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• Tri(n-butyl)phosphate and super-
critical CO2 are combined to decel-
lularize bone.

• Treatments using Tri(n-butyl) phos-
phate led to a higher extraction of
DNA content.

• The combined protocol led to a de-
crease in DNA content by at least 90%.

• Bone samples maintained mechanical
integrity through all tested treatments.
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A B S T R A C T

Decellularization is a process that consists on the removal of immunogenic cellular material from a tissue, so that
it can be safely implanted as a functional and bioactive scaffold. Most decellularization protocols rely on the use
of harsh chemicals and very long washing processes, leading to severe changes in the ultrastructure and loss of
mechanical integrity. To tackle these challenges, supercritical carbon dioxide (scCO2) is herein proposed as an
alternative methodology for assisting decellularization of porcine trabecular bone tissue and is combined, for the
first time, with Tri(n-butyl) phosphate (TnBP). Histological and DNA analysis revealed that both TnBP and scCO2

were able to extract the DNA content from the scaffolds, being this effect more pronounced in treatments that
used TnBP as a co-solvent. The combined protocol led to a decrease in DNA content by at least 90%, demon-
strating the potential of this methodology and opening new possibilities for future optimizations.

1. Introduction

The rise of chronic disease worldwide has led to an increased interest
in the development of new therapies that focus on restoring normal tissue
function through transplantation of injured tissue with biomedically en-
gineered smart matrices [1]. As such, decellularization, a process that
consists in the removal of immunogenic cellular material from a tissue or
organ, leaving behind the extracellular matrix (ECM), has become an

appealing methodology. By using this method, it is possible to create
functional and bioactive scaffolds, with the complexity and advantages
provided by the native ECM, without the immunogenic drawbacks of
transplantation of unprocessed tissue or organs.

There are multiple challenges inherent to the process of decel-
lularization. First, there is an over-reliance on the use of harsh chemi-
cals to achieve acceptable standards of cell removal, which have a very
detrimental effect on the ECM and can lead to the disruption of its
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ultrastructure and mechanical properties. The use of detergents has also
been linked to losses of collagen, elastin, and glycosaminoglycans
(GAGs), leading to an altered ultrastructure and a loss of mechanical
integrity [2,3]. Furthermore, most protocols rely on immersion and
agitation, and/or require long washes to remove any potentially toxic
agent used during the decellularization process. This can lead to pro-
tocols that can take up to several days to be completed [4].

To tackle these challenges, supercritical carbon dioxide (scCO2) has
been proposed as a new alternative methodology for assisting decel-
lularization [5]. CO2 can achieve its critical point at relatively low
temperature and pressure (31.1 °C and 7.39 MPa), which allows for its
use with biological tissues, and it has a high transfer rate and perme-
ability, resulting in a faster decellularization process [5]. scCO2-assisted
decellularization can be used to replace or diminish the exposure of
harsh chemicals such as detergents, which in turn could lead to better
preservation of the ECM’s biochemical and mechanical properties. In
specific, the possibility of using scCO2 to induce cellular death and
removal without the use of aggressive surfactant solutions, or to help
specific decellularization agents to achieve greater penetration of tis-
sues, has been explored [5–7]. Additionally, scCO2 treatment can be
used to simultaneously remove both cellular content and any poten-
tially toxic co-solvent utilized during decellurization [6–8]. To this
date, scCO2 has already been used to aid decellularization of several
tissue grafts (Table 1), such as aorta [5,6,9], pericardium [10], myo-
cardium [11], pulmonary arteries [12], cornea [9,11,13], tendons
[7,14], adipose tissue [15], optic nerve [11], skin [7,16], cartilage [7],
and bone [8,17].

Furthermore, scCO2 has already been used for bone delipidation
[18,19], and sterilization [20,21], with minimal alterations to both
cancellous and trabecular bone biomechanical properties. These studies
show the potential of scCO2 processing to create decellularized bone
scaffolds.

The main objective of this work is to investigate innovative strate-
gies to obtain faster and more effective decellularization protocols
while avoiding the use of harsh agents such as detergents. The present
work proposes a new methodology for the decellularization of trabe-
cular bone using scCO2 technology combined with Tri(n-butyl) phos-
phate (TnBP). ScCO2-assisted decellularization is expected to lead to a
faster decellularization process, therefore reducing the period in which
the tissue is exposed to TnBP. To our knowledge, TnBP is herein pro-
posed for the first time as an alternative to harsh chemicals such as
detergents. TnBP is an organophosphorus compound currently used as
an extractant and plasticizer. It forms stable hydrophobic complexes
with some metals, disrupting protein-protein interactions, thus facil-
itating the removal of cells. For decellularization of denser tissues, such
as tendon, TnBP was demonstrated to be more effective than Triton X-
100 detergent, at removing cell nuclei [3]. Furthermore, the use of
TnBP did not significantly impacted the tissue’s structure and compo-
sition [23], while the use of detergents compromised its integrity
[3,24].

These properties make TnBP an appealing alternative to the use of
detergent or alcohol. To conjugate it with scCO2 constitutes a break-
through strategy to promote decellularization for the creation of a
functional biological scaffold from trabecular bone tissue. For this
purpose, trabecular bone was here used as one of the most challenging
models for testing for the first time our proposed decellularization
routes. Three different protocols were implemented: the use of TnBP
aqueous solution; simple scCO2 treatment, and scCO2 treatment using
TnBP as co-solvent. Due to the innovative nature of this study, several
concentrations of co-solvent and time variants to protocols were im-
plemented to investigate any possible harmful effects caused by pro-
longed exposure to scCO2 treatment.

To the authors’ knowledge, there have been no other studies re-
porting on the effects of TnBP on bone tissue. On the other hand, the
combination of this compound with scCO2 has also not been reported in
the literature for bone tissue or otherwise.

2. Materials and methods

2.1. Animal tissue processing

Femurs from freshly slaughtered (<24 h) female pigs were obtained
from a local slaughterhouse. The distal ends of the femurs were cut into
slices approximately 3–4 millimeters tall using a band saw machine.
The bones were transported to the laboratory properly conditioned and
refrigerated to prevent tissue degradation. Afterward, the slices were
cut into small cylindrical pieces (Ø 6 mm) using a biopsy punch (Kai
Medical, Japan). Any piece containing articular or subchondral ele-
ments were immediately discarded. Samples were then rinsed 3 times
with deionized water before being frozen at −20 °C until further use.

2.2. Cell lysis treatment

A freeze-thaw step was done to induce cell lysis in bone samples
before the decellularization treatment. Initially, samples were thawed
at room temperature (RT) for 30 min and rinsed 3 times with deionized
water. Afterward, the bone pieces underwent six cycles of rapid freeze-
thaw, each comprising of a freezing step in liquid nitrogen (–196 °C) for
2 min and a rapid melting step in a water bath at room temperature for
5 min. Lastly, samples were rinsed 3 times in deionized water.

To study the effects of the freeze-thaw treatment, 2 samples were
immediately put in a formaldehyde solution for further histological ana-
lysis via hematoxylin and eosin (H&E) staining, and another 2 samples
were immersed in a fixing solution (4% glutaraldehyde and 6% for-
maldehyde) for later examination via transmission electron microscopy
(TEM). The remaining samples were frozen at –20 °C until further use.

2.3. Decellularization

Three different approaches to decellularize trabecular bone tissue
were analyzed in this work: i) immersion in tri-n-butyl phosphate
(TnBP); ii) supercritical CO2 treatment; and iii) a combined scCO2-TnBP
treatment. In total, seven different protocols (Fig. 1) were implemented
and examined: 1% (v/v) TnBP solution treatment for 48 h (this con-
centration was described to be effective in decellularize tendon tissue in
Cartmell and Dunn’s work [3]), scCO2 treatment for 1 and 3 h, scCO2

treatment with 0.1% (w/v) TnBP for 1 and 3 h, and scCO2 treatment
with 1% (w/v) TnBP for 1 and 3 h.

2.3.1. TnBP treatment
The TnBP treatment was adapted from a protocol by Cartmell et al.

[3]. Bone samples were incubated with 1% (v/v) TnBP for 48 h under
continuous agitation (230 rpm). The solution was changed after 24 h.

Afterward, the samples were rinsed in deionized water 3 times and
washed for 30 min in deionized water under continuous agitation.
Representative samples (n = 2) were set immediately aside and im-
mersed in a formaldehyde solution for H&E staining. The remaining
samples were frozen at –20 °C until further use.

2.3.2. scCO2 treatment
Samples were sealed in sterilization pouches (Tyvek, USA) and

placed inside the pressure vessel of a Parr Instruments series 4540 high-
pressure reactor (Parr Instrument Company, Illinois, USA). Premium
CO2 Liquid Premier with 99.995% of purity (Gasin Air Products,
Portugal) was introduced into the pressure vessel via a high-pressure
pump at 50 g/min and the pressure was set to 24 MPa. The temperature
was adjusted to 40 °C and the rotation motor speed was set at 600 rpm.
Pressurization took approximately 30 min to complete. After 1 or 3 h,
the vessel was slowly depressurized using a manually operated valve.
Depressurization took approximately 25 min to complete.

After treatment, the samples were subjected to the same washing
and storage procedures as described in Section 2.3.1.
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2.3.3. scCO2-TnBP treatment
The scCO2-TnBP treatment followed the conditions described in

Section 2.3.2. with the addition of 0.1% or 1% (w/v) TnBP (Merck
Millipore) into the pressure vessel before scCO2 treatment.

2.4. Transmission electron microscopy

Transmission Electron Microscopy (TEM) was used to confirm if cell
lysis had been successfully induced after freeze-thaw treatment.
Samples were fixed via immersion in 2.5% (v/v) glutaraldehyde and 2%
(v/v) paraformaldehyde in 0.1 M sodium cacodylate buffer (pH 7.4)
solution for 5 days. Afterward, samples were washed and decalcified in
MoL-DECALCIFIER (EDTA-based decalcifying solution) for 48 h and
post-fixated in 2% (v/v) osmium tetroxide in 0.1 M sodium cacodylate
buffer (pH 7.4) solution for 2 h. Samples were then incubated with 1%
(v/v) uranyl acetate O/N, washed in buffer and dehydrated through a
graded series of ethanol, and finally embedded in Epon (EMS).
Ultrathin sections were cut at 50 nm and prepared on an RMC
Ultramicrotome (PowerTome, USA) using a diamond knife and re-
covered to 200 mesh Formvar Ni-grids, followed by 2% (w/v) uranyl
acetate and saturated lead citrate solution. Visualization was performed
at 80 kV in a JEM-1400 microscope (JEOL, Japan) and digital images
were acquired using a CCD digital camera Orious 1100 W (Japan) using
8000x and 12,000x magnifications.

2.5. Micro-computed tomography

Control and treated samples were scanned in a Skyscan 1174 (Brucker,
USA) with an image pixel size of 9.55 µm, exposure time of 8500 ms, and a
rotation step of 0.9°. The three-dimensional reconstructions were made
using CTan and CTvox, while the transversal plane views were made using
Dataviewer. Porosity measurements (n = 5) were derived from Micro
Computed Tomography (µ-CT) reconstructions.

2.6. Scanning electron microscopy

Samples were coated with Au/Pd with a sputter coater (Quorum
Technologies, UK) for 45 s prior examination on a Vega3-LM scanning
electron microscope (SEM) (TESCAN, Czech Republic). Visualization
was performed at 15 kV and digital images (cross-sections) were ac-
quired at 50x magnification.

2.7. Mechanical compression testing

Mechanical properties of treated and control samples (n = 6) were
assessed via uniaxial compression testing using a texturometer equip-
ment (TA.XT PLUS, Texture Analyzer, UK). Initially, the height of
samples was measured using a 200 mm digital caliper (Mitutoyo,
Japan) to allow for correction for the sample’s geometry. Compression

Fig. 1. Decellularization Methodology: Flow-chart detailing the decellularization process and protocol variants. Samples were subjected to one of three different
treatment types: TnBP for 48 h, scCO2 for 1 h or 3 h, scCO2-0.1% TnBP for 1 h or 3 h, and scCO2-1% TnBP for 1 h or 3 h. In total, seven different protocols were
examined.
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was done using a 5 mm cylinder stainless probe (Stable Micro Systems
Ltd, UK) and a 30 kg compression load cell. Testing was done using a
crosshead speed of 1 mm/s until fracture or 90% elongation was
reached. Results were obtained as a stress versus strain rate curve and
subsequently analyzed in Microsoft Excel (Microsoft, USA). Young’s
modulus was derived from the slope of the stress-strain curve’s linear
portion, while the yield point was obtained from the first of the stress-
strain curve’s non-linear portion.

2.8. Histology

For tissue fixation, bone samples were previously fixed in 10% (v/v)
buffered formalin for a minimum of 24 h and decalcified in EDTA for
48 h. Samples were then routinely processed in an automated system
and embedded in paraffin using a Microm STP-120 spin tissue processor
(Thermo Scientific, USA). Sequential sections for hematoxylin and eosin
staining were made at 4 µm in adhesive slides using a Shandon Finesse
325 (Thermo Scientific, USA).

2.9. DNA quantification

DNA content was analyzed from control and treated bone samples
(n = 5) to access decellularization efficiency. Samples were frozen in
liquid nitrogen (−196 °C) and ground into small particles using a
mortar and pestle. PureLink™ Genomic DNA Mini Kit (Thermo Fisher
Scientific, USA) was used to extract genomic DNA from known masses
of bone samples following the manufacturer’s protocol. DNA yield was
then measured using a microplate spectrophotometer (BioTek, USA) by
UV absorbance at 260 nm using the following equations:

= × ×A Dilution FactorConcentration( g/ml) 50 g/ml260 (2.9.1)

= ×Concentration Total Sample Volume mlDNA yield( g) ( g/ml) ( )
(2.9.2)

2.10. Statistical analysis

Statistical analysis was conducted using IBM® SPSS® Statistics
(International Business Machines Corporation, USA). Significant dif-
ferences were identified at p≤0.05 using independent samples t-tests.

3. Results

3.1. Assessment of cell lysis

In Fig. 2 are presented the macroscopic field pictures and TEM
micrographs close-ups of untreated samples (Fig. 2a,c) and samples
subjected to the cell lysis treatment (Fig. 2b,d). Macroscopic analysis of
the samples’ morphology revealed no significant differences in color,
shape, or texture between untreated samples (Fig. 2a) and samples that
had been subjected to the cell lysis treatment (Fig. 2b).

Transmission electron micrographs showed significant differences
between cells within untreated samples (Fig. 2c), and those present in
samples subjected to the rapid freeze-thaw treatment (Fig. 2d). The cells
observed in untreated samples exhibited a normal morphology with out-
lined cell components, while no such distinctions were found in the cells
from treated samples. In the latter, most of the cytoplasm was eliminated
from these cells and cells were shrunken and smaller than cells found in
untreated samples. This morphology has been associated with non-viable
bone cells after freeze-thaw treatment [25]. These results demonstrate that
the treatment proposed was successful in inducing cell lysis.

3.2. Integrity and structure of decellularized bone

Fig. 3 presents the macroscopic images of untreated trabecular bone
samples and samples subjected to one of the following decellularization

protocols: 1% TnBP for 48 h, scCO2 for 1 h and 3 h, scCO2-0.1% TnBP
treatment for 1 h and 3 h, and scCO2-1% TnBP treatment for 1 h and
3 h. The untreated bone samples had an intense red color and a uniform
texture (Fig. 3a). All samples exhibited some degree of discoloration
after being subjected to their respective treatments. However, this loss
of color was less pronounced for the sample subjected to scCO2 for 1 h
(Fig. 3c). As for the samples subjected to the hybrid scCO2-TnBP
treatment (Fig. 3e, f, g, h), the extent of discoloration was higher than
scCO2 treatment but lesser than the samples treated with 1% TnBP for
48 h, which exhibited a pure white color. Texture appeared to be si-
milar between all samples.

Micro-CT revealed similar microarchitecture between untreated and
treated samples ( Fig. 4 and 5). Changes to the microstructure were
observed in the samples subjected to scCO2 treatment for 3 h and
scCO2-0.1% TnBP for 3 h, as the trabeculae appeared to be more open
(Fig. 5d,f), as compared to their 1-hour counterparts (Fig. 5c,e). Por-
osity measurements derived from Micro-CT imaging are presented in
Table 2. Porosity measured in treated bone samples was higher than in
untreated samples.

SEM micrographs clearly show the porous complex network of the
bone extracellular matrix for untreated and treated samples (Fig. 6).
The micrographs of untreated samples showed that the marrow spaces
appear to be filled with marrow content, partially obscuring the pores
from view (Fig. 6a), unlike the treated samples where these pores are
more easily observable (Fig. 6b-h).

Table 3 shows the data obtained from mechanical compression testing
for Young’s modulus, strength, elongation at yield, and elongation at break.
A significant increase in Young’s modulus was observed in samples sub-
jected to all treatments, except for those subjected to scCO2-1% TnBP for
3 h. Ultimate strength was significantly superior in all treated samples
compared to untreated. The ductility of the samples suffered significant
alterations for samples subjected to 1% TnBP for 48 h, scCO2 for 3 h, scCO2-
0.1% TnBP for 3 h, and both scCO2-1% TnBP treatments.

3.3. Extent of cell removal

Hematoxylin and eosin (H&E) staining of representative sections of
untreated and treated samples are presented in Fig. 7. Two sections are
shown for each treatment type: a section focusing on the trabeculae
(Fig. 7a, c, e ,g, i, k, m, o) and another focusing on the marrow spaces
(Fig. 7b, d, f, h, j, l, n, p). As shown in Fig. 7, the extracellular matrix of
the untreated tissue stained pink, and cell nuclei stained a dark purple.
For all treatments, some degree of cell removal was observed
(Fig. 7c–p). Cell removal was more extensive in treatments that used
TnBP (Fig. 7g–p) as compared to treatments that only used scCO2

(Fig. 7c–f). No treatment was able to remove completely cellular ma-
terial that was embedded within the trabeculae.

DNA concentration values for untreated and treated samples are
presented in Fig. 8 and Table 4. The results revealed that there was a
general decrease of DNA content for all treated samples, which was
more pronounced for samples subjected to 1% TnBP for 48 h, scCO2-
0.1% TnBP 3 h, and both scCO2-1% TnBP treatments.

4. Discussion

The main objective of this work was to investigate and compare the
potential of three innovative protocols to decellularize trabecular bone
tissue without the use of harsh agents such as detergents. For this
purpose, an adaptation of Cartmell and Dunn’s protocol [3] was used
for the first time on a bone tissue type. This protocol has been pre-
viously used to successfully decellularize tendons from rat tails, using a
48 h immersion period in 1% (v/v) TnBP solution. Additionally, the
effects of the use of supercritical carbon dioxide as a decellularization
agent were also investigated, without the addition of any entrainer or
secondary agent. Finally, a combined decellularization strategy using
supercritical carbon dioxide and TnBP was herein proposed and
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studied. While scCO2 has been previously used to aid in the decel-
lularization of bovine bone, this protocol also involved the use of Triton
X-100, a non-ionic detergent that is known to disrupt the ultrastructure
of ECMs [8,26]. Additionally, different testing periods of both the
scCO2-TnBP and scCO2 methods were assessed to investigate any pos-
sible degradation effects on the extracellular matrix caused by pro-
longed exposure to scCO2 treatment.

4.1. The importance of cell lysis

The induction of cell lysis is usually the first step in a decellular-
ization protocol [27]. Freeze-thawing processing was chosen since it
has been proven to lyse cells from several tissues without severely
impacting ECM composition and ultrastructure [26]. The intracellular
ice crystals that form during rapid freezing disrupt cell membranes,
leading to their collapse. This method is also believed to cause minimal
impact on mechanical properties for load-bearing tissues, an essential
factor for creating a scaffold to serve as a bone graft substitute [26,28].
Specifically, for the decellularization of bone, freeze-thawing appears to
be a well-accepted initial step [29–31]. In the case of scCO2-assisted

decellularization, some studies have reported successful decellulariza-
tion using scCO2 with an additional co-solvent (such as ethanol) [5,9],
while others could not reproduce these results [6,7]. Casali et al. [6]
suggested that scCO2 may be unable to properly permeate the cell
membrane, leading to incomplete cell removal. While the mechanism
behind scCO2 decellurization is still unexplored, studies examining the
mechanism behind scCO2 sterilization seem to suggest that scCO2 can
penetrate and cause damage to the cell membrane [32,33], however the
extend of this damage appears to be insufficient to lead to a successful a
decellurization. As such, in this work, a rapid freeze-thawing metho-
dology adapted from Abedin et al.’s work was taken into account to
induce cell lysis before decellularization [30]. In the present study, no
significant changes in the color or structure of the samples were ob-
served after they were subjected to the cell lysis treatment, suggesting
some degree of tissue preservation.

4.2. Impact of decellularization on bone properties

The extracellular matrix of trabecular bone has a complex micro-
architecture with a high surface area, which is important for efficient

Fig. 2. Cell Lysis Treatment: Up: Macroscopic field photographs of (A) untreated samples and (B) samples subjected to cell lysis treatment. Scale bar indicates 6 mm.
Bottom: TEM micrographs of osteocytes of (C) untreated sample (12,000x) and (D) sample subjected to cell lysis treatment (8,000x). Scale bars indicate 1 µm in
(C) and 2 µm in (D).
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nutrient and growth factor diffusion [34]. Not only does bone archi-
tecture plays a role in the osteogenic differentiation, but it also impacts
the final mechanical properties of bone, which is why any scaffold used
as a bone substitute should mimic these properties [34–36]. The pore
size can have a significant effect on osteoblast survival and bone for-
mation. Excessively small pore sizes can lead to decreased oxygen and
nutrient diffusion, affecting osteoconductivity, therefore larger pore
sizes (200–600 µm) are considered optimal for bone repair and re-
generation [37]. Porosity in trabecular bone is also highly variable and

can fluctuate between 50% and 90% depending on several factors, such
as anatomic site, age, disease, or other interspecimen variations [38].
Otherwise, a porosity above 90% decreases the mechanical strength of
the scaffold, so a careful balance between the need for adequate dif-
fusion of nutrients and oxygen and the mechanical properties of the
scaffold needs to be met for bone graft substitutes [34].

In this work, the complex architecture observed in untreated sam-
ples has been preserved for all treatments, although the surface to-
pology of the samples subjected to 1% TnBP for 48 h appeared distinct

Fig. 3. Trabecular Bone Samples: Macroscopic Field Images of (A) Untreated sample; (B) 1% TnBP treatment for 48 h; scCO2 treatment for 1 h (C) and (D) 3 h; scCO2-
0.1% TnBP treatment for 1 h (E) and (F) 3 h; scCO2-1% TnBP treatment for 1 h (G) and (H) 3 h. Scale bar indicates 3 mm.

Fig. 4. 3-dimensional projections: Micro-CT generated 3-dimensional projections of (A) Untreated; (B) 1% TnBP for 48 h treatment; (C) scCO2 treatment for 1 h and
(D) 3 h; (E) scCO2-0.1% TnBP treatment for 1 h and (F) 3 h, (G) scCO2-1% TnBP treatment for 1 h and (H) 3 h. Scale bar indicates 1 mm.
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from samples subjected to other treatments. As expected, the porosity of
the samples increased with the degree of decellularization, due to the
removal of cellular content from the extracellular matrix. Even so, the
levels of porosity obtained for all treatments were within the range of
porosity reported for trabecular bone tissue [34]. For the treatments
scCO2-1% TnBP (3 h) and 1% TnBP (48 h), the degree of porosity ob-
served was similar to that described for the demineralized bone matrix
(~62.24%) [39]. As expected, the porosity of the samples increased
after decellularization.

This increase is due to the removal of cellular content from the
porosity, and does not necessarily reflect a change to the microstructure
of the pores. Indeed, in the SEM images for untreated samples (Fig. 6a)
we can observe that the surface of the ECM appears to be covered
material, which is compromising the porous architecture of trabecular
bone. This is also observable for the sample treated with scCO2 for 1 h
(Fig. 6c), although to a much lesser degree than in the untreated
samples, as pores are already observable in the structure. The complex
microstructure of pores is easily observable in all other treatment
groups (Fig. 6b, d–h). These results are similar to those of Ling et al.
[17], although in the present work we could still observe some degree
of residual cell content, since some of micropores still have a more
rugged surface, instead of being completely smooth.

As discussed above, trabecular bone is one of the most hetero-
geneous biological tissues. Its biomechanical properties, like ultimate
strength or elasticity modulus, can differ widely even within the same
species, such as both within and across anatomical sites, after the ad-
vent of disease, or with age [40]. Even intra-specimen variations in
tissue properties can have biomechanical consequences: variations in
trabecular thickness, for example, can significantly alter the apparent
modulus of bone [40]. For this reason, it can be difficult to establish a
standard value of comparison when it comes to mechanical parameters
such as Young’s Modulus or Yield Stress. Studies have pointed out to
values of around 50–389 MPa for Young’s Modulus of human trabecular
bone [41,42]. Porcine bone also appears to have modulus values similar
to human bones, which is why it is a common alternative for bone
grafting [42]. Yield stress and strength values in trabecular bone are
also heterogeneous (varying with anatomic location, age, disease,
among others), anisotropic (depend on loading direction), and asym-
metric (compression versus shear) [40]. The values for Young’s
modulus found in this work were lower than those presented in the
literature [41,42], which could be related to the non-standard sample
geometry (cylindrical 6 × 3 mm pieces) used for mechanical compres-
sion testing. The geometry of trabecular bone specimens has been
previously found to significantly impact their mechanical behavior
[43,44]. However, since the same methodology was used to test un-
treated and treated samples, this study focused on the comparison
between the values obtained through this work. The samples treated
with 1% TnBP for 48 h had superior ultimate strength, Young’s mod-
ulus, and elongation at yield as compared to untreated samples. TnBP
has been known to damage collagen content according to some studies
[26,45], yet the stiffness and ductility of the samples analyzed in this
work were not negatively impacted. A significant difference in the
elongation at yield was observed, marking an increase in the ex-
tensibility for these samples. In line with the works of Deeken et al. [24]
and Xing et al. [46] developed on TnBP decellularized tendons. Deeken
et al. [24] suggested that a possible reason for this increase was that the
removal of cellular content from tissues allowed some degree of col-
lagen crosslinking might have occurred during treatment. While the

Fig. 5. Transversal Plane Views: Micro-CT generated transversal plane views of (A) Untreated; (B) 1% TnBP for 48 h treatment; (C) scCO2 treatment for 1 h and
(D) 3 h; (E) scCO2-0.1% TnBP treatment for 1 h and (F) 3 h, (G) scCO2-1% TnBP treatment for 1 h and (H) 3 h. Scale bar indicates 1 mm.

Table 2
Porosity values for untreated and treated samples. Porosity is
presented as mean ± standard deviation.

Treatment Porosity (%)

Untreated 42.2 ± 1.62
1% TnBP 48 h 59.2 ± 4.69
scCO2 1 h 54.0 ± 9.34
scCO2 3 h 54.8 ± 5.59
scCO2-0.1% TnBP 1 h 52.2 ± 7.15
scCO2-0.1% TnBP 3 h 56.0 ± 2.19
scCO2-1% TnBP 1 h 56.4 ± 6.45
scCO2-1% TnBP 3 h 59.2 ± 4.69
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strength of bone depends mostly on its mineral phase, collagen cross-
linking can affect the post-yield mechanical properties of bone, mainly
its toughness and stiffness [47]. Crosslinking can significantly increase
the ultimate strength of tissues composed of collagen fibers [48]. In this
work, samples subjected to TnBP treatment also had higher ultimate
strength than untreated samples. Cartmell and Dunn [3] also observed
an increase in strength and modulus in tendons decellularized with 2%
(v/v) TnBP, with no changes found for elongation at break.

The samples that underwent scCO2 treatment had a significant in-
crease in the Young’s modulus compared to the untreated samples
(66.24 MPa for 1 h and 65.94 MPa for 3 h). This increase in modulus
was the highest observed among all treatments. The most likely ex-
planation for this increase is that scCO2 processing is known to cause
water loss, which severely impacts values for both Young’s modulus and
ultimate strength [5,6]. The results obtained for the Young modulus
appear in contradiction with previous studies that found no differences
in mechanical parameters after scCO2-based sterilization treatments
[19,21]. However, these studies involved more complex protocols with
several additional process steps (such as immersion in solutions of hy-
drogen peroxide, sodium hydroxide or ethanol), and in some cases
exposure to gamma radiation, making a direct comparison of results

difficult [18,19,21]. An increase in modulus after scCO2 treatment, with
or without co-solvent, has been reported in studies done in different
tissues [5,6,10]. In this work, all samples were hydrated after decel-
lularization treatment for 30 min, but a more extensive period of re-
hydration might be necessary to mitigate the effects of dehydration.
Alternatively, future studies could incorporate the method developed
by Casali et al. to maintain scaffold hydration levels while using scCO2-
based decellularization treatment [6]. An increase in the extensibility
was detected for samples subjected to the 3 h protocol variant, as they
sustained more strain before yield. It is possible that the alterations to
the microstructure observed in micro-CT imagining were the cause of
this change. No significant differences in the ductility were observed
between untreated and scCO2-treated samples, as elongation at break
remained consistent.

The samples subjected to the scCO2 using TnBP as co-solvent were
generally found to have an increased modulus and ultimate strength
than untreated samples. The increase in modulus was less after both
scCO2 treatments. It is possible that the addition of TnBP may have
reduced the degree of water loss of the samples. However, the differ-
ences in modulus for these treatments were not considered significant.
Additionally, samples treated with scCO2-0.1% TnBP for 3 h and

Fig. 6. SEM Micrographs of Bone Samples: Cross-sections of samples for each treatment type (50x) of (A) Untreated; (B) 1% TnBP treatment; (C) scCO2 treatment for
1 h and (D) 3 h; (E) scCO2-0.1% TnBP treatment for 1 h and (F) 3 h; (G) scCO2-1% TnBP treatment for 1 h and (H) 3 h. The scale bar indicates 500 µm.

Table 3
Young’s Modulus, Ultimate Strength, and elongation at yield and break values were obtained for each treatment group. Young’s Modulus and Ultimate Strength are
presented as mean ± standard deviation.

Treatment Young’s Modulus (MPa) Ultimate Strength (MPa) Ԑ at Yield (%) Ԑ at Break (%)

Untreated 47.61 ± 4.25 4.00 ± 0.61 20 ± 2.4 68 ± 6.9
TnBP 48 h 57.31 ± 3.66* 7.01 ± 0.81* 27 ± 7.3* 68 ± 9.8
scCO2 1 h 66.24 ± 8.10* 7.81 ± 1.15* 25 ± 5.3 62 ± 6.3
scCO2 3 h 65.94 ± 6.39* 7.35 ± 1.40* 26 ± 4.8* 70 ± 3.3
scCO2-0.1% TnBP 1 h 62.70 ± 6.70* 7.01 ± 0.71* 22 ± 4.3 69 ± 5.4
scCO2-0.1% TnBP 3 h 62.83 ± 4.41* 8.50 ± 1.85* 29 ± 6.4* 79 ± 8.2*
scCO2-1% TnBP 1 h 61.21 ± 3.29* 8.88 ± 1.29* 26 ± 3.0* 80 ± 4.0*
scCO2-1% TnBP 3 h 50.24 ± 4.20 7.53 ± 0.87* 24 ± 3.3 84 ± 1.7*

Significant differences between untreated and treated samples are indicated with a *p≤0.05 as compared by independent samples t-tests.
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scCO2-1% TnBP for 1 h had superior ultimate strength than that ob-
served for all other treatments. Values for elongation at yield and
elongation at break were significantly higher in samples subjected to
scCO2-0.1% TnBP for 3 h and scCO2-1% TnBP for 1 h compared to
untreated samples. This increase in extensibility may be due to altera-
tions to the microstructure of these samples, as observed in micro-CT
images. As for the increased values for elongation at break, these appear
to be correlated to the prolonged exposure of these samples to a high
concentration (1%) of TnBP during scCO2 treatment. Additionally, the
samples subjected to scCO2-1% TnBP for 3 h appeared to have lower
stiffness and extensibility than samples subjected to other treatments,
but similar to untreated samples.

4.3. Decellularization efficacy

The decellularization efficacy was proved by the reduction of DNA
content at least 90% compared to native trabecular bone. The highest
degree of DNA removal was found after samples were subjected to a 48-
hours immersion in 1% TnBP (approximately 97%), resulting in a
concentration of 0.216 µg of DNA per mg of dry ECM. The scCO2 pro-
tocol resulted in a 66% (2.36 µg/mg) and 72% (1.98 µg/mg) reduction
of DNA content for 1 h and 3 h of treatment, respectively. Histological
analysis also confirmed that a significant amount of cellular content
remained in the tissue after treatment (Fig. 7c-f). The high amount of
residual cellular content may help explaining why these samples had a

Fig. 7. Histological Analysis of Bone Samples: H&E staining of untreated and treated samples (10x) of (A,B) Untreated; (C,D) 1% TnBP treatment; (E,F) scCO2

treatment for 1 h and (I,J) 3 h; (G,H) scCO2-TnBP treatment for 1 h and (K,L) 3 h. Highlights: (AT) Adipose tissue; (HM) Hemopoietic marrow; (N) Cell nuclei. The
scale bar indicates 50 µm.
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red hue, and suffered less discoloration than samples treated with
scCO2-TnBP or 1% TnBP. The solvent power of CO2 decreases with
increased compound polarity and molecular weight [49,50], as such
“dry” scCO2 treatment has limited capability to remove biomolecules
such as proteins or DNA. This outcome was similar to the results of
Casali et al. [6], where the use of scCO2 alone led to a decrease in DNA
around 50%, which was insufficient for the purposes of decellulariza-
tion. While in this work, pure scCO2 led to a higher decrease of DNA
content, the great porosity of trabecular bone and the pretreatment
applied should account for the discrepancy. It has been hypothesized
that scCO2 leads to cell removal through to two possible mechanisms: i.
The removal of cell components occurs during the supercritical stage,
through extraction [5,6]. ii. the high pressure and supercritical en-
vironment cause cells to burst, while during depressurization, the rapid
removal of CO2 from the pressure chamber drags cellular material along
with it [9]; Studies have shown that the effectiveness of cell removal is
associated with the solvating power of CO2, and increases with higher
operating pressure or through modification with co-solvents [5,6,9],
leading mainly to a mechanism behind of supercritical extraction, while
pressure-induced cell death and dislodgement believed to play a smaller
role. As CO2 is a nonpolar molecule, it does not extensively interact
with cellular materials that are charged [6,26], leading to a limited cell
removal from the extracellular matrix. Therefore, the need for a co-
solvent is highly justified.

The combined protocol of scCO2-TnBP, the scCO2-0.1% TnBP pro-
tocol resulted in a 71% reduction in DNA content after only 1 h of
treatment time, and a 93% reduction after 3 h, resulting in a DNA
concentration of 2.04 µg/mg and 0.482 µg/mg, respectively. The addi-
tion of TnBP marked a significant improvement in cell content removal,
as compared to the scCO2 protocol. Additionally, prolonging the length
of exposure to this treatment to 3 h resulted in a significantly higher

percentage of DNA removal, which is closer to the proposed minimum
threshold of DNA content put forward by Crapo et al., which de-
termined to be less than 0.05 µg of DNA per mg of ECM dry weight [26].
Nevertheless, this value is debatable, since more studies are needed to
understand the immunogenic impact of biological residues according to
the different decellularized tissue types. Histological analyses show that
the extensive removal of marrow content occurred, particularly after
the 3 h treatment.

After increasing TnBP concentration to 1%, the combined scCO2-1%
TnBP protocol resulted in a 94% decrease even after just one hour,
resulting in a final concentration of 0.418 µg of DNA per mg of dry
ECM, similar as those obtained for scCO2-0.1% TnBP after 3 h treat-
ment. Furthermore, while the extent of cell removal was similar be-
tween both treatments regarding marrow spaces, the scCO2-1% TnBP
for 1-hour treatment led to higher removal of cell nuclei from the la-
cunae in the trabeculae. However, while previously increasing treat-
ment length had led to an increase in DNA removal of approximately
20%, the samples treated with scCO2-1% TnBP for 3 h had 95% less
DNA content than untreated samples (0.361 µg/mg), only slightly
better than the 1-hour variant. Histological analysis revealed that
marrow spaces were almost empty of nuclear content, however, this
increase in the protocol length did not lead to higher removal of cell
nuclei from the lacunae. These results suggest that more parameters,
other than the amount of TnBP added to the pressure chamber, need to
be re-adjusted in the combined scCO2-TnBP protocol. Furthermore,
increasing the length of exposure of trabecular bone samples to scCO2-
TnBP was not effective in achieving complete decellularization, and
only led to marginal improvements for the scCO2-1% TnBP protocol.
These improvements could be achieved by using different parameters
such as the pressure used during scCO2 treatment, or addition of further
steps to the protocol, such as additional washing.

Fig. 8. DNA Concentration: Mean DNA Concentration (µg/mg) present in samples after each decellularization treatment. Error bars display standard deviation error
for all mean values.

Table 4
DNA concentration and corresponding percentage of DNA removal compared to untreated samples for each treatment group.
DNA concentration is presented as the mean ± standard deviation.

Treatment DNA Concentration (µg/mg) Percentage of DNA Removal

Untreated 7.15 ± 1.57 –
1% TnBP 48 h 0.216 ± 0.060 97%
scCO2 1 h 2.36 ± 0.565 66%
scCO2 3 h 1.98 ± 0.743 72%
scCO2-0.1% TnBP 1 h 2.04 ± 0.430 71%
scCO2-0.1% TnBP 3 h 0.482 ± 0.236 93%
scCO2-1% TnBP 1 h 0.418 ± 0.0689 94%
scCO2-1% TnBP 3 h 0.361 ± 0.108 95%
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The decellularization methodology here presented improved the
overall time for decellularization as compared to other works in the
literature. In particular, the use of scCO2 allowed to reach a total period
of 2–4 h. The majority of decellularization protocols to produce bone
extracellular matrices takes 3 days up to 3 weeks [30,51–56]. Common
methodologies for the decellularization of bone grafts involve immer-
sion exposure to biological [51,52,56] or chemical agents [30,53,54],
often followed by immersion in ethanol [51,53,55,57], for purposes of
delipidation and dehydration. However, these immersions can extend
for several hours or even days, due to its inefficiency in delivering
decellularizing agents through tissues [26]. In a study by You and co-
workers [8] a brief (30 min) scCO2 treatment was introduced in their
developed decellularization protocol of bone, to assist in the cleaning
after the use of a detergent (Triton X-100). This strategy allowed to
reduce the time of detergent removal as compared to previous works
which needed the inclusion of long washing periods, which could be
prolong into several days [53,55]. However, the use of a detergent is
known to damage the bone structure and its biological content. The
herein proposed scCO2-based protocols are able to achieve fast decel-
lularization of trabecular bone, with a total period of 2–4 h. Another
major outcome of the present strategy is that it does not make use of
detergents to achieve the required decellularization efficacy. In terms of
ECM preservation, detergents as Triton X-100 may lead to the loss of
elastin, GAGs, and disruption of collagen fibers, leading to an altered
ultrastructure [2,3,58]. Sodium dodecyl sulfate, another commonly
used detergent, can cause drastic alterations to the ECM due to the
extensive damage to collagen and content and the removal of GAGs and
growth factors [59–61]. These drawbacks can potentially lead to a
mechanically compromised bone scaffold.

5. Conclusions

The present work investigated the potential of alternative meth-
odologies using TnBP, supercritical carbon dioxide, or a combination of
both as decellularization strategies for trabecular bone tissue. The use
of TnBP in solution, instead of harsh chemicals such as detergents, has
shown to be a promising methodology to better preserve the extra-
cellular matrix, while ensuring the elimination of cellular content from
the trabecular bone to a high extent. The mechanical properties of
TnBP-treated samples increased, suggesting that TnBP could be pro-
moting a degree of crosslinking to the collagen fibers. Since no previous
works examining the effects of TnBP on bone tissue have yet been re-
ported, further studies need to be developed to better understand the
effect of TnBP on collagen and, consequently on the mechanical prop-
erties of bone.

The proposed treatment that used pure scCO2 has proven to cause
some removal of DNA content. However, the combined protocol of
scCO2-TnBP managed to decrease DNA content by at least 90%, indu-
cing minimal changes to the microstructure of trabecular bone tissue,
demonstrating its efficacy in the preservation of the extracellular ma-
trix. Moreover, the presence of TnBP as co-solvent has led to a faster
decellularization while using substantially lower concentrations of this
reagent when compared to currently published literature. Not only is
this approach more economically valuable, as it reduces the exposure
time of tissues to potentially harmful treatments, opening room for new
possibilities and future optimizations.
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