxide (Kearney et
al., 1993), freeze-drying (Conrad ef al., 1995) or gamma
irradiation (Campbell et al., 1994; Conway et al., 1991;
Fideler ef al., 1994; Forsell, 1993; Hernigou ef al., 1993;
Loty et al., 1990; Spire er al., 1985). However, such
processing of the tissue can be restricted either by the po-
tential toxicity for the recipient cells or by induced altera-
tions of the original mechanical properties of the tissue
(Zhang et al., 1997). The first aspect of tissue processing
will be addressed here.

Inactivation procedures will not replace the microbio-
logical screening of the donor but must be considered as
an additional safety measure. In the past, one of the mod-
els for compatibility evaluation was animal implantation.
Nowadays, the attempt to restrict in vivo experimentation
has heightened the interest in using in vitro cell systems to
appraise the potential cytotoxicity of allografts. Assess-
ment of cell morphology is a reliable method in the hands
of a trained morphologist (Srivastava et al., 1990). For
morphological analysis, two different types of cells have
been used: a standard cell line which is the same for all
samples and a specific cell line the choice of which de-
pends upon the potential site of use. However, in order to
improve reproducibility and facilitate standardization,
quantitative methods for acute cytotoxicity study were in-
dicated (Kirkpatrick ef al., 1997a,b).

Quantitative methods for in vitro cytotoxicity have been
described and recommended in the literature, although the
methods presently available cannot be easily automated
(Johnson et al., 1985; Ulreich and Chvapil, 1981). A range
of assays based on different aspects of cellular activity can
be applied for the assessment of biocompatibility. In the
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present study, the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) and neutral red (NR)
assays for quantitative evaluation which have been adapted
for human inactivated allografts are presented (Borenfreund
et al., 1988; Clifford and Downes, 1996; Dekker et al.,
1994, Johnson et al., 1985; Mosmann, 1983; Verhulst et
al., 1998).

The first group of assays measures the ability of viable
cells to reduce a water-soluble yellow dye, MTT, to a wa-
ter-insoluble purple formazan product (Clifford and
Downes, 1996). This is converted by intracellular dehy-
drogenase to colored formazans (Macnair et al., 1997,
Marshall et al., 1995). A second group of assays monitors
cell membrane integrity, and is based on the spectro-pho-
tometric determination of NR (3-amino-2-methyl-
phenazine hydrochloride) taken up by viable cells and
stored in their lysosomes (Lasarow et al., 1992). The cyto-
toxicity testing of such allografts is vital to ensure that they
do not present a risk to the patient and, therefore, will not
elicit an acute toxicity response. The present study aimed
at demonstrating that a strong chemical treatment could be
associated with a low cytotoxicity outcome.

Materials and Methods

Reagents and materials

L-Glutamine (200 mM) was from Life Technologies
(Merelbeke, Belgium) and fetal bovine serum (FBS),
Dulbecco’s Modified Eagle’s Medium (DMEM), Ham’S
F-12 medium, and trypsin were supplied by Bio-Whittaker
(Verviers, Belgium). Phosphate buffered saline solution
(PBS), MTT, Coomassie blue, Bouin solution and Neutral
Red were from Sigma-Aldrich Chemicals (Bornem, Bel-
gium). Culture plates were supplied by Falcon-Becton
Dickinson (Franklin Lakes, NJ).
Human tissue allografts

Fascia lata and bone from selected donors in our hos-
pital were procured, cut in small pieces (1 cm? for fascia
lata and 1 cm® for bone) and washed by pulse lavage. Next,
chemical treatment with solvent detergent destroyed the
cells of the allografts by protein coagulation, nuclear acid
precipitation and cell membrane degradation. This treat-
ment could also inactivate the viruses such as Hepatitis B
and HIV and diminish the bacterial activity (Feinstone ez
al., 1983; Spire et al., 1984). As prion inactivation should
become a priority for allografts, different methods recom-
mended by World Health Organization (1992), as sodium
hydroxide (NaOH), sodium hypochlorite or autoclaving
were applied to fascia lata and bone allografts trying to
restrict the risk of Creutzfeldt-Jakob agent transmission
(Brown et al., 1982, 1984; Dormont, 1996). Indeed, the
prion protein has demonstrated a resistance to inactivation
by gamma irradiation (Brown ez al., 1982; Dormont, 1996).
Allografts were further freeze dried for three consecutive
days (working vacuum 1.10° mm Hg, shelf temperature -
30°C and condenser temperature -196°C). The final re-
sidual moisture, as previously measured with other sam-
ples (by gravimetric analysis at 100°C) for the same freeze
dryer, was less than 1% of the final dry weight. So far, no
case of virus transmission has been reported (Conrad ez
al., 1995). The sterilization was realized by gamma irra-
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diation at 25 kGy which has been shown to be able to inac-
tivate at least partially the HIV (Campbell and Oakeshott,
1995; Conway et al., 1991; Fideler et al., 1994; Forsell,
1993; Hernigou ef al., 1993; Loty et al., 1990; Spire et al.,
1985) and Hepeatitis C virus (Conrad et al., 1995).

Different allografts were tested: Fascia lata Fresh (FF),
Fascia lata Treated (FT), Bone Fresh (BF) and Bone
Treated (BT).
Established cell lines

Human fetal lung cells (ATCC, American Type Cul-
ture Collection, Rockville, MD) (WI38, ATCC: CCI 75)
served as standard cell line. As fascia lata was prepared
for being a dura mater substitute, Mouse Albino neurob-
lastoma cells (Neuro 2A, ATCC: CCL131) were used to
monitor the neurotoxicity. The osteosarcoma cell line
(Sa0S-2, ATCC: HTB-85) was used to evaluate the bone
toxicity.
Material extract

Under sterile conditions, the fragments of tendons and
bone were immersed in the culture medium for 72h at 37°C
without agitation. According to ISO 10993-5, the ratio
between the fascia lata area (cm?) and the medium volume
(ml) was 0.5. For bone, the ratio was determined with the
weight of the sample, 0.1 g/ml. The negative control,
polyethylene terephtalate (PET), material which did not
generate a cytotoxic response, was processed following
the same extraction conditions (ISO 10993-5). Phenol so-
lution (10 mg/ml) was used as positive control which when
tested, generated a cytotoxic response. At the end of the
incubation period, fragments of bone, fascia lata and PET
were removed and the so-called extracts were ready to be
tested.
Cell culture

Cells (WI38, SaOS-2, Neuro 2A) were maintained at
37°C in a humidified atmosphere of 5% CO, and 95% air.
In order to prepare test wells, cells were detached from the
culture flasks using a trypsin solution (0.25 %) and
resuspended as a single cell suspension in the culture me-
dium (DMEM+FBS+Ham’S F-12+ glutamine) at a con-
centration of 2x10° viable cells/ml (Trypan Blue exclu-
sion test). Cells were seeded into the 96 inner-wells of
microtiter plates for quantitative evaluation and into the
wells of 12 well clusters for qualitative evaluation, at a
density of 1x10* cells/cm? (i.e., microtiter plates, 1x10*
cells/wells; 12-well clusters: 15-20x10* cells/wells). After
an overnight incubation, a confluent monolayer of cells
was formed in these wells.
Qualitative evaluation

Standard cells, WI38 as well as specific cells (SaOS-2
and Neuro 2A), were plated in 12-well plates and grown
until confluence. The medium was removed, replaced by
the allograft or PET extracts or by phenol solution. After
time intervals of 24, 48 and 72 hours of incubation with
extract, cells were examined microscopically by two dif-
ferent observers (phase contrast microscopy: optical mi-
croscope from Leitz, Wetzlar, Germany). Then, the prepa-
ration was fixed and stained with Coomassie Blue to pre-
serve it and to allow to take a micrograph of the cells (Wild
MPS12 photo systems attached to the optical microscope).
This qualitative evaluation was carried out on confluence,
swelling, vacuolization and morphological changes accord-
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Figure 1. Photomicrographs of cell culture exposed to different extract vehicles. (A) WI38 with negative (left) and
positive (right) control. Note the severe cytopathic effect with the positive control. (B) Culture of fibroblasts (WI38)
with fascia lata (left) and bone allografts (right) extracts at 24 hours. (C) Culture of Neuro 2A (left) and SaOS-2
(right) exposed to the toxic control. (D) Culture of specific cell lines with fascia lata (Neuro 2A, left) and bone
allograft extracts (SaOS-2, right). Note the absence of deleterious cell reaction. Bar =40 um.
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Figure 2. Relative MTT formazan formation by WI38 and
Neuro 2A cells after incubation with fresh and chemically
treated fascia lata extracts at 24 hours. Data obtained fol-
lowing incubation of cells with different extracts are ex-
pressed for MTT assay as percentages of the values ob-
tained from cells incubated with the negative control and
are the means = SEM (n=4) (*=p<0.05).

Figure 3. The NR intra-lysosomal incorporation by WI38
and Neuro 2A cells after incubation with fresh and chemi-
cally treated fascia lata extracts at 24 hours. Data obtained
following incubation of cells with different extracts are
expressed for NR assay as percentages of the values ob-
tained from cells incubated with the negative control and
are the means = SEM (n=4) (**=p<0.005).

ing to ISO 10993-5. These qualitative parameters were
reported in the test report, either descriptively (no, slight,
moderate or severe changes) or numerically (0, 1, 2, 3).
Quantitative evaluation

WI38 cells from the 10th passage were plated in 96-
well plates and grown until confluence during 24 hours.
Then, the medium was removed and replaced by the allo-
graft and negative control extract or phenol solution. Cells
were incubated for 24h at 37°C. At the end of the extract
incubation period, two different colorimetric tests were
performed: one to evaluate cell viability (NR assay) and
the other one to evaluate the cell metabolic activity (MTT
assay). For the NR assay, cell layers were rinsed in PBS
and then NR was added [100 ul per well of a 0.4% (w/v)
NR solution in distilled water, then diluted 1: 80 in culture
medium]. After 3h at 37°C, the NR solution was removed
and the dye extraction was performed by adding 100 ul
per well of a 1% acetic acid in 50% (v/v) ethanol solution.
The plates were agitated and finally the absorbance was
measured at 540 nm using a microtiter plate spectropho-
tometer (Multiskan MCC/340 P Version 2.20, Titertek MK
II; Labsystems, Brussels, Belgium). For the MTT assay,
cell layers were rinsed as for the NR assay and then the
MTT was added (125 plper well of a 5 mg/ml MTT solu-
tion in PBS). After 3 hours of incubation at 37°C, the MTT
solution was removed and the insoluble formazans crys-
tals were dissolved in 100 pl dimethylsulfoxide (DMSO).
Finally the absorbance was measured as above. For both
tests, the optical density was directly proportional to the
viability and the metabolic activity of cell populations and
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inversely proportional to the acute cytotoxicity of the ex-
tract.
Statistical analysis

Mean values + standard error of the mean (SEM) of
absorbances obtained from cells incubated in the presence
of the extracts, either from controls or material extracts,
were calculated. Results were expressed as the percentage
of the corresponding negative control con-ducted in the
same experiment. The unpaired Student’s t-test was used
for statistical analysis. A p-value <0.05 was considered
statistically significant. The statistical tests were carried
out using Systat version 8.0 (SPSS Inc., 1998).

Results

Qualitative evaluation

Incubation of standard (WI38) and specific (Neuro 2A
and Sa0OS-2) cell lines with extract of negative control and
the extracts of chemically inactivated human allografts at
intervals of 24, 48 and 72 hours did not influence the mor-
phology of the cells. An intact monolayer of normally
spread cells could be observed with only minor changes of
confluence, vacuolization, granulation and morphological
parameters. Morphological examination of cells which had
been incubated with undiluted extract of the positive con-
trol clearly revealed a cytotoxic effect. In fact, incubation
with the positive control resulted in a deterioration of the
monolayer and loosening of the cells. The cells had lost
their normal flat morphology and had become spherical.
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Figure 4. Relative MTT formazan formation by WI38 and
Sa0S-2 cells after incubation with fresh and chemically
treated bone extracts at 24 hours. Data obtained following
incubation of cells with different extracts are expressed
for MTT assay as percentages of the values obtained from
cells incubated with the negative control and are the means
+ SEM (n=4) (***=p<0.001).

Figure 5. The NR intra-lysosomal incorporation by WI38
and SaOS 2 cells after incubation with fresh and chemi-
cally treated bone ex-tracts at 24 hours. Data obtained fol-
lowing incubation of cells with different extracts are ex-
pressed for NR assay as percentages of the values obtained
from cells incubated with the negative control and are the
means £ SEM (n=4) (** = p<0.005).

They still presented intra-cytoplasmic granulation and
vacuolization but were no longer confluent. This qualita-
tive evaluation demonstrated no change of cellular mor-
phology for cells exposed to bone and fascia lata allograft
extracts (Fig. 1). However, we observed a decrease of con-
fluence for Neuro 2A cells exposed to the fascia lata allo-
graft extract at 48 and 72 hours.

Quantitative evaluation

The amount of formazan produced by WI38 exposed
to the FF and FT extracts was not significantly altered (re-
spectively +4.76 %, p=0.957 and +3.79 %, p=0.609) com-
pared to this produced by cells incubated with the nega-
tive control. A decrease of this production was only sig-
nificant for Neuro 2A exposed to the FT extract (- 28.54
%, p=0.036) (Fig. 2). The Neutral Red incorporation in
Neuro 2A exposed to the FT extract was significantly re-
duced by 42 % (p<0.005) compared to cells incubated with
the negative control (Fig. 3). In addition, the membrane
integrity of Neuro 2A exposed to the FT extract was de-
creased compared to the cells exposed to FF extract (- 53.7
%, p<0.001).

The amount of formazan produced by WI38 exposed
to the BT extract was decreased by 27.5 % (p<0.001) com-
pared to that produced by cells incubated with the nega-
tive control (Fig. 4). This decrease was not confirmed in
experiments with the specific cell line (SaOS-2) exposed
to the BT extract (- 16.13 %, p=0.259) (Fig. 4). In addi-
tion, no significant modification of succinate dehydroge-
nase activity was observed between cells (WI38 and SaOS-
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2) exposed to the BF and BT extracts. The difference in
Neutral Red incorporation in human fibroblasts and oste-
osarcoma cells between BT extract and non-toxic material
was not significant (+ 1.59%, p=0.925, and - 4.14%,
p=0.853, respectively). A decrease of membrane integrity
was observed for SaOS-2 exposed to the BF extract (-31.4
%, p<0.005) (Fig. 5).

Discussion

The application of bone and fascia lata allografts which
have been chemically processed is now the procedure of
choice in order to minimize virus transmission. It is widely
accepted that in vitro testing procedures are of consider-
able importance in allograft biocompatibility investigations.
Although biocompatibility encompasses many properties
of a material, in the present study the acute cytotoxic as-
pects of chemically inactivated allografts were investigated.
The cell culture response upon exposure to human allografts
extracts was estimated by qualitative and quantitative meth-
ods. The choice of the MTT and NR assays for quantita-
tive evaluation was justified, based, respectively, on their
sensitivity and reproducibility (Clifford and Downes, 1996).
The MTT assay, which can estimate cell proliferation by
the tetrazolium intracellular reduction, was by far the most
sensitive assay of those investigated; although it was not
as reproducible as some of the other tests (Borenfreund ez
al., 1988; Clifford and Downes, 1996; Dekker et al., 1994).
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The NR assay was considered as a less sensitive assay af-
ter 24 hours of cell incubation (Clifford and Downes, 1996).
However, the NR uptake could be in-creased as the cells
aged and lysosomes proliferated suggesting that this test
could perform better if cultures were incubated for a pe-
riod longer than 24 or 48 hours (Zhang et al., 1990). In the
present study, the cell incubation time was 72 hours.

The observations in the present study allow us to draw
two conclusions. First, the acute cytotoxicity evaluation of
chemically treated allografts must be done with different
cells involved in the tissue recolonization process. Sec-
ond, results suggested that different methods must be com-
bined to evaluate different aspects of acute cytotoxicity of
the material. Quantitative methods did not show changes
in homeostasis for fibroblastic cells incubated with chemi-
cally treated fascia lata extract. Enzyme activity and NR
lysosomal incorporation in WI38 cells compared with cells
exposed to the negative control extract did not change.
Neuronal cells have shown a greater sensitivity to toxic
substances released by the chemically treated fascia lata.
Enzyme activity and membrane integrity of Neuro 2A cells
were modified following the exposition with this extract.
This could be related to the decrease of Neuro 2A conflu-
ence at 48 and 72 hours after incubation with chemically
treated fascia lata allograft. However, no change in cellu-
lar morphology was observed for WI38 and Neuro 2A cells
exposed to this extract at 24, 48 and 72 hours. Standard
and specific cell lines exposed to the bone extract also re-
acted differently. A significant decrease of intracellular
dehydrogenase activity in fibroblasts exposed to the bone
treated allograft was observed. However, this decrease was
not confirmed with the osteosarcoma cells exposed to this
extract. In addition, the membrane integrity was decreased
when Sa0S-2 cells were exposed to the fresh bone allo-
graft.

This study demonstrates the importance of evaluating
the impact of chemical treatment on different types of cells
involved in the tissue recolonization process because these
cells can have different sensitivity to the toxic substances
released by the allograft. The methods used here offered
the advantages of high sensitivity, speed, cost effective-
ness and they allowed a qualitative, quantitative and a sta-
tistical approach (Clifford and Downes, 1996; Kirkpatrick
and Mittermayer, 1990). However, in this study, we con-
sider that the results from the MTT and NR assays must be
analyzed separately because they evaluate two different
metabolic functions: the reduction enzyme activity in the
MTT assay and the membrane integrity in the NR assay.

The methods are based on the use of human and ani-
mal neoplastic or transformed cell lines because they dem-
onstrate a good reproducibility and are very representa-
tive for the toxic effect on cells generated by allografts.
However, we think that in the future the use of human pri-
mary cells at early passages could be applied in our model
to investigate the impact of toxic release on cell phenotype
such as inhibition of collagen synthesis by osteoblasts
(Kirkpatrick and Mittermayer, 1990; Pariente et al., 1998).
The present study showed that exposure of cultured cells
to human allografts treated with a strong chemical treat-
ment can be associated with a low acute cytotoxicity.
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Discussion with Reviewers

J.A. Jansen: Will the authors also study mutagenic effects
or do they consider this a non-relevant topic?

Authors: Other aspects of biocompatibility such as muta-
genicity or cell adhesion, are actually studied but they are
not the subject of this paper. This work was carried out to
study the cytotoxicity of chemical treatment applied to the
allograft to diminish the risk of virus, bacterial and prion
transmission. We have chosen only the MTT and NR as-
says because those are very representative for cell viabil-
ity. This work allowed to select an appropriate inactiva-
tion procedure with a low toxicity to cells involved in tis-
sue recolonization. It is very important to consider the
biocompatibility as a group of different tests which study
the interaction between cell and biomaterial. Here, we have
investigated the cytotoxicity, first stage of biocompatibility
investigation.

J.A. Jansen: Do the authors suppose that another response
will occur when primary cells are used?

Authors: With regard to the cytotoxicity aspect of
biocompatibility, we are of the opinion that primary cells
cannot show other responses compared with those observed
with cell lines. We think that metabolic activity, studied in
the cytotoxicity evaluation, cannot be significantly differ-
ent between cell lines and primary cells. However, cell lines
cannot be considered as primary cells for other aspects of
biocompatibility because their phenotype is very different
from that of primary cells.

M.H. Grant: Do the authors consider it useful to investi-
gate cell-biomaterial interactions in dedifferen-tiated cell
lines derived from cancer tissue?

Authors: We are of the opinion that cell lines are optimal
to study the cytotoxicity parameters. Cell lines are very
representative and reproducible for this aspect of
biocompatibility. However, it is better to use primary cells
to study other aspects of biocompatibility such as muta-
genicity, cell adhesion or phenotype expression. In this case,
we think that is more relevant to use primary osteoblastic
cells, on the bone graft, to study e.g., collagen type I syn-
thesis or osteocalcine expression.



