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A ncew bone tissue process using supercritical carbon dioxide
fluid extraction (SFE) has been evaluated for its ability to
inactivate or eliminate viruses. Four viruses, human immuno-
deficiency virus type 1 (HIV-1), Sindbis virus, polio Sabin type
1 virus, and pseudorabies virus (PRV), were exposed to four
different processing steps. tn addition to supercritical CO,,
hydrogen peroxide, sodium hydroxide, and ethanol treat-
ments were evaluated. The mean cumulated reduction factors
(logo) for the four viruses exposed to these four steps were
>14.2 for HIV-1, >18.2 for Sindbis virus, >24.4 for poliovi-
rus, and >17.6 for PRV. The mean reduction factors obtained
by the supercritical fluid extraction alone were >4.0, >4.3,
>6.6, and >4.0, respectively. These results demanstrate that
the SFE process is effective in inactivating viruses on human
femoral heads, and provides a level of inactivation similar to
that obtained by traditional cleaning methods. it is proposed
that CO, SFE be incorporated as a routine step in the pro-
cessing of bone allografts for transplantation either to replace
or supplement existing procedures. ASAIO fournal 1998;
44:289-293.

Throughout the world, there is an increasing need for bone
grafts, especially in orthopedic, maxillofacial, trauma, and tu-
moral surgery. Because of the inherent limitations of autografts,
such as their limited quantity, additional surgical procedures,
and so forth, the use of allografts has increased considerably in
popularity.' Although allografts seem clinically well tolerated,
immune reactions against osteochondral allografts have been
detected in animals and humans.? Moreover, histologic analy-
sis of massive bone allografts has revealed that their osseointe-
gration is poor,’ and this contributes to the antigenic reaction
against the graft.* One of the obstacles to bone integration is
the presence of fat in the medullary tissue, which has proven
to be antigenic® and to slow down implant colonization.
However, the most critical limitation in the use of allografts
is their risk of transmitting viral diseases.® Transmission of the
hepatitis C virus, as well as human immunodeficiency virus
type 1 (HIV-1), by tissue transplantation has been reported.”®
Most of today’s allografts, rather than being processed, are
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stored frozen.’ To sterilize them, one of the following three
processes is usually selected: - or y-irradiation, ethylene ox-
ide, or autoclaving.'®'' None of these three methods has
proven to be totally satisfactory, either because of the resis-
tance of some viruses to physicochemical processing or the
loss of inductive ar mechanical properties.'?"

A new bone tissue cleaning process with the potential to
resolve this problem has been described by Fages et al. that
uses supercritical fluid (SCF) technology.'* Above a critical
pressure, Pc, and a critical temperature, Tc, pure compounds
are neither gaseous nor liquid. They are in a third state called
a “supercritical fluid.” Because of their unique properties of
diffusivity, density, and viscosity, supercritical fluids are used
as selective solvents for extraction. Like liquids, they have a
high density and consequently a high solvent capacity. What
is remarkable is that this solvent capacity can be fine tuned to
a significant extent by simply varying the working pressure or
temperature.

The other physicochemical properties of SCFs are also of
interest. In particular, they display gaslike transport properties
because of their very fow viscosity and very high diffusion
coefficients.'® Therefore, they are particularly effective in ex-
tracting compounds trapped in a solid microporous matrix, as
is the case with bone. In the medullary tissue, there are large
amounts of lipids that are difficult to extract with liquid solvents
because of this low wettability. However, they can be easily
and completely extracted by SCF technology.

The use of a compound such as carbon dioxide provides a
particularly safe and efficient method for removing fat because,
when it is in a SCF state, it is known both for being no-toxic
and as a good solvent for lipids.'® Supercritical CO, extraction
leads to a range of in-depth delipidation of the porous bone.
Three additional steps are required to complete the processing
of bone. They involve 1) hydrogen for the removal of protein
and cellular debris, 2) sodium hydroxide for the inactivation
of potential prions, and 3) ethanol for final cleaning and for
its well known virucidal properties.'” Animal bone tissue pro-
cessed through these four steps has been reported to osteointe-
grate rapidly'® while enjoying unmodified mechanical proper-
ties.'*

According to certain regulatory documents,'” one of the
main ways to control potential viral contamination of biologics
is to test the capacity of the preservation and sterilization pro-
cess 16 remove or inactive viruses. The goal of this study was
to evaluate the effectiveness of each of the four previously
mentioned processing steps independently to inactive or re-
move viruses from human bone. This was accomplished by 1)
spiking significant amounts of the relevant virus (viral load [Li})
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in a preprocessed bone sample, 2) performing one of the four
processing steps, and 3) recovering virus (viral foad [L{]) from
the processed bone sample. The viral inactivation or efimina-
tion at each stage was quantified by calculating the reduction
factor (R), which is the log,, of the ratio Li/Li.

Materials and Methods
Materials

The bones used were human femoral heads that had pre-
viously been checked for their secologic status.

The selection of viruses used in this study was influenced
by the European Community guideline on validating virus inac-
tivation (EC {11/8115/89), which stipulates the following crite-
ria: 1) include the major adventitious viruses in humans, such
as HIV-1, hepatitis C, B, and A viruses, and herpesviruses; 2)
include a range of resistance of the viruses to physicochemical
treatments; and 3) include several of the major classes of viral
classification, considering the viral genome (RNA or DNA) and
the presence and absence of an envelope. The last two criteria
were particularly pertinent when taking into account emerging
viruses. To comply with these guidelines, the following four
viruses were chosen to evaluate the process: 1) HIV-T (RNA,
enveloped, low resistance to physicochemical treatments, ad-
ventitious virus); 2) Sindbis virus (RNA, enveloped, low to me-
dium resistance to physicochemical treatments; model for hep-
atitis C virus); 3) polio Sabin type I virus (RNA, nonenveloped,
medium to high resistance to physicochemical treatments;
model for hepatitis A virus); and 4) pseudorabies virus (PRV;
DNA, enveloped, low resistance to physicochemical treat-
ments; model for herpesvirus and hepatitis B virus).

Methods

Bone Processing Steps. Step 1: Supercritical Fiuid Extraction.
A pilot plant (Separex, Champigneulles, France) was used to
perform the extraction and separation steps by batch pro-
cessing. The system pressurized the cooled liquid CO, by
means of a metallic membrane pump and then heated the fluid
to the extraction temperature. The extraction vessel, with a
volume of 2.5 L, was loaded with a titanium basket containing
the bone samples. The extraction conditions involved main-
taining the CO, flow rate at 2 kg/hour at a pressure of 250
bars and temperature of 50°C. The duration of the extraction
step was calculated from 10 minutes for each gram of bone
processed. After extraction, the fluid passed through three ther-
mostatically controlled separation vessels in which the pres-
sure was reduced in a stepwise manner. At the outflow of the
last separator, the CO, was liquefied and recycled.

Step 2: Hydrogen Peroxide Processing. The samples were
exposed (0 a 35% (W/W) solution of hydrogen peroxide for 2
hours at a temperature of 40°C.

Step 3: Sodium Hydroxide Processing. This step involved
treating the samples with 2 1 mol/L solution of NaOH for 1
hour at 20°C. The samples were then neutralized in an aqueocus
solution of NaH,PO, (12 g/t).

Step 4: Ethanol Processing. The samples were immersed in
a 95% aqueous solution of ethanol for 3 hours at 20°C.

Viral Safety Evaluation of Each Step. The capacity of cach
processing step to inactivate or eliminate the viruses was evalu-

ated separately for each virus at each step (Figure 1). To evalo-
ate step n, bone pieces processed (o step (n — 1) were spiked
with a high quantity of virus and were then exposed 1o step
n. The reduction factor (R) for step n was calculated according
to the European guidelines for blood derivatives and biotech.
nologic medicinal products. The value of R reflects the loss of
viral activity between the viral load before (Li calculated from
prece CSMT1 and after (L calcelated fram piccos CSAMI andd
CSMA) step . A numiber of duierent controls were included
to evaluate the influence of difierent parameters on the level
of virus infectivity (Figure 1).

The presence or absence of viral infectivity in each bone
piece was measured by plaque assays for Sindbis virus, poliovi-
rus, and PRV,* and by an infection assay for HIV-1.2' The
level of infection was expressed as 50% of the tissue culture
infection dose per milliliter (TCIDso/ml) calculated using the
Spearman Karber formula for HIV-1, and in terms of plaque
forming units per milliliter (PFU/mI) for the other viruses.?? For
each step and for each virus, the detection limit of the titration
assay depended on 1) the use of Poisson’s formula with a 95%
level of confidence, 2) the cytotoxicity of the tested solution,
and 3) the volume of solution added to the cells. When no
viral units were observed from spiked and processed bone
specimens (pieces CSM3 and CSM4), the results were recorded
as lower than the detection limit, and the corresponding reduc-
tion factors R as higher than their calculated values (Table 1).

Results
Validity of the Experimental Approach

In addition to the reduction in viral load due to the four
processes themselves, other parameters contributed to the loss
of infectivity. For example, the length of time when the viruses
were in the bone specimens (CSM1/CSM2) and the time during
which the viruses were in suspension (V2/V3) are both factors
that should be included.

On the other hand, the effects of centrifugation and the
amount of viral activity recovered from the spiked bone speci-
mens (V2/CSM1) were excluded from the calculation of R.
The poliovirus without an envelope was recovered with no
significant loss in activity. lts virus reduction factor was less
than 1 compared with the initial viral load, whereas a less
successful recovery rate was obtained for the three viruses with
envelopes. The lowest value, that is, the greatest loss of viral
activity in a bone specimen without processing, was observed
with HIV-1. After spiking of the bone specimen preprocessed
until step 3, the observed reduction factor was log 2.9.

Step 1—Supercritical CO,. For the HIV-1, Sindbis virus,
and polioviruses, there was a total absence of viral activity
found on any of the processed bone specimens. The mean
reduction factors for these three viruses were 4.05, >4.31, and
>6.58, respectively (Table 1).

For PRV, no activity was detected in the CSM4 specimen,
whereas a very low remaining viral load was measured in the
CSM3 specimen. The reduction factors, R, were >4.03 and
4.01, respectively.

The apparent paradox of obtaining the highest reduction
factors from the more resistant poliovirus can he exp[ained n
terms of the high initial level of recovery in the positive conlfOl
specimen, CSM1. As with the three other viruses, no activity
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Figure 1. Schematic representation of the viral validation. UC, ultracentrifugation; RC, virus recovery conditions: Each bone piece was
broken in small fragments, placed in culture medium for 1 hour at 4°C, and centrifuged. The supernate was harvested and ultracentrifuged,

and the pellet was resuspended in culture medium.

was found in the specimens after SCF processing. So, the higher
reduction factors with the poliovirus were due to the higher
initial activity level, not to differences in rates of inactivation
between viruses.

Step 2-—Hydrogen Peroxide. For HIV-1 and poliovirus, no
viral activity was found in any of the processed bone speci-
mens. As a result, their mean reduction factors were >3.61
and >7.05, respectively (Table 1).

For the Sindbis virus and PRV, no activity was detected in
the CSM4 specimen, whereas a very low residual viral load
was measured in the CSM3 specimens. The corresponding
reduction factors were 4.41 and >5.01 for PRV, and 4.26 and
>5.52 for the Sindbis virus. For the latter virus, the difference in
reduction factors between duplicate specimens is significant,
which may reflect a heterogeneity between the two bone
pieces.

Step 3—Sodium Hydroxide. For HIV-1 and PRV, no viral
activity was found in any of the specimens. For PRV, a high
mean reduction factor for sodium hydroxide processing was
obtained at >4.66, whereas a lower value, >2.19, was ob-
tained for HIV-1 (Table 1). Two reasons may explain this low
value. First, a very small proportion of the initial viral load was
recovered on the “‘before processing’ specimen CSM1, which
led to a high preprocessing reduction factor of 2.87. Second,
the suspension added to the cells may have been cytotoxic
because the first noncytotoxic dilution was 1/16 (data not
shown}.

The Sindbis virus and poliovirus were not completely inacti-
vated during the sodium hydroxide step, and their mean reduc-

tion factors, R, were calculated to be 4.08 and 4.25, respec-
tively.

Step 4—Ethanol. For HIV-1, poliovirus, and PRV, no viral
activity was found in any of the specimens, and the reduction
factors were calculated to be >4.38, >6.60, and >4.21, re-
spectively (Table 1).

For the Sindbis virus, a low remaining viral load was de-
tected on the duplicate specimens, giving a mean reduction
factor of 4.98.

Global Analysis

The four bone processing steps were evaluated indepen-
dently, with the bone specimens being exposed sequentially
to each step up to the step to be evaluated. Because the inacti-
vation conditions for each step were clearly independent, it is
assumed that the step-specific reduction factors, R, for each
virus, can be aggregated (o calculate a cumulative reduction
factor, Rc, which represents the level of inactivation of process.
However, the order in which the four processes were tested is
important. The supercritical step must be the first because of
the total range of in-depth delipidation thus achieved. The
efficiency of the three following liquid steps is directly affected
by the previous cleaning of the porous bone tissue.

As seen in Table 1, the global level of inactivation is high
for all four viruses, with Rc values ranging from >14.2 to
>24.4. The main reason for this broad range of results lies in
the differing abilities of cach virus to remain in the positive
control specimens before processing, rather than in theé pro-
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in this situation. Either the virus could be strongly bound to
the bone matrix, or the viral suspension could precipitate in-
side the bone fragments. In the current study, because the
recovery rate of the poliovirus before and after processing at
steps 2 and 4 was satisfactory (i.e., the loss was <log 1), the
first hypothesis, concerning the binding of the virus, can be
excluded. However, the precipitation hypothesis may still
apply.

Another hypothesis regarding factors that may have ntlu-
enced these results lies in the fact that the bone matrix could
have a protecting effect on viruses with eavelopes. Although
we are unable to comment further about this possibifity, such
considerations show the complexity of the various parameters
that influence the measurement of viral inactivation and elimi-
nation, and clearly demonstrate the need for strict protocols
that include a number of controls.

Conclusions

The process of supercritical CO, fluid extraction has been
demonstrated to be effective in eliminating or inactivating the
viral activity of all four of the viruses tested in this study, gener-
ating reduction factors higher than four orders of magnitude.
By combining the effect of four sequential processing steps,
the amount of viral elimination or inactivation for the whole
process generated cumulative reduction factors, Rc, ranging
from >14.2 to >24.4. This study clearly shows that the super-
critical fluid extraction process is an advantageous technique
for processing bone allografts for transplantation, either to re-
place or to augment current treatments. In addition to resolving
the question of viral safety, another major advantage of this
process lies in the fact that all medullary tissues, which can be
responsible for an adverse immune response, are completely
removed. It has previously been shown that their removal leads
to a more open bone porosity and contributes to better osseoin-
tegration of the bone graft.?®
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