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KEYWORDS Abstract In a previous report, we proposed a method for decellularizing ostrich carotid arteries by
Decellularization; removing lipids from the arteries using liquefied dimethyl ether (DME) instead of the conventional
Scaffold; sodium dodecyl sulfate (SDS). This is followed by DNA fragmentation with DNase. In the present
Subcritical extraction; study, the physical properties of ostrich carotid arteries decellularized using the DME method were
Liquefied gas; evaluated via tensile tests. Results showed that the tissue with SDS broke under less than half the
Mechanical properties stress of the original ostrich carotid artery. In contrast, the tissue treated with liquefied DME with-
stood the same level of the original tissue. Both decellularized tissues by liquefied DME showed flex-
ibility comparable to that of the original tissue. We attributed this to the no C=N bonds
temporarily generated by dehydration through the Schiff-base reaction when lipids were removed

by liquefied DME.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

At the University of Maryland Medical Center in the USA, a geneti-
cally engineered, rejection-suppressed pig heart was transplanted into
a human on 7 January 2022 due to a lack of donors (Shah et al.,
Peer review under responsibility of King Saud University. 2022). However, there are problems with interspecies organ transplan-
tation, such as organ rejection and the transmission of emerging new
viruses through interspecies transplantation (Wadiwala et al., 2022).
e BN The patient with the transplanted pig heart died on 9 March 2022
ELSEVIER Production and hosting by Elsevier (Wang et al., 2022), and xenotransplantation is still a developing tech-
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nology. In addition, the transplantation of pig hearts into humans
leaves a serious problem: the life span of pigs is shorter than that of
humans. To solve these problems, researchers in regenerative medicine
are attempting to create tissues and organs from the patient’s pluripo-
tent cells, but three-dimensional (3D) culturing is difficult and requires
3D scaffold materials. Before the scaffold is transplanted into a
human, the patient’s own cells are cultured in the 3D scaffold. The
patient’s cells secrete substances that make up the extracellular matrix,
and the scaffold itself is replaced with substances derived from the
patient’s cells. Without scaffold materials, the pluripotent cells grow
in a flat shape on a petri dish. Clinical trials using flat tissues such as
the retina (Mandai et al., 2017) and myocardium (Miyagawa et al.,
2022) have progressed, but little progress has been made in 3D tissues.
This suggests that the creation of scaffold materials is not a sufficient
technique, as the extracellular matrix is created by the removal of
genetic information from animal tissues, i.e., decellularization. Pig tis-
sue is frequently used (White et al., 2005; Korossis et al., 2005; Gilbert
et al., 2006; Prasertsung et al., 2008; Rosario et al., 2008; Funamoto
et al., 2010; Flynn, 2010; Kajbafzadeh et al., 2014; Wolinsky and
Glagov, 1964; Hashimoto et al., 2010; Moffat et al., 2022; Xing
et al., 2015; Kanda et al., 2021a) because it can grow to the size of a
human tissue in a few months and the structure and function of the
pig heart are similar to those of the human heart (Wadiwala et al.,
2022). For these reasons, interspecies heart transplants have been per-
formed, as mentioned at the beginning of this section. However, pigs
are viewed unfavorably in some religions and cultures, and many peo-
ple have a strong psychological aversion to pig-derived tissue being
incorporated as part of their bodies. Few studies have been performed
on the decellularization of non-pig tissues. Examples include the decel-
lularization of ostrich tendons (Hosseini et al., 2015), ostrich carotid
arteries (Kanda et al, 2021b), and the bovine pericardium
(Mendoza-Novelo et al., 2011).

In summary, the problems can be summarized as follows: the lack
of donors, which necessitates interspecies organ transplants; the imma-
turity of the technology for creating extracellular matrices for 3D cul-
tures; and the use of pig tissue.

The simplest and most common method of decellularization is the
removal of genetic information using sodium dodecyl sulfate (SDS)
and DNase (White et al., 2005; Korossis et al., 2005; Gilbert et al.,
2006; Prasertsung et al., 2008; Rosario et al., 2008; Funamoto et al.,
2010; Flynn, 2010; Kajbafzadeh et al., 2014; Wolinsky and Glagov,
1964; Hashimoto et al., 2010; Moffat et al., 2022; Xing et al., 2015).
SDS is a strong surfactant and can thoroughly remove lipids from tis-
sue. However, it must be sufficiently removed from decellularized tis-
sues, as it causes inflammation, which is why people experience skin
irritation caused by dishwashing. In addition, fibronectin, gly-
cosaminoglycans, proteoglycans, extracellular matrix regulators, and
secreted factors are easily lost during decellularization with SDS
(Moffat et al., 2022).

Although bases and acids are highly reactive and easy to use, their
high reactivity causes damage to biological tissue. Procedures for
decellularization using bases and acids include alkaline swelling and
peracetic acid treatment (Gilpin and Yang, 2017). Thin tissues such
as bladder tissue (Gilbert et al., 2008) and the small intestinal submu-
cosa (Syed et al., 2014) were decellularized with peracetic acid and
found to be biocompatible, but the decellularization was incomplete
(Syed et al., 2014). Furthermore, the mechanical properties of these
decellularized tissues were altered, with increases in the yield stress
and elastic modulus (Gilbert et al., 2008). Thus, the desired elasticity
was not achieved, owing to the hardening of the extracellular matrix.
Protocols using alkaline solutions and mixtures with surfactants have
been applied to the bovine pericardium (Mendoza-Novelo et al.,
2011) and porcine carotid arteries (Chuang et al., 2009). However,
decellularized tissue swelling due to collagen being negatively charged
in the tissue has been reported, and even after this swelling was
reversed with ammonium sulphate, the glycosaminoglycan content
and viscoelasticity of the tissue were reduced (Mendoza-Novelo
et al., 2011).

For decellularized tissue to play a major role in regenerative med-
icine, its basic strength properties must be understood. In a previous
study, we investigated the use of liquefied dimethyl ether (DME)
instead of an aqueous SDS solution as a medium to decellularize a por-
cine aorta (Kanda et al., 2021a) and an ostrich carotid artery (Kanda
et al., 2021b). In the DME treatment, highly volatile DME is used to
disrupt the cell membrane and remove cellular lipids. The treatment
involves three steps, as described in Section 2. Briefly, lipids are first
extracted from the samples using liquefied DME under pressure for
1 h. The lipid-removed samples are then fragmented with DNA using
a DNase solution for 3-5 d. Finally, the samples are washed with water
and ethanol to remove DNA fragments. This procedure is identical to
the conventional SDS method except that liquefied DME is used
instead of SDS.

An important advantage of DME is its safety. Although DME is
the simplest ether, it has different properties from the well-known
ethers, such as ethyl ether. DME is not toxic to microorganisms
(Kanda et al., 2021a); thus, the European Food Safety Authority
(EFSA) has recognized it as a food-processing medium (Panel on
Food Contact Materials, Enzymes, Flavourings and Processing Aids,
2015). Additionally, because of its low boiling point of —24.8 °C (Wu
et al., 2011), it is liquefied when used as a solvent and does not remain
in the tissue from which lipids are removed (Kanda et al., 2021a;
2021b). DME also can extract the all lipids from microalgae and bio-
solids; thus, it is often used as a solvent for total lipid determination (Li
et al., 2014; Kanda et al., 2015; Oshita et al., 2015).

However, DME can form weak hydrogen bonds (Tatamitani et al.,
2002) and is partially mixed with water in a liquefied state (Holldorff
and Knapp 1988; Tallon and Fenton 2010). Therefore, in addition to
lipids, water is extracted from animal tissues, resulting in dry tissues
(Kanda et al., 2021a; 2021b). In the porcine aorta, the removal of lipids
and water with liquefied DME causes a Schiff-base reaction of dehy-
dration in the collagen, during which C=N bonds are formed between
neighboring collagen fibers. These bonds are subsequently eliminated
by treatment with a DNase solution, and the Fourier transform infra-
red (FT-IR) spectrum is similar to that of the original porcine aorta
(Kanda et al., 2021a). The formation of temporary C=—N bonds
increases the tensile strength of the decellularized tissue of the porcine
aorta compared with the original porcine aorta but reduces its flexibil-
ity (Kanda et al., 2022). In contrast, in the case of ostrich carotid arter-
ies, FT-IR measurements have indicated that C=N bonds are not
formed, even after the removal of lipids and water using liquefied
DME (Kanda et al., 2021b). These findings suggest that decellularized
tissue created from ostrich carotid arteries may have better mechanical
properties than decellularized tissue created from porcine aortas.

Therefore, in this study, we measured the tensile strengths of two
decellularized ostrich carotid arteries—one prepared with conventional
SDS and DNase treatment and another prepared with liquefied DME
and DNase treatment—to evaluate the ease of fracture and deforma-
tion of the decellularized tissues.

2. Materials and methods

2.1. Materials

The ostrich carotid artery samples used in this study were pur-
chased from a meat supplier (Oyama Ostrich Farm, Oyama,
Japan) and were taken from ostriches slaughtered for meat
processing. Therefore, ostriches were not slaughtered specifi-
cally for this experiment. First, excess lipid adhering to the
ostrich carotid artery was scraped off with a knife. Then, the
ostrich carotid artery was cut into 5.5-cm-long pieces, which
were stored in phosphate-buffered saline at 4 °C. The moisture
content of the ostrich carotid artery (36-39 wt%) was con-
firmed by measuring the weight loss of the artery when it
was heated to 107 °C. Liquefied DME in spray cans (Spray
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Work Air Can 420D) was purchased from Tamiya (Shizuoka,
Japan) and used without further purification.

2.2. Decellularization using SDS or DME

In the previous report (Kanda et al., 2021b), using the pro-
posed method, ostrich carotid arteries were successfully
decellularized with liquefied DME and DNase, and the fol-
lowing three criteria for successful decellularization were sat-
isfied. The properties of decellularized ostrich carotid arteries
have been described in the previous report. 1) no cell nuclei
were observed in a microscopic examination of the
haematoxylin-eosin-stained decellularized tissue, 2) the resid-
ual DNA content in the decellularized tissue was < 50 ng/
mg-dry, and 3) the content of residual DNA fragments in
the decellularized tissue was < 200 bp (Rana et al., 2017;
Crapo et al., 2011).

In the present study, the ostrich carotid artery was decellu-
larized using the same protocol as in the previous report. The
decellularization protocol involved three steps: 1) removal of
lipids from the ostrich carotid arteries using liquefied DME
or SDS, 2) fragmentation of DNA via DNase treatment, and
3) washing to remove the SDS and fragmented DNA. The only
difference between the liquefied DME and SDS treatments was
the first step.

2.2.1. Liquefied DME treatment

Liquefied DME treatment was performed according to the
protocol used in a previous study on decellularization
(Kanda et al., 2021b). Briefly, a cylindrical column was filled
with the ostrich carotid artery samples, and liquefied DME
was fed to the column at 10 = 1 mL/min for 1 h. Following
the DME treatment, the inside of the column was depressur-
ized to evaporate the internal DME, and the ostrich carotid
arteries were removed. The ostrich carotid arteries were then
shaken in a 0.2 % DNase solution (Roche Diagnostic,
Tokyo, Japan) at 4 °C for 7 d. This period exceeded the
5-d condition required to meet the criteria in the previous
study (Kanda et al., 2021b), for ensuring successful decellu-
larization. Following the DNase treatment, the ostrich caro-
tid arteries were washed with 80/20 (v/v) ethanol/phosphate-
buffered saline for 3 d. Ethanol was purchased from Fuji-
Film Wako Pure Chemical Corporation, Osaka, Japan.
The phosphate-buffered saline (PBS, pH 7.4, Gibco
10010023, Thermo Fisher Scientific K.K., Tokyo, Japan)
was prepared with penicillin—streptomycin solution (FujiFilm
Wako Pure Chemical Corporation) added to achieve a 1 %
concentration.

2.2.2. SDS treatment

SDS decellularization was performed using a previous study
on decellularization (Korossis et al., 2005). Briefly, the
ostrich carotid arteries were washed with 10 mM tris-(hydro
xymethyl)-aminomethane buffer (Nippon Gene Co., Itd.,
Tokyo, Japan) with 0.1 % ethylenediaminetetraacetic acid
(Nippon Gene Co., Itd.) and 0.1 % SDS (FujiFilm Wako
Pure Chemical Corporation) for 24 h at room temperature
and then rinsed thrice with the phosphate-buffered saline.
The decellularized tissues were then obtained via treatment
with the DNase solution and washing, similar to the DME
treatment.

2.3. Tensile-strength measurement

The tensile strengths of the original ostrich carotid arteries and
decellularized samples were measured using a previously
reported method (Wu et al., 2015). Both ends of the samples
were clamped in a load displacement transducer (SL-6001;
Imada Seisakusho, Toyohashi, Japan), as shown in Fig. 1.
The samples were cut open longitudinally as a rectangular
shape 5.5 cm long and 1.5 cm wide. Each sample was strained
at a rate of 5 mm/min longitudinally. Seven measurements
were performed, and the lowest and highest tensile strengths
were rejected. The stress curves obtained from the remaining
five tests were averaged.

3. Results and discussion

Fig. 2 shows the decellularized tissues obtained using DME
and SDS. The SDS-treated tissue was approximately 6.5 cm
long and 1.8 cm wide, and expanded 18-20 % in length and
width compared to the original tissue. In contrast, the DME-
treated tissue shrank to approximately 5.2 cm in length, 5 %
from its original tissue. The widths changed so little that no
significant differences could be measured. This is similar to
the size changes observed in porcine aorta decellularised with
SDS and DME in a previous study (Kanda et al., 2021a.) This
was consistent with of haematoxylin-eosin staining results
from previous studies: decellularized porcine aorta and ostrich
carotid artery tissue obtained using DME was densely packed

| ——T1
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Fig. 1 Decellularized ostrich carotid artery set on the load
displacement transducer.
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SDS
Fig. 2 Photographs of ostrich carotid artery samples after
decellularization and before.

DME

with protein fibers (Kanda et al., 2021a and 2021b), whereas
large gaps between protein fibers appeared in porcine aorta tis-
sue decellularized with SDS (Funamoto et al., 2010). In previ-
ous studies, arteries had a three-layer (outer, middle, and
inner) structure. The outer layer (also known as the adventitia)
is surrounded by loose connective tissue consisting mainly of
thick bundles of helically arranged collagen fibers. The middle
layer (media) consists of smooth muscle cells, a network of
elastic and collagen fibers, and elastic lamellae separating the
media into circumferentially isotropic fiber-reinforcing units.
The inner layer (intima) consists mainly of a single layer of
endothelial cells, thin basement membrane, and subendothelial
layer of collagen fibers (Tsamis et al., 2013; Gasser et al.,
2006). Studies have indicated that the direction of the fibers
is closer to the axial direction in the adventitia, closer to the
circumferential direction in the media, and somewhere between
these two directions in the intima (Schriefl et al., 2012). Thus,
no significant anisotropy is observed in the fibers that comprise
the vessels, and the isotropic expansion in the three directions
is consistent with the structure.

Fig. 3 shows the results for the samples cut along the longitu-
dinal direction. The decellularized tissue treated with liquefied
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Fig. 3  Average strain—stress curves of the ostrich carotid artery
samples. “Original” refers to the ostrich carotid artery prior to
decellularization.
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Fig. 4  Stress-response properties of collagen and elastin when
elongated.

DME exhibited almost the same degree of elongation as the
original ostrich carotid artery under the same stresses; i.e., it
did not exhibit atherosclerotic-like variations, which are
observed in porcine aortas. This suggests that the DME treat-
ment did not cause a Schiff-base reaction in the ostrich carotid
arteries, as intended (see Sectionl), and that the flexibility of
the collagen was not compromised as a result. The SDS-
treated tissues exhibited a similar stress response to the original
samples and the samples decellularized with liquefied DME
until midway through tensile test, but they broke easily at half
the maximum stress withstood by the DME-treated samples.
This was consistent with previous findings indicating that decel-
lularization with SDS altered the tissue microstructure and com-
promised the biomechanical integrity of the extracellular matrix
in exchange for a strong exfoliating effect (Xu et al., 2014).

A previous study indicated that arterial tissue is mainly
composed of collagen and elastin and that tensile stress is
applied to elastin in the early stages of tension and to collagen
in the late stages of tension (Wu, et al., 2015), as shown in
Fig. 4. The ostrich carotid arteries decellularized with SDS
responded to tensile stress similarly to the original arteries
and those decellularized with liquefied DME until halfway
through the tensile test. this breakage suggests that elastin
was not significantly damaged by SDS, but the collagen was.

Thus, unlike the porcine aorta, the ostrich carotid artery,
when decellularized with liquefied DME and DNase, does
not change its strength and flexibility from the original tissue,
indicating that the ostrich carotid artery is an extremely
mechanically superior scaffold material. Not only that, but
ostrich carotid has the potential to provide decellularized tis-
sue for people with religious and cultural concerns about pigs,
such as Muslims, who make up 1/4 of the world population.

4. Conclusions

Tensile tests were performed on decellularized tissue obtained from
ostrich carotid artery by lipid removal with liquefied DME and
DNA fragmentation with DNase. Results showed that the tissue with
SDS broke under less than half the stress of the original ostrich carotid
artery. In contrast, the tissue treated with liquefied DME withstood the
same level of the original tissue. Both decellularized tissues by SDS and
liquefied DME showed flexibility comparable to that of the original tis-
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sue. We attributed this to the no C=N bonds temporarily generated
by dehydration through the Schiff-base reaction when lipids were
removed by SDS or liquefied DME. Ostrich carotid artery is an extre-
mely mechanically superior scaffold material than porcine aorta.
Ostrich carotid artery also has the potential to provide decellularized
tissue for those with religious and cultural considerations for pigs.
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