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and in Vitro Tests
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In this study, supercritical fluid (SCF) technology is discussed in relation to biomaterial processing, especially
the fabrication and processing of alloplastic bone graft. SCF offers excellent extraction properties for some
compounds because of its favorable diffusivity, viscosity, zero surface tension, liquidlike density and solvating
power, and other physical properties. The most desirable SCF solvent for extraction is supercritical carbon
dioxide (SCCQ), which is nontoxic, nonflammable, inexpensive, friendly to mankind, and environmentally
benign and has mild supercritical conditions & 31.2°C, P, = 7.386 MPa). For the porous structure of
porcine vertebra with its content of lipids, proteins, and inorganic substances in the cells and intercellular
matrix, SCCQ combined with ethanol or glutaraldehyde (GA) is used to prepare novel porcine-derived bone
grafts in three supercritical settings and one subcritical condition for control comparison. The biocompatibility
of these novel bone grafts was tested with human MG63 osteoblast-like cells and mouse fibroblast 3T3 cells
by MTT assay. The results revealed that materials processed by S€oGMined with both ethanol and GA

were not cytotoxic and allowed the differentiation and proliferation of test cells. The good performances of
these novel bone grafts can be explained by the characteristics of SCF. Applications of SCF in biomaterials
are very promising for bone regeneration and tissue engineering. Additional advanced in vitro and in vivo

studies must be performed in the future for optimization.

1. Introduction materials that can simultaneously present the characteristics of
) biocompatibility, osteoconduction, and osteoinduction and are
Much research has been performed on bone regeneration. Theyppropriate for larger defects with better safety and lower costs

most traditional way to repair bone damage is by using js the primary goal. One of the examples is True Bone
autografts, because this simultaneously represents the propertiegeramicsls.16

of osteogenesis, osteoinduction, and osteoconduction and thus |, this study, we discuss the use of supercritical fluid (SCF)
is considered as the most ideal bone graft. However, this :
approach was demonstrated to carry a 17.9% complication rate
and its use is restricted by limited source and quadtity.

Therefore, the use of allografts and alloplasts has arisen.

Hydroxyapatite (HA}"7 and demineralized freeze-dried bone very interesting example of the application of SCF technology

) ; '
allograft (DFDBAY ™2 are the most widely used and studied ¢ o panish wood industry uses supercritical carbon dioxide

materials, aIt_hough they Qemor_lstrate the _properties of 0r_1|y (SCCQ) to impregnate antiseptic into deep wood to enhance
osteoconduction and osteoinduction, respectively. HA has a h'ghresistance from corrosion, termites, and mosquftos

degree of biocompatibility and can act as the scaffold for .
repaired blood vessels or new bone tissues in the healing process Recently, SCF technology has also expanded into the food

of bone damagé.” However, it lacks the property of osteo- and dryg manufactur_ing_industrié7§.19 However_, the number_
induction, and most HA is not absorbable. DFDBA exhibits of studies on the application of SCF technology in graft materials

quite good osteoinduction characteristics but lacks the scaffold- gcvgg Itlg“rtgri.osggﬁ detcg:ﬁei th?nC?ngils;?Srcgotﬁ:r;:{ :Lllgeed
ing effect for space maintenance. In addition, DFDBA is made ~ - 20 Hvd P id dium hvdroxide (NaOH P
from human cadavers, which limits its source and represents aSPIne:-Hydrogen peroxide (b02), sodium hydroxide (NaOH),
risk of one in 6 million for infection by human immunodefi- sod|um_d_|hydrogen phpsphate (N‘m@“)’ and ethanol haye also .

ciency virus (HIV) and other diseastsi Thus, to seek other been utilized for a series of processing to remove partial protein

desirable bone graft materials made from animals or artificial |ngre_d|ents of sheep bong and dgcrease the_antlgeFﬂ_dl"_r}ey
confirmed that such ovine-derived materials exhibit good
biocompatibility and osteoconduction by a series of in vivo
*To whom correspondence should be addressed. T886-2- tests?2-24 Afterward, they developed a commercial commodity,
2392-2300. Fax:+886-2-2392-2310. E-mail: d49213003@ym.edu.tw. called OXBONE?2324 However, in their studies, SCGQvas

National Yang-Ming University. used only to remove lipid content, whereas other advantages

technology in the fabrication and processing of porcine-derived
;alloplastic bone graft materials. SCFs exhibit many favorable
properties, such as gaslike viscosity, liquidlike density, high
diffusion coefficient, and gaslike zero surface tensi6i A

* Taipei Veterans General Hospital.

s National Taiwan University. and characteristics of SCF, such as the high penetrability and
IIndustrial Technology Research Institute. the high dissolving power, were not exploited. Moreover, the
O Taipei Medical University. procedures in Fages’ studies were quite complicated. Thus, in
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our laboratories, we have utilized SCe®ith another method ~ volume of the extraction vehicle was 2 &mL. A negative
in this study to prepare novel alloplastic bone grafts from porcine control was represented by the extraction vehicle with no
vertebrae. material, and a positive control by the same medium containing
The aim of this paper is to report the qualitative evaluation a 0.1% phenol solution. The pure extracts (100%) of four groups
of the biocompatibility of novel porcine-derived alloplastic bone of samples were tested with both MG63 cells and 3T3 cells,
grafts that were prepared by SCe®ith or without a specific and the no. 3 samples and their 50%, 25%, and 12.5% dilutions
modifier or a specific cross-linker. The modifier is used to were tested with MG63 cells. The pure extracts and the 50%,
modify the properties of the SCF, such as miscibility and 25%, and 12.5% dilutions (prepared using the complete culture
polarity, and the cross-linker is used to process the samples inmedium) were added to cells that had been seeded in 96
the SCF. For simplicity and qualitative consideration, biocom- multiwell plates 24 h earlier. After 3 days of incubation, the
patibility was evaluated by means of cytotoxicity and cytocom- viability and metabolic activity of the cells were tested by MTT
patibility tests?>26evel | cytotoxicity tests, i.e., MTT assays, assay$>2The medium was replaced with &@/well of MTT
were performed using mouse 3T3 fibroblasts and human MG63 solution (1 mg/mL in culture medium without phenol red). After
osteoblastic-like cells, to assess the influence of the material4 h of incubation at 37C, the solution was removed; 1./
extracts obtained from culture medium on mitochondria (indirect well of DMSO was added; and after 10 min of slow shaking,
tests). Cytocompatibility was determined by studying the the absorbance at 540 nm was measured with a microplate
proliferation of MG63 cells cultured directly onto novel spectrophotometer (SUNRISE, Austria).

alloplastic bone grafts (direct tests). For the direct contact method, samples were located in a six-
multiwell plate and then seeded at a cell density of 2.00*
2. Materials and Methods cells/cn? in the complete culture medium containing sodium

ascorbate (5@g/mL) andf-glycerolphosphate (10 mM). The
fourth group of samples and the polystyrene standard culture
plate (ps) were used as controls. Onto every sampleyRQff

a cell suspension was applied with great care, and the cells were

2.1. Materials and Sample Preparation.The cancelous
portion of porcine vertebrae, cut into fragments of 4® x 5
mm size, was used as the experimental sample in this study.

An SCF extraction system with a 10-mL cartridge body (SFX allowed to attach o2 h to theunderlying substrate, after which

210 model, lSCO. Inc., Lincoln, NE) was _used to process the 3.5 mL of culture medium was also added carefully. The amount
fragments of porcine vertebrae. The experimental samples were

e . . X of cells seeded on the polystyrene control (.9 cells) was
divided into four experimental groups of novel alloplastic bone polysty ( )

. X such as to obtain the same cell density used for the test samples.
grafts. The first group (no. 1) was processed statically by SCCO : : - -
at 45°C and 40 MPa for 10 min and then dynamically at a After 10 days of incubation, cell proliferation was evaluated

flow rate of 5 mL/min for 30 min. The second group (no. 2) by MTT assay. Three replicates were performed for each

was processed statically at 468 and 40 MPa for 10 min by ﬁé?@g?zirg’ 2? inf? if 2?:’32? Tc@emvalues of the assay were
SCCQ to which ethanol had been added as a specific modifier . p .
at a molar fraction of 10% and then processed dynamically at 2.4, Statistical An_alyssResuIts are expressed as mean value
a flow rate of 5 mL/min for 30 min. The third group (no. 3) + standard dewgﬂqn for egch group of samples. After.the
was processed statically at 48 and 40 MPa for 10 min by ass_essment of S|gn|f|_cant differences by one-way analysis of
SCCQ to which 10% molar fraction of ethanol and 0.5% molar variance (ANOVA_)’ differences among groups were ass:es_sed
fraction of glutaraldehyde (GA) had been added as a specific With at-test analysis by a two-population comparison. Statistical
modifier and a specific cross-linker, respectively, and then Significance was considered at a probabifity= 0.05.
processed dynamically at a flow rate of 5 mL/min for 30 min.
The fourth group (no. 4) was processed statically under 3. Result
subcritical carbon dioxide conditions at 3C and 7 MPa for
10 min and then dynamically at a flow rate 5 mL/min for 30 In the present work, cytotoxicity tests of novel alloplastic
min. The prepared samples were examined by scanning electrorbone graft samples were performed using both human MG63
microscopy (SEM). osteoblastic-like cells and mouse fibroblast 3T3 cell line. SEM
2.2. Cell Cultures. MG63 osteoblast-like cells [American ~ images of the four groups of samples reveal a porous structure
Type Culture Collection (ATCC), Manassas, VA], originally and no significant differences among the samples. Figure 1
isolated from a human osteosarcoma, and mouse fibroblast 3T3shows the structure of the no. 3 samples obtained by SEM. The
cell line (ATCC) were cultured in Dulbecco Modified Eagle’s  results of MTT assays are shown in Figures 2 and 3, and Figure
Medium (DMEM, Sigma), containing penicillin/streptomycin 4 shows the results for pure extracts and different dilutions. In
(100/100 U), amphotericin B (2/&g/mL), and gentamycin (100  addition, Figure 5 shows the results of cytocompatibility tests
ug/mL), supplemented with 10% fetal calf serum (Biological by the direct contact method. Statistical analysis revealed that
Industries), and kept at 3T in an atmosphere of 5% G@nd there were significant differencep (< 0.001) between the
99% humidity. Media were changed every 3 days. proliferation behaviors of osteoblastic cells on the various
2.3. Biocompatibility Studies. The toxicity levels deriving ~ materials.
from the four groups of novel samples were investigated through In Figure 2, the absorbance values obtained for material
indirect tests. In cytotoxicity tests, the viability and metabolic extracts of four groups of novel samples were found to be
activity of cells previously incubated with material extracts were significantly higher p < 0.05) than that of the positive control
checked by the 3-(4,5-dimethilthiazol-2-yl)-2,5-diphenyltetra- (phenol solution). The absorbance values of the no. 3 samples
zolium bromide (MTT) assay. MTT is taken up into the exhibited no significant difference (= 0.05) from those of
mitochondria by viable cell&>26 the negative control (medium without extracts), and both were
Extracts for indirect tests were obtained from materials under found to exhibit significantly highem(< 0.05) values than the
standardized conditions (ISO 10993-5). The materials were nos. 1, 2, and 4 samples. The absorbance values of the no. 2
immersed in a complete culture medium for 120 h at°g7 samples also were found to be significantly higher<( 0.05)
without agitation. The ratio between the sample surface and thethan those of the no. 4 samples, whereas there were no
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Figure 3. Cytotoxicity evaluation of four groups of novel samples using
mouse fibroblast 3T3 cell line by means of MTT assays. The absorbance
values are proportional to the number of viable cells. The negative control
[control(—)] is represented by the extraction vehicle with no material, and
the positive control [controff)] is represented by the same medium
containing a 0.1% phenol solution. Difference from contrQl( *, p <
0.05; **, p < 0.01; ***, p < 0.001. Difference from controK): #,p <
0.05; ##,p < 0.01; ###,p < 0.001.
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Figure 1. SEM of the no. 3 samples at (top) 50 and (bottom) 200 6 |
magnification. The structure is porous. A porous structure is favored by
osteoblasts according to the literatdite. 4 L
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Figure 4. Cytotoxicity evaluation of the no. 3 samples using human MG63

osteoblast-like cells at different extract dilutions by means of MTT assays.
The absorbance values are proportional to the number of viable cells. The
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negative control [controk)] is represented by the extraction vehicle with
no material, and the positive control [contre)] is represented by the same
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medium containing a 0.1% phenol solution. Difference from contrpl(
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i | significant differencesg > 0.05) from those of the negative
Nod4  Control(#) control, and the values of both were significantly higher<
0.05) than those of the nos. 1, 2, and 4 samples. The absorbance
) - ) ) values of the no. 1 samples showed no significant differences
Figure 2. Cytotoxicity evaluation of four groups of novel samples using > 0.05) f th f th 2 | d th | f
human MG63 osteoblast-like cells by means of MTT assays. The absorbance(p .05) from those of the no. 2 samples, an € values o

values are proportional to the number of viable cells. The negative control POth were significantly highemp(< 0.05) than those of the no.
[control(—)] is represented by the extraction vehicle with no material, and 4 samples.

Samples

the positive gonotrol h[COﬂ}fOKI)] is rep][fesentedfby the Sarlni megium In Figure 4, the absorbance values obtained for pure material
goggggng a Oéf g*er';o:g gggnb%egﬁggimﬁ”;;&’r‘g%ﬂ M B - extracts and different dilutions of the no. 3 samples are shown
0.05; ##,p < 0.01: ###p < 0.001. o to be significantly higherg{ < 0.05) than that of the positive

control and comparable to that of the negative control. No
significant differencespg > 0.05) between the values for the significant differences were observed among the dilutions of
nos. 1 and 2 samples and between those for the nos. 1 and 4xtracts and the high-concentration extract solution (100%). The
samples. extracts did not induce a cell viability reduction or an inhibition

In Figure 3, the absorbance values obtained for material of cell growth, indicating that they have no toxic effects.

extracts of four groups of test samples were found to be Inthe direct contact method, MG63 cells were seeded directly
significantly higher p < 0.05) than that of the positive control.  onto the test materials, and their viability and proliferation were
The absorbance values of the no. 3 samples exhibited noassessed after 10 days of incubation by the MTT test (Figure
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Figure 5. Evaluation of cell viability estimated by the MTT assay of MG63
osteoblast-like cells cultured on four groups of samples after 10 days of
incubation, compared with a control represented by polystyrene. The
absorbance values, normalized per unit of area of 2 anal reported as

the meant standard deviation, are proportional to the number of viable

Noul No.2

cells. The means of the no. 3 samples and the control are not significantly

different. Difference from control: *p < 0.05; **, p < 0.01.
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residual organic chemicals to reduce the cytotoxicity. The results
of indirect tests reveal that the processed novel bone grafts are
not yet sufficiently biocompatible with the tested cells. There-
fore, an additional modification is needed.

When both types of cells were seeded directly onto the no. 3
samples, cell proliferation occurred equally well as it did with
the negative control, revealing no significant differences. These
results indicate that the extracts obtained with the no. 3 samples
do not affect cell viability and proliferation, indicating that the
no. 3 samples have quite good affinity and biocompatibility with
both the MG63 osteoblastic-like cells and the mouse fibroblast
3T3 cells. The results for the pure extracts and the dilutions of
the no. 3 samples in indirect cytotoxicity tests also confirmed
their good biocompatibility. These results indicate that porcine-
derived bone grafts processed by SG@ad 10% ethanol and
0.5% GA have quite good biocompatibility with the tested cells.
This improvement might be due to the addition of GA. GA is
commonly and clinically used as a disinfectant and antiseptic
agent at under 2% concentrations for at least 10 min for
viruses?® In addition, GA is commonly used as a cross-linking
agent for proteins, especially collagefig®31Thus, the addition
of GA into SCCQ was expected to cross-link partial proteins

5). A polystyrene standard culture disk was used as a control ©f the porcine-derived bone graft to reduce its antigencity and
for comparison. Statistical analysis revealed that there were nol"Créase its biocompatibility. The static SCE@rocessing
significant differences between the proliferation of osteoblastic Procedure was expected to help carry GA into the deep content
cells on the no. 3 samples and the control, whereas the valuend then cross-link proteins, whereas the dynamic procedure
of both were significantly highem(< 0.05) than those of the =~ Was expected to remove all of the undesired residual GA and
nos. 1, 2, and 4 samples. The values of the no. 2 samlo|eschemical agents. Hence, the cytotoxicity of GA was not found
exhibited no significant differencep & 0.05) from those of in the tests, and the results revealed good biocompatibility. The
the no. 1 samples, whereas the values of both were significantlybetter performances of these GA-treated grafts with respect to

higher < 0.05) than those of the no. 4 samples.

To summarize, the results obtained from the cytotoxicity tests
of the no. 3 samples performed on both cell types and the
cytocompatibility test were in good agreement, whereas the
results for the other samples were not.

4. Discussion

The results of the cytotoxicity tests suggest that extracts
obtained from the no. 1 samples might affect cell viability and
proliferation, indicating that porcine-derived bone grafts pro-
cessed by only SCCPare not sufficiently biocompatible.
SCCQ can penetrate into the deep content of the samples an

those of the untreated grafts can be explained by the charac-
teristics of the chemical composition differences that affect
biological properties. Previous work in our laboratory revealed
that the composition of a novel bone graft prepared under the
same conditions as the no. 3 samples was 64065% mineral
phase, 28.5: 0.5% proteins, and 04 0.1% lipids32 in which

the constituent ratio of minerals and proteins is similar to that
of the original boné! SEM images of treated samples revealed
that the structure is porous. A porous structure is favored by
osteoblast$! Hence, an additional examination of the exact
porosity and composition of the prepared samples is needed in
the future. In addition, the exact differences in the physical and

gchemical properties of the prepared samples have to be

remove the soluble substances, i.e., lipid and water. The greatevaluated.

drying effect can affect the activity of proteins through removal
of the bound water in the protein structdfé® Thus, the
cytotoxicity of SCCQ-treated samples was lower than that of
subcritically prepared no. 4 samples.

The no. 4 samples were processed under subcritical conditions
statically for 10 min and then dynamically for 30 min. This
group is also a control group with respect to the other three
groups of supercritically treated samples. The results revealed

The results for the no. 2 samples showed better mean values? duite undesirably high cytotoxicity to the tested cells. This
than the no. 1 samples, but the standard deviation valuesOutcome is thought to be due to the poor miscibility of the

revealed no significant difference, indicating that the no. 2
samples might also affect cell viability and proliferation and
might not be sufficiently biocompatible with the tested cells.

subcritical CQ.17.18

In the Fages et al. study, cancelous bone of vertebrae from a
single sheep was treated with SCLfor the removal of the

This suggests that the porcine-derived bone grafts processedipid content. The operating conditions were as follows: ,CO

by SCCQ and 10% ethanol might not effectively reduce the
cytotoxicity of the bone graft. Ethanol is commonly used as a

flow rate, 2 kg/h; pressure, 25 MPa; extraction temperature, 50
°C; time, 10 min/g of bone. After being unloaded from the

disinfectant and antiseptic agent and might denature proteinsextraction vessel, samples were immersed in a 358.H
at high concentration. Lipids, esters, alcohols, aldehydes, andsolution at 40°C for 24 h and then treated in NaOH solution (1

ketones are quite soluble in SCgQvhereas proteins, glyco-

M) for 1 h at room temperature. They were buffered for 15

sides, sugars, fruit acids, starch, and mineral salts are rarelymin in NaHbPOy (12 g/L), before being rinsed fa3 h in an

soluble because of their polarity18However, adding modifiers
into SCCQ might change its miscibility. Ethanol is one of the
most commonly used modifiers. Thus, adding ethanol into
SCCQ was expected to increase the miscibility of lipids and

ethanol solution (95%) and then in absolute ethanol for 2 h.
The composition of the processed bone was 68.9.5%
mineral phase, 24.43 0.5% proteins, and 0.5 0.01%
lipids2-24 This novel bone graft revealed good compatibifty?*
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utilized, for example, the high permeability and the material ~ (2) salyer, K. E.; Hall, C. D. Porous hydroxyapatite as an onlay bone-
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. i e 84 (2), 236-244.
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of SCCQ and the other procedures were evaluated. The resultsCavities or Porous HA/DEDBA-Implanted Cavities by SEM. M.S. Thesis,
showed that SCC£xontributed to a 4.026.58 logarithmic unit :\'A‘isr:gubenﬁ,‘;g;{;'f?;ﬁvegfzggﬁ nce, School of Dentistry, National Yang
reduction of the viruses, a 4.25.6 logarithmic unit reduction (12) Hedner, E.; Linde, A. Efficacy of bone morphogenetic protein
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of sterilizing and disinfecting materials and instrumeg.37-40 (13) Buck, B. E.; Malinin, T. I; Brown, M. D. Bone transplantation
and human immunodeficiency virus. An estimate of risk of acquired
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To summarize, in the present study, SGOmbined with (17) Tan, S. C. Applications of Supercritical Flufti. De. (NSC)2002

a specific modifier, i.e., ethanol, and a specific cross-linker, i.e., 359 12-17.

GA, was used to prepare novel porcine-derived alloplastic bone  (18) 2003 International Conference and Exhibition on the Supercritical
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to provide a complete interpretation of these events. The (20) Fages, J.; Marty, A.; Delga, C.; Condoret, J. S.; Combes, D.;

efficiency of this process for sterilization and disinfection also Frayssinet, P. Use of supercritical gfor bone delipidationBiomaterials
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(21) Frayssinet, P.; Fages, J.; Asimus, E.; Autefage, A. Histological
evaluation of xenogeneic bone treated by supercritical i@(lanted into
5. Conclusion sheepJ. Mater. Sci. Mater. Med1995 6, 473—-478.
(22) Fages, J.; Frayssinet, P. Viral inactivation of bone allografts using

. . oo . . supercritical fluid extraction. Presented at the Fifth World Biomaterials
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a”0p|§5tic blone grafts, prepared by processing in SQC_;O (23) Fages, J., et al. Bone allografts and supercritical processing: effects
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