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ABSTRACT

The urgent need for organ and tissue transplants has led to the exploration of alternative sources, such as scaffolds
derived from the decellularized extracellular matrix (dECM). These dECMs have their cellular and genetic compo-
nents removed while retaining their structural integrity. This review discusses and compares various decellularization
methods, including physical, chemical, and biological techniques, each employing distinct mechanisms. Addition-
ally, it summarizes the range of tissues and organs that have undergone decellularization. Physical methods, such
as the application of high hydrostatic pressure (HHP), are highlighted as a promising approach, with a detailed
evaluation of their parameters. Finally, the review assesses dECMs post-decellularization, focusing on risks related to
immunogenicity and preservation of mechanical properties.
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INTRODUCTION

Organs and tissue transplantation are crucial for affected
patients to replace malfunctions, which is a step toward
recovery. These malfunctions can differ based on the
organs or tissues, such as bone fracture, skin burns, heart
valve leakage, and liver failure. Despite the high demand
for organ and tissue donation globally, less than 10% of
the annual demand was met [1]. Additionally, there is
a significant difference between countries on donation
and transplantation activity, equally among nations
with comparable socioeconomic policies, especially
healthcare systems [2]. Therefore, there is a clinical
need for tissue engineering and regenerative medicine in
order to fulfil the dire demand for transplantations. It also
shows the importance of tissue engineering advancement
to increase the rate of patients receiving transplantation
with reduced effects from the scarcity of human donors
and socioeconomic aspect related to it. Rapid advances

in tissue engineering can be one of the solutions for this
critical need for organ and tissue transplantations among
patients from various backgrounds. The combination of
cells, bioactive materials, and scaffolds is the foundation
of tissue engineering. Decellularized extracellular
matrix (dECM) delivers the criteria of this foundation
and is advancing in the field. Extracellular matrices from
human or animal donors are decellularized, i.e. native
cells removal, and recellularized with the recipient’s
cells [3]. Based on the methods of decellularization,
the two critical criteria of the biological scaffold are
achieved using dECM, which involves preserved
mechanical properties and biocompatibility through the
minimization of immunogenicity and cytotoxicity [4, 5].

ECM of a variety of tissues and organs have been studied,
including blood vessels, bone, uterine, and meniscus [6-
10]. These studies were mostly conducted in vitro and in
vivo, either in animal models or for human allografts [10].
Although the recipient’s native cells can be seeded on the
dECM, however, it does not guarantee biocompatibility
due to ECM native cells residue [11]. Therefore, these
studies focused on effective and efficient cell removal
to minimize the possibility of rejection and devastating
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immune response by the animal recipients [12-14]. Cells
removal or decellularization methods generally can be
divided into three categories, i.e., physical, chemical,
and biological methods, where different principles and
mechanisms of decellularization agents are performed
[15, 16].

Despite the plethora of available decellularization
methods, there is no one method that can fit all types
of ECM [17, 18]. Hence, it is important to identify the
needs and characteristics of the applied ECM, so that
a suitable decellularization method can be employed
with good efficiency and the least damage to the ECM's
mechanical structure and biochemical composition
while minimizing the risk of immunogenicity. In brief,
the application of tissue engineering through dECM
has the potential to fill the gap for the deficiency of
organ and tissue donors through the decellularization
of ECM, mainly utilizing xenogeneic sources due to
its abundance and inherent structural similarity with
human ECM. Therefore, this review has summarized
the application of decellularization on a plethora of
tissues and organs. Additionally, the primary points
of decellularization assessment were also discussed,
and the criteria of decellularized dECM were also
examined with the focus of comparing chemical and
physical methods, highlighting HHP as a promising
decellularization approach.

EXAMPLES OF DECELLULARIZED ORGANS AND
TISSUES

ECM is composed of a connective network containing
collagen, glycoproteins, proteoglycans, and other small
molecules [19]. When decellularization methods are
imposed on the ECM, cell-free dECM including tissues
and organs is the product, where the native cells of
the structure are effectively removed through one or a
combination of decellularization methods. These dECM
can be applied in regenerative medicine and tissue
engineering, among other fields. Various types of tissues
and organs have been studied in recent years, where
decellularization methods were implemented and their
effects on the biological scaffold in vitro and ex vivo.
Examples of dECM include the meniscus, blood vessels,
nerves, uterine, and cancellous bone.

Meniscus

The meniscus is a fibrocartilage of the knee, whose
roles include absorbing shock, stabilization, and
lubrication. When injured, its poor healing ability is
the main challenge in repair efforts [6]. Therefore,
the damages or defective menisci can be replaced via
the gold standard, meniscus allograft transplantation.
In order to procure the menisci grafts, procurement
methods include fresh, fresh-frozen, cryopreservation,
and lyophilization. Fresh grafts face the challenges of
logistics to the recipient, which is associated with a
higher possibility of disease transmission. Frozen and

cryopreserved grafts might seem to be the more viable
options, however lower viability of chondrocytes limits
its potential [20]. Therefore, decellularization using
physical methods is effective in menisci ECM to create a
cell-free environment [6, 12, 21]. Both methods showed
good native cell removal while maintaining acceptable
biomechanical properties of the menisci ECM. Although
high hydrostatic pressure-treated (HHP-treated) menisci
were shown to be immunologically superior, despite
being biomechanically inferior [6]. Despite this, efforts
to optimize the decellularization process should be the
main goal to ensure viable and safe recellularization for
long-term applications [20].

Blood vessels

Blood vessels, most commonly aortic vessels and arteries
were studied for their capabilities to be decellularized
and used as biological scaffolds for ex vivo applications
[7, 22-26]. Disorders or injuries to the blood vessels
have various existing treatments ranging from invasive
to non-invasive, such as surgery, medications, and
rehabilitation. When faced with severe malfunction of
the vessels, surgical interventions are common, where
the vessels are harvested from recipients. Unfortunately,
the harvesting process could cause more harm than
good to the patient, where severe consequences
include significant donor site morbidity and other
complications [27]. Therefore, decellularization of
the blood vessels is a promising approach for vascular
replacement. The decellularized blood vessels showed
good in vivo performance, given that the studies
suggested xenogeneic vascular grafts, due to the limited
availability of autologous grafts [7, 23, 24]. Regardless
of the good results, there is a limited number of studies
elucidating the functionality and ex vivo performances
of the xenogeneic vascular grafts [7]. Hence, efforts
must be made to ensure the safety and functionality of
the decellularized blood vessels, so that its full potential
as an alternative to autologous grafts can be achieved.

Nerves

Nerve injuries are devastating due to their severe
physiological and psychological effects on the patient.
When damage occurs in the nervous system, including
the central and peripheral nervous system, repair and
recovery are deemed challenging after a reconstructive
surgery [28]. Autografts have been the gold standard in
tissue reconstructive, including nerve and bone tissue.
Nonetheless, limitations including low availability and
donor site morbidity are significant, where allografts
have been an increasingly promising alternative to the
gold standard [29-31]. Application of allografts from the
same or different species requires the effective removal
of cells from the tissue or organ. Perfusion-mechanical
agitation decellularization technique was widely
applied in various studies, resulting in good viability of
the nerve autografts [8, 32]. Regardless, optimization
of the decellularization process was studied to reduce
processing time to be cleanroom compliant, as well
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as better storage conditions that can preserve the
structure of the autografts [8, 33]. Nonetheless, it is
important to note that due to the delicate structure of
nerves, decellularization methods that include physical
methods can significantly damage the ultrastructure [29].
Although this method can provide low immunogenicity,
application on nerve grafts may not be the most suitable.

Uterus

The uterus, the female reproductive organ plays a vital
role in pregnancy and fetal development. However,
significant tissue damage from scarring during uterine
resection surgeries or from many cesarean sections
lowers fertility and raises the possibility of uterine rupture
during a subsequent pregnancy [34]. Therefore, studies
have been decellularizing uterine to fabricate a biological
scaffold for recellularization, and consequently organ
transplantation [9, 14, 35, 36]. In this case, most of the
uterines fabricated or reconstructed were from animal
models, such as bovine, mice, murine, and rats. Low host
immune responses were desirable for safe outcomes of
transplantation in humans, thus, a physical method such
as high hydrostatic pressure (HHP) was implemented in
several studies [14, 35]. Nonetheless, decellularization
via a chemical method, especially using Sodium Dodecyl
Sulfate (SDS) or Triton-X via perfusion was still applied
for uterine tissues. In these cases, pre-conditioning
treatment may be carried out before decellularization to
minimize the immunogenicity of the dECM in vivo [9,
36].

Bone

Bone is composed of organic and inorganic components.
The organic components are primarily collagen,
approximately 30% of bone, while the rest is calcium
phosphate in the form of hydroxyapatite [3, 37]. Bone
can remodel itself when faced with injuries such as
fractures, to replace old bone or calcium homeostasis.
The bone cells including osteoclasts, osteoblasts,
osteocytes, and bone lining cells collaborate to build
temporary anatomical structures, which subsequently
resorbs to become bone tissue [37]. However, when
the fracture is acute and the defect size is critical, bone
tissues might face difficulties in regenerating itself.
Thus, bone tissue engineering with bone ECM is one
of the possible interventions for fracture healing [10].
Nonetheless, the bone ECM must be decellularized
before grafted or transplanted into the patient. Hence,
the decellularization of bone tissues has been carried
out by several studies to fabricate bone scaffolds or grafts
[10, 38-42]. In these studies, the type of bones studied
involves bone marrow, compact or cortical bone, and
cancellous or trabecular bone. The objectives of these
studies are similar, which include maintaining the
mechanical strength and ultrastructure of the bones while
removing the cellular components that might induce an
immune reaction to the host. Nonetheless, the search
for the method or protocol that can effectively achieve
these goals is still ongoing. Most of the methods applied

for the decellularization of bones are either chemical
methods or compound physicochemical methods [38-
40].

CRITERIA OF DECELLULARIZED ECM

There is a plethora of studies on tissue engineering
that applied decellularization techniques, however,
there has not been a clear and direct criterion for a
decellularized ECM. So far, there is only one mention of,
to some extent, a criterion, although it mainly focuses
on the biochemical aspects of decellularization. It
concluded that (1) there should be <50 ng of double-
stranded DNA per mg of the ECM’s dry weight, (2) DNA
fragments should be <200 base pairs, and (3) staining
procedure with 4',6-diamidino-2-phenylindole (DAPI)
or H&E should reveal the absence of visible nuclear
components [1, 43].

As noted, the focus of these criteria is on the nuclear
materials of the cell, as the presence of DNA was
conjectured to have a direct correlation with adverse
host reactions [43, 44]. Nonetheless, histological and
mechanical aspects of the ECM should also be taken
into consideration when evaluating the decellularized
ECM [9, 10, 42]. As for the mechanical properties, it is
an indication of the maintenance of the ECM structure,
where the compressive strength and collagen content
can be evaluated as the hallmarks. However, the tissue
of interest differs between studies, which could be
why standardization in the focus of decellularization
is difficult. Although it was possible, it was deemed
challenging due to the variety of tissues decellularized
and decellularization techniques available [45].
Therefore, the extent of changes in the benchmarks, i.e.
collagen content and compressive strength could be
elucidated across various tissues, for comparison.

Furthermore, DNA retention might not be the sole
contributor  to  immunogenicity. Decellularization
agents, alteration of the ECM, source of tissue and
organs, and implant sites are factors that contribute to
immunogenicity, due to the release of specific antigens or
ECM components [18]. Additionally, xenoantigens such
as a-Gal, which is a unique target of human antibodies
in xenotransplantation, where decellularization alone
was insufficient to remove it from the dECM. In further
studies, the level of xenoantigens in vitro and in vivo
could be quantified as an indication of the expected
host inflammatory response [46]. Therefore, the focus
of decellularization should be equally distributed
between removing DNA and cellular components, as
well as the changes that may occur within the ECM due
to certain steps in the decellularization. These aspects
are important in ensuring the application of dECM
lacks adverse immune response and rejection, even
in pre-clinical application. Therefore, future research
should divert attention towards these factors too, rather
than focusing on nuclear and cellular material as an
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indication of risks.
DECELLULARIZATION METHODS

Decellularization of ECMs from tissues and organs can
be achieved with various methods, mainly categorized
into chemical, physical, and biological methods,
before the ECMs are subjected to assessment post-
decellularization (Fig. 1). In the study of creating a
cell-free ECM via decellularization, chemical methods
using SDS or Triton-X 100 are popular and widely used
in the decellularization of a diverse type of tissues and
organs [45]. Nonetheless, although the protocols were
successful in achieving the intended effect, the set of
criteria for dECM is lacking as most studies focused on
the tissue-specific criteria of complete decellularization.
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Fig 1. Flowchart of Decellularization and its Assessments.

Chemical approaches to decellularization

Methods of decellularization through the implementation
of chemical reagents of various properties are common to
achieve cell removal. Chemical properties such as non-
ionic, ionic, zwitterionic, acid, and alkaline detergents
used are vital for the mechanism of decellularization.
lonic detergent, i.e. SDS, and non-ionic detergent, i.e.
Triton X100, are common when decellularizing ECM
using a chemical approach. Without altering the ECM
protein structures, the ionic detergent decellularizes
by disintegrating membrane proteins and lysing cells.
Moreover, ionic detergent, particularly SDS, targets
protein-protein bonds and efficiently detaches cellular
proteins and nuclear materials [4]. Moreover, the
efficiency of these detergents for decellularization varies
based on the size, density, thickness, number of cells,
and lipid content of the ECM [47].

Other than detergents, pH can also contribute to cell
removal, where pH can be adjusted via the addition of
acid or alkaline. Alkalines such as sodium hydroxide,
calcium hydroxide, ammonium sulfate, and ammonium
hydroxide have been utilized in the decellularization
of animal tissues [48-50]. An increase in pH via
the addition of alkaline bases contributes to the
denaturation of DNA. Despite this, decellularization
using alkaline was paired with other methods such as
free-thaw cycles in the decellularization protocol of

mesenchymal 3D cell culture. Meanwhile, acids were
also previously implemented, which act by solubilizing
components in the cytoplasm and disrupting nucleic
acids that subsequently led to dissociation of DNA
structure. Moreover, acids can denature proteins in
the ECM, including collagen and GAGs. This effect of
acid emphasizes the importance of optimization in the
protocol, such as the dose and exposure time of the
ECM to the reagents [51]. Peracetic acid is commonly
applied for the decellularization of tissue and organs, in
combination with mechanical agitation or subsequent
treatment using DNase |, as seen in the decellularization
of small intestine submucosa [52, 53].

Biological approaches to decellularization

The specificity of enzymes is advantageous in targeting
cellular structures that led to decellularization of the
ECM, hence why it can be applied for this purpose in
various studies [51]. Enzymes such as deoxyribonuclease
I (DNase 1) and peptide:N glycosidase F (PNGase
F) were previously applied as a component of the
decellularization protocol in arterial tissues, pulmonary
heart valves, and submillimetre vascular tissues, to be
specific [46, 52, 54]. These enzymes were utilized in
various methods, including as a step in a decellularization
cycle that includes chemical detergents, and singular or
dual-enzyme application after decellularization using
chemical detergents [46, 52, 54].

Interestingly, in the dual-enzyme application method,
inflammatory effects were low, contributing to the
removal of xenoantigens through PNGase F treatment,
in addition to the breakdown of DNA residues by DNase
I. The use of the PNGase F was justified by the previous
findings, where almost all known xenoantigens are
categorizedascarbohydrates. Hence, PNGase F treatment
in this study aimed to break the N-glycans and inactivate
the xenoantigens for successful xenotransplantation
[46]. The use of proteinase such as trypsin has been
studied in the decellularization of porcine aortic valves,
to optimize the previous protocol of decellularization
with enzymes and chemical detergents. The enzymatic
treatment was conducted with Tergitol, which functions
to maintain the structural integrity and functionality
of the valves [55]. Hence, although an enzyme is a
great tool to target specific molecules or structures for
decellularization and subsequent in vivo applications, it
needs to be combined with other approaches, including
detergents and freeze-thaw.

Physical approaches to decellularization

Physical methods of decellularization boast the
avoidance of chemical detergents, which could lead
to immunogenicity of the ECM. Freeze-thaw cycles,
pressure, and supercritical fluid are the common
physical methods applied to various tissues for cell
removal from the native ECM. Mechanical agitation and
perfusion of tissues and organs have been employed
alongside chemical approaches including detergents,
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acids, and bases. Meanwhile, freeze-thaw cycles of very
low temperatures at -80°C to -196°C were applied in
conjunction with enzymes and detergents, usually for
vascular ECM. Implementation of high pressure and
supercritical fluid for decellularization are relatively
more recent techniques compared to the previous two
techniques.

Freeze-thaw method of decellularization involves cell
damage during water crystallization during freezing
and subsequent osmotic gradients that form due to
differences in the rate of ice melts in the thawing
process [56, 57]. This method can be independently
applied, where the goal is to reduce the adverse effect
of chemicals on the structure of ECMs [6, 13, 58].
Nonetheless, there were also studies that utilize freeze-
thaw cycles in collaboration with enzymes such as
DNase and detergents such as SDS [52, 58].

The decellularization approach using supercritical fluid
as a decellularization agent has been recently observed
in studies on various tissues. This method utilizes the
properties of supercritical fluids, mainly the high transfer
rate, permeability, and solvent power to extract the cells
from the ECM. The solvent power of the supercritical
fluids can be optimized by adjusting the temperature and
pressure [59, 60]. Mainly carbon dioxide was utilized
as the decellularization agent, where the exposure time
could last from hours to days, depending on the target
tissue, temperature, and pressure [61]. This method was
implemented in the decellularization of porcine sciatic
nerve tissues, where supercritical carbon dioxide fluid
treatment alone was comparable with using SDS for
cell removal [62]. Meanwhile, a hybrid approach was
developed by treating the porcine aortic tissue with SDS
before it was subjected to decellularization with carbon
dioxide fluid and ethanol as co-solvent, and the DNA
quantified from the samples was close to none [60].
Nonetheless, supercritical fluid as decellularization
shows promising results, although further optimization
and standardization of the important parameters are dire
for its application.

Finally, ultra-high pressure as a decellularization agent
has been employed for the decellularization of tissues
from various sources. High hydrostatic pressure was able
to shorten exposure time to minutes, while still having
similar effects with other decellularization agents [51].
Tissues including vascular tissues, uterine, menisci, and
bones were subjected to high hydrostatic pressure for
decellularization [6, 14, 22, 26, 42]. The results from
these studies were promising, with very low residual
DNA when the washing process was emphasized.
Recent studies focused on reducing the negative effect
of the high pressure on the mechanical properties and
the ultrastructure of the ECM [63].

Comparison between biological, chemical, and physical
approaches for decellularization of ECM

The biological approach of decellularization refers to
the utilization of enzymatic agents to target specific
substrates. Enzymes such as deoxyribonuclease |
(DNase 1) and peptide:N glycosidase F (PNGase
F) were previously applied as a component of the
decellularization protocol in arterial tissues, pulmonary
heart valves, and submillimetre vascular tissues, to be
specific [46, 52, 54]. Meanwhile, chemical approaches
include the implementation of acid, bases, non-ionic,
ionic, and zwitterionic detergents. lonic detergent, i.e.
SDS, and non-ionic detergent, i.e. Triton X100, are the
combinations most applied when decellularizing ECM
using a chemical approach. Without altering the ECM
protein structures, the ionic detergent decellularizes
by disintegrating membrane proteins and lysing cells
[4]. Moreover, the efficiency of these detergents for
decellularization varies based on the size, density,
thickness, number of cells, and lipid content of the ECM
[47]. On the other hand, physical decellularization
methods based on pressure, thermal shock, and
ultrasonication are suggested as the more efficient
solution to tissue decellularization.

In chemical decellularization, the usage of chemical
detergents may result in incomplete removal of
cellular debris, such as dsDNA, mitochondrial DNA,
mitochondria, and membrane phospholipids. These
remnants may compromise the remodeling process
due to the concern of their attachment to the ECM
[64]. The consequences of these residues are also
determined by the type of host tissue, the host’s immune
function, and the source of the ECM [51]. In a study
where both peracetic acid and detergents, i.e. SDS
and TX were utilized in the decellularization of small
intestine submucosa, peracetic acid-treated specimens
were shown to have higher residual DNA at < 60 ng.
Meanwhile, the SDS/TX treated tissue showed lower
DNA content, i.e. < 30ng/mg. In addition, residues of
SDS are also detected in the dECM, which may give
rise to an adverse host’s immune reaction [43, 44, 65].
For example, the retention of SDS within decellularized
tissues increases inflammation and immune response
to foreign materials post-implantation [18, 65]. The
cytotoxic effect of residual SDS partially dictated this
outcome. Hence, an efficient washing process is required
to wash out SDS remnants by effectively breaking the
bonds between SDS and protein within the dECM [18].
In biological methods, chemical residues and their
effect on the ECM may be due to the application of
detergents and acid in the decellularization protocol
with the addition of enzymes [52, 54]. When compared
to a detergents-based method (SDS+TX), the detergent-
enzyme (Trypsin+TX) method showed a similar level
of residual DNA content after decellularization, i.e. <
5x%10° ng/mg dry weight of the pulmonary heart valves.
Nonetheless, in terms of residual detergents in the same
study, the SDS level became the benchmark, as SDS has
a cytotoxic effect in the host. The SDS content in the
SDS+TX method was higher than that of the SDS-only
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method, at < 15 pg/mg and < 12 pg/mg, respectively
[46]. Nonetheless, another study that involved aortic
blood vessels proved that residual DNA in the physical
method, i.e. HHP, was very low, indicating that DNA
was removed to the instrument’s measurement level. On
the other hand, the detergents-based method resulted
in higher DNA residual, in the range of 0.3 to 1.3 pg/
mg, the and enzymatic method (Trypsin) resulted in 0.8
pg/mg DNA content [22, 26]. Meanwhile, in terms of
residual chemicals, i.e. SDS, physical methods such as
HHP are advantageous, since minimal to no chemicals
are utilized during the decellularization process, except
during the washing process [22, 26]. In brief, residual
DNA and SDS were detected in chemical and biological
methods in varying degrees, though absent in physical
methods, such as HHP.

Furthermore, there is an issue with the modulation of
detergent concentration to achieve higher efficiency in
the decellularization process. The increase in detergent
concentration aggravated the issues with poor cell
morphology and growth, as shown amidst the in vitro
culture of human urothelial cells with SDS implemented
as a decellularization agent [65]. Its deleterious effects
on the ECM structure such as reduced collagen and
elastin content have also become an ongoing concern.
Whereas, enzyme applications were optimized to reduce
the inflammatory effects, even with the utilization of
two chemical detergents such as SDS and Triton X-100
[46]. Meanwhile, physical methods depend on physical
parameters such as pressure and temperature, where
the modulation of these parameters can contribute to
effective decellularization [62].

Another concern involves the depletion of growth
factors and elimination of glycosaminoglycans (GAGs)
embedded in the matrix of dECM due to the vigorous
effect of SDS and Triton-X100 [66, 67]. Therefore, the
search for alternatives for these two common detergents
has been executed and SLES is one of the promising
alternatives. In one study, SLES’s performance was
compared with SDS’s. SLES was able to perform better in
preserving the ECM structure of the rat kidney while on
par with the decellularization efficiency of SDS. As an
anionic detergent, SLES was suggested to be a promising
alternative to SDS due to its elevated biodegradability
and moderate chemical effect [66]. Despite this, further
research to elucidate the effect of SLES on the dECM
is needed, where the optimal concentration and the
number of residual detergents should be examined.

On the other hand, the diminishing effect of enzymatic
methods mainly revolves around the compromised ECM
nature, manifested as a ruptured vascular graft, which
may be attributed to the long exposure of the tissue to
detergent and enzymes through immersion and perfusion
[52]. Itis also important to note that most applications of
enzymes as decellularization agents were mainly for soft
vascular tissues, where future studies of its utilization on

mineralized and cartilaginous tissues are suggested.

Whereas, employing exclusively physical methods can
diminish the risk of chemical residue within the ECM,
hence, aiding in the preservation of the structure and
lowering the risk of adverse host reactions [11, 18].
The effect of these decellularization methods on the
mechanical properties of the tissue can be quantitatively
measured via elastic moduli. As an example, the
longitudinal elastic modulus of peracetic acid-treated
small intestinal submucosa was shown to be significantly
higher than that of detergents methods (SDS and TX) and
detergent-enzyme method (SDS and DNase 1), at 4x10*
MPa and 0.5%10* to 1.5x10* MPa respectively [53].

Additionally, physical methods such as HHP are
associated with reduced mechanical properties
including elasticity, and denaturation of structural
proteins due to ultra-high pressure exposure [22]. In
terms of elastic modulus, HHP-treated porcine aortic
tissue was shown to have a higher longitudinal modulus
at 1.9 + 0.3 MPa compared to SDS-treated aortic tissue,
at 0.5 £ 0.2 MPa. Increment in modulus could indicate
stiffer tissue, where a high amount of stress can be a
result of a small elastic strain [68]. Therefore, treatments
in addition to the HHP have been introduced, as shown
in the decellularization of human skin fibroblasts, where
the cells were subjected to supercooling pretreatment
[63]. In brief, chemical and physical methods can be
compared based on the decellularization agent, residual
DNA and reagent, and immunogenicity.

The effect of these decellularization methods on the
mechanical properties of the tissue can be quantitatively
measured via elastic moduli. As an example, the
longitudinal elastic modulus of peracetic acid was
shown to be significantly higher than that of detergents
methods (SDS and TX) and detergent-enzyme method
(SDS and DNase 1), at 4x10* MPa and 0.5x10* to
1.5%10* MPa respectively [53].

The comparison between biological, chemical, and
physical approaches in decellularization is summarized
in Table I and 1.

HIGH HYDROSTATIC PRESSURE: A PROMISING
DECELLULARIZATION APPROACH

As its name suggests, high hydrostatic pressure (HHP)
subjects the samples to extreme pressure, where the
pressure varies from 100 to 800 MPa, depending on
the type of ECM. The process may or may not involve
heat, measured by the temperature set for each cycle.
Compared to other physical methods, HHP stands out
as the technique destroys cell membranes uniformly in
a short treatment time, commonly 10 minutes per cycle
[14, 22, 63]. Subjection of the cells to high pressure will
cause apoptosis and necrosis, where lower pressure
is shown to induce the balance between apoptosis
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Table 1.

Comparison between decellularization ap-

and necrosis, and high pressure (>300 MPa) induces

proaches. primarily necrosis. As the pressure applied escalates,
Aspect  Biological Chemical Physical Ref- the permeability of the cells also increases, which
approach approach approach er- may instigate an immunological response due to the
ence discharge of the intracellular components.
8 p
High pres- [
; 4
| d , th | / e e .
Igrt?;;lllgn DNase |, a,?iglncis Tje- :ﬁ(r)eck Sng; 451411, HHP treatment parameters for optimization
agents ase tergents, acid  critical fluid, 5 n order to achieve the desired cell removal effect,
PNGase F id critical fluid ' In order to ach the desired cell | effect
and bases “I"aﬁsgg'ca' 54] treatment parameters should be taken into account. In
Hioh HHP, controlling the pressure, temperature, and time is
(choraical 18 pivotal to the success of the decellularization protocol
;err:s(i)éil- reagents and  Intermediate High 62, while maintaining the structure of the ECM [69, 70].
21 DNA /or freeze- to high 5 54,
thaw method 55]
applied) Pressure
. (42 In HHP, ultrahigh pressure in the range of 800 to 1,000
Rcerfé?#f' From chemi- b i lowtono 53, MPa is common in research regarding decellularization
cals @l reagents risk 2;‘]' involving this method. The diverse types of tissues and
Lo organs that utilize HHP show that this method is versatile
oW, 1n h ific requirements of each tissue
the case of  High, caused and can cater to the specific req fea
removal of by residues or organ. Uterine, aortic blood vessels, menisci, femoral
xenoantigens inthe ECM  Low, caused ;o head, and costa have been subjected to ultrahigh-
Immuno- in the form of  and higher by changes in 54’ f lularizati
genicity  glycosylated  concentration ECM compo-  oaf pressure treatment for decellularization [6, 10, 14, 22].
proteinsin needed for nents Other than whole organs or organized tissues, cell lines
ﬂ;,eNEGC;\S"eVF'a befg“rzzda‘iic(i'“' such as osteoblasts and fibroblasts from human or animal
treatment models were also treated with HHP [63, 71]. In general,
Effectto  Compro- Deoletion . it is shown that higher pressure implemented indicates
structure  mised ECM P& 0N Changesin S more damage to the cells, such as in the degeneration of
and com-  (e.g. ruptured proteins and mechan!cal 66 the cell’s membrane [72].
ponents  vascular graft b properties 67]’
of ECM in VI‘VO) growt actors
(ECM: Extracellular matrix) Despite its versatility, the effect of ultrahigh-pressure on

Table 1. Comparison between key metrics across various
decellularization protocols

the cells should also be taken into consideration. The
pressure subjected to the cells influences the type of
cell death, i.e., either necrosis or apoptosis. Previous

studies found that higher pressure in the range of 300

Efe);ric tS(I))nS)/(T1r(;0 Riytf)sr:n/ :;rlgz‘t;::{t tsi?:]wa tFI:Esze to 500 MPa primarily caused necrosis, also defined as
X100 Pressure uncontrolled cell death. Meanwhile, both apoptosis
Target-  Small Pulmo- Porcine Porcine  Sheep and necrosis were induced at a pressure under 300
fget('ss)' mes- C:Irzegeart meniseus gcee-}nd- Hom™ MPa  [71]. Apoptosis is defined as programmed cell
sub- ing suicide, where the cells form apoptotic bodies instead of
m aorta undergoing cell lysis [71]. Based on Waletzko 2020, the
most effective HHP therapy is suggested to result in cells
CDO[:’?em ;3; ng/ ;;;;Oj ;go ne/ 8:88} * ;”1 '57.3 that are metabolically inactive and, preferably, have not
pg/mg  ng/mg yet experienced necrosis. In other words, apoptosis type

Elastic <3500  N/A 23MPa 26+  6-10 of cell death is desirable.

modu-  MPa 04N/  MPa

lus mm The lower range of HHP has also been studied, where
Immu-  Highcy-  Low Low N/A N/A it is coupled with supercooling treatment [63, 72].
Eiocgiti/ E(r:r:ce)txe;lggly- Ig"g'?lilno' i:)ngT:L;TO_ Nevertheless, a significant number of studies on ECM
ic activity response  response decellularization implemented ultra-high pressure at
fg)’:&ty Leggj)ha“ E\Lfn‘;f;: of ;ﬁfgtgg‘g:{ 980 MPa, compared to the lower applied pressure at
CD45-Pos- (< 2 multi- 450 MPa of the aforementioned study [14, 22, 26, 42].
itive cells  nucleated Hence, the effect of ultra-high pressure on the type of
(20:£7%) - cells cell death requires more extensive studies, and its effect
Ssiir' (53] [46] (6] [25] [13] on the ECM and recellularization should be elucidated.

(N/A: Data not available)
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Temperature

Temperature is another vital parameter for an effective
decellularization protocol. The relationship between
pressure and temperature is linear, and this principle is
fundamental to the HHP treatment [22]. Studies have
shown that higher onset temperature can prevent the solid
phase, where ice forms, as the pressure increases [22,
42]. Funamoto et al. (2010) suggested that ice formation
is implied by the exposure of the biological tissue to high
pressure. To be exact, lower onset temperature during
HHP led to a solid phase of the tissue, where ice formed.
This freezing process may cause further damage to the
tissues’ structural integrity. Therefore, it is suggested to
have a higher onset temperature to prevent this issue. It
also shows that temperature control throughout the HHP
process is important to avoid damage to the ECM. Onset
temperature at 30°C is common in decellularization of
ECMs such as porcine menisci, porcine aortic valve, and
rat uterine [6, 14, 22].

Additionally, few studies applied either low temperature
or supercooling pretreatment to the tissues before HHP.
Low starting temperature at 10°C in the decellularization
of blood vessels caused water in the tissue to undergo a
freezing state, i.e. ice formation at pressurization. This
led to the destruction of tissue through ice formation
in the tissue [22]. In another study, the temperature of
the tissues was controlled before the moderate HHP
(250 MPa) application instead, with the utilization of
supercooling pretreatment. This pretreatment reduced
the samples' temperature to -4 and -8°C, which helped
to weaken the cell membranes, which was shown to
reduce the viability of cells compared to the absence
of pretreatment [63]. These studies revealed the
importance of temperature control in different phases of
HHP, including sample preparation and pressurization,
in order to increase decellularization effectivity and
maintain the native ECM in the tissue.

Duration of treatment

Duration of treatment for HHP across various studies was
similarly implemented, i.e., 10 minutes of maintaining
the high pressure. It is, of course, paired with ultra-high
pressure in the range of 980 to 1000 MPa and onset
temperature, 30°C [6, 14, 22, 42]. This is desirable to
attain sudden expansion of cell membranes due to rapid
depressurization [22, 51]. Since these exact conditions
have been replicated across various ECMs, therefore,
it is trustworthy for future experiments that involve
decellularization via HHP. Interestingly, there are efforts
to suggest the same duration treatment, i.e., 10 minutes,
with lower pressure on the biological scaffold. Moderate
HHP in the range of 150 to 300 MPa was implied [63,
71, 72]. It is important to take note that the studies
that implement moderate HHP use cell suspension as
samples, instead of tissues and whole organs in studies
with high-pressure treatment.

Another treatment condition that has been compared is

the number of cycles of HHP. There can be static or
cyclic HHP, where the latter were experimented with
up to 5 cycles on normal human skin fibroblast cell
suspension [72]. Cyclic HHP on the cells showed more
degeneration of cell membranes compared to static
HHP, both at the same pressure of 200MPa. Even so,
more evidence is needed to prove the efficiency of cyclic
HHP. This is because although more irreversible damage
was made on the cell membrane of the cyclic group,
similar observations were seen in the DNA residue and
a number of live cells in both static and cyclic groups.
More extensive studies are required to prove this theory
that changes in pressure in cyclic HHP would promote
the movement of intracellular fluid in and out of the cells.
Hence, adjustments to these parameters are vital to the
effective destruction and removal of cells, specifically
through HHP treatment.

Washing process

The washing process occurs after the cells or tissues are
subjected to HHP cycles. Washing the dECM is vital to
removing cell debris including cellular genetic material
from the ECM thoroughly [7, 14]. Removal of cell debris
should be executed as any remaining cell debris might
cause an immune response by the host cells. Even so,
the simplification of the host response towards dECM
is still limited and poorly understood [1]. Typically, the
washing duration of the decellularized tissues such as
blood vessels, uterine, and menisci, took between 7 to
14 days, except for mineralized tissue such as the femur
and costa were washed for 3 weeks [6, 14, 22, 42]. A
saline solution such as phosphate buffered saline (PBS)
was utilized washing solution in these studies, in addition
to antibiotics and washing with ethanol for several
days in the washing process. Therefore, this process is
arguably undetachable from the HHP protocol, where
the decellularization is incomplete without a proper
washing process. In brief, these treatment conditions
should be considered when constructing the HHP
protocol. Consequentially, the effects of HHP could
determine the suitability and safety of the dECM towards
the host.

POST-DECELLULARIZATION ASSESSMENT

Immunogenicity

Xenogeneic dECMs are ideal for transplantation as
they are abundant, though safety concerns due to host
rejection arise [4]. Moreover, it is composed of vital
mechanical characteristics for physiological functions
and appropriate components for cell signaling in
binding, growth, and differentiation. Despite this, the
main advantage of the application of xenogeneic dECM
for in vitro development is associated with its inherent
ECM  composition and structure [73]. Therefore,
ensuring a very low risk of immunogenicity of the
dECM s a crucial step before application to the human
host. A low elicitation of immunogenicity indicates
good biocompatibility of the dECM. The definition of
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biocompatibility of a scaffold, i.e. dECM, explores three
main components; functionality, low immunogenicity
or no host rejection, and desirable outcome in cellular
or tissue response. Hence, biocompatibility can be
referred to as the ability of the scaffold to evoke its
expected function in medical therapy, without causing
any undesirable consequences on the recipient, while
eliciting advantageous cell or tissue response and
optimization of the therapy, in clinical settings [11].

Thus, to accomplish biocompatibility, “the undesirable
consequences on the recipient” must be eliminated. This
can be done by eliminating the agents that refer to such
host rejection. In other words, minimizing the impact of
immunogenicity by removing the factors or components
thatprovoketheimmuneresponseinthe host. The primary
cause can be attributed to incomplete decellularization
of the ECM, which is associated with residues, cells,
or chemicals, that may lead to the development of the
innate and adaptive immune reaction. These agents
include DNA fragments, endogenous retroviruses, a(1,3)
galactose disaccharide (a-Gal) epitope, dECM proteins
and their respective binding sites, and residual chemical
detergents [18, 74]. When these agents reside in the
dECM scaffold during in vivo transplantation, it could
lead to adverse rejection from the recipient, ranging
from hyperacute to acute, and chronic rejection of the
decellularized tissue or organ [73]. Hence, the removal
of these immunogenicity agents should be vigorously
executed during the decellularization process.

Albeit the ability of decellularization techniques to
effectively achieve effective cell removal of the ECM,
immunogenicity factors such as antigens persist which
exacerbate host immune response, as shown in previous
studies [75-77]. The assumption that decellularization
of these antigens from ECM solely originated from the
cells is detrimental to a safe and biocompatible tissue
or organ scaffold [73]. Hence, methods to remove these
factors that elicit immunogenicity have surfaced, such as
using DNase treatment, targeted antigen removal, and
stepwise solubilization-based techniques [18, 77, 78].

Following the removal of these immunogenicity
agents, an appropriate assessment should be carried
out to elucidate the effectiveness of the said method.
For DNA, molecular assessment can be executed that
involves DNA quantification. DNA from the HHP-
decellularized bovine dorsalis pedis arteries and rat
uterine was quantified, respectively [14, 23]. There is
a general understanding that a complete decellularized
ECM should only have residual DNA lower than 50 ng,
and these residual fragments should have a length of less
than 200 bp [43]. Other than that, antigens such as a-Gal
were assessed through immunohistochemical staining
of tissue sections, ELISA-based approach, and Western
blot approach [76, 79-81]. Albeit the rigorous means of
assessing immunogenicity in vitro, in vivo evaluation of
the dECM scaffold in the recipient is a vital measure to

elucidate the immune response towards the longevity of
the scaffold, without host rejection [73]. Hence, this in
vivo evaluation can serve as a criterion for the complete
removal of immunogenicity-inducing factors.

Mechanical properties

On the other hand, the mechanical properties of the
dECM also impose importance in the assessment of
the decellularization effectiveness. ECM is composed
of the molecular network that confers appropriate
mechanical architecture of the tissue applied to grow
the desired cell population in tissue remodelling [69].
Mechanical properties of the ECM are primarily dictated
by its structural proteins including elastin, collagen,
fibronectin, fibrillin, and laminin. After decellularization
commences, propertiesof interestsuchaselasticmodulus,
tensile strength, and viscous modulus are evaluated,
albeit the main properties are usually governed by the
tissue or organ type and desired function [4, 82]. The
main medium of mechanical testing is the elucidation
of elastic modulus through the application of stress
and strain onto the dECM. Elastic modulus or Young's
modulus was observed in various studies as a method
to evaluate the changes in mechanical properties of the
ECM in the decellularization of arteries, meniscus, and
pericardium [6, 7, 13, 22, 23]. This assessment is vital
as the ECM's elasticity governs the specification of the
stem cell lineage [69]. The distribution and composition
of the ECM with structural proteins, mainly collagen and
elastin, imposes an effect on the mechanical properties
of the ECM, due to the contribution of each structural
protein. As an example, in collagen-rich tissues such as
bone and tendon,

Mechanical properties of the ECM can be affected
primarily by the decellularization protocols. The
changes in the ECM structure and properties caused
by the decellularization process could imply adverse
consequences to cell adhesion during in vitro
recellularization and immunogenicity during in vivo
transplantation [18, 83]. Furthermore, ECM proteins
denaturation during decellularization could elicit higher
immunogenicity in the host. This is due to the exposure
of immunogenic domains, conversion of inert molecules
into immunogens, and depletion of immunomodulatory
moieties [84]. Therefore, in addition to minimizing
the effect on the mechanical properties of the ECM,
a compatible decellularization method should also
preserve the ECM'’s structure and components to prevent
unwanted modulation of the ECM.

Physical methods such as HHP have been shown to
preserve the structure and mechanical parameters
to a certain degree; however, the risk of collagen
denaturation after ultra-high pressure exposure is also
concerning, as seen in the decellularization of porcine
aorta via HHP [22]. This highlights the importance of
optimization of efforts, especially when experimenting
with various tissue or organ sources. As an example,
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the freeze-thaw method could preserve the mechanical
criteria and ECM structural components, albeit affected
by the number of treatment cycles. On the other hand,
extensive exposure time when employing ultrasonication
may induce damage to the ECM structure [12, 25].
Furthermore, HHP exposure to the ECM may reduce the
mechanical strength in terms of elastic modulus, which
highlights the importance of optimization efforts while
attempting this promising method [22, 23]. In brief, the
maintenance of ECM’s mechanical properties could be
attributed to the decellularization method primarily,
hence understanding the underlying principles and
mechanisms of the methods is prominent in order to
reduce the undesirable effects on the ECM.

CONCLUSION

In summary, various methods for decellularizing tissues
and organs aim to achieve effective cell removal,
lower immunogenicity, improve biocompatibility, and
maintain structural integrity. Different types of tissues
and organs require tailored decellularization methods,
which are generally divided into chemical, physical,
and biological approaches, although biological methods
are less commonly used. Effective decellularization
involves removing DNA and cellular debris, as well as
other factors like a-Gal epitopes and ECM alterations,
while also preserving mechanical properties like
elasticity and structural integrity. Chemical methods
often involve detergents, which can leave residues
that increase immunogenicity or damage the ECM if
concentration levels are too high. Physical methods like
high hydrostatic pressure (HHP) have shown promise by
effectively removing cells and residues, though they can
sometimes negatively affect the mechanical strength of
the ECM. Thorough washing steps during HHP processes
are important for removing any remaining debris.

Nonetheless, varying challenges persist in the long-
term implantation of devices and grafts. Regulatory
requirements  include compliance with  Good
Manufacturing Practice (GMP) for scaffold fabrication,
cell sourcing, and clinical-grade bioreactor systems.
The variability in patient responses necessitates
standardized protocols and multi-center clinical trials
to ensure reproducibility and scalability [85]. Moreover,
regulatory bodies have been focusing on sustainability
and environmental impacts, as well as ethical practices,
which may push research into more sustainable
biomaterials for tissue engineering.  Adoption of
sustainable materials in this case could be a challenge;
however, it can improve public trust and acceptance of
medical technologies through visible commitment to
sustainable practices [86]. Other than that, translating
implantation or biomaterial research into safe clinical
practice requires rigorous clinical trials is another
challenge, where it is vital to assess the material’s safety,
efficacy, and functionality in long-term human hosts
[87]. As an example, a previous study revealed that

exertion of ultra-high pressure above 300 MPa to the
target cells, i.e. human osteoblasts and chondrocytes,
led to mostly necrosis [71]. This pressure-dependent cell
death becomes an issue for the applicability of scaffolds
derived from HHP because necrotic effect will result in
inflammatory response, such as the damage-associated
molecular patterns (DAMPS). Such response will further
stimulate pro-inflammatory response, which can be
detrimental to the host [44, 88]. Hence, this concern
must be addressed in future research on HHP and
scaffolds from it, as tissue replacement materials should
have low to negligible immunogenicity to the host. This
hurdle shed light on the importance of standardization
of dECM assessment across tissues and organs, whether
the standardization can occur within tissue type or
generally.

Finally, future research should focus on improving the
mechanical properties of ECMs after HHP treatment
and more thoroughly assessing immunogenic agents
like antigens to ensure scaffolds are biocompatible.
Additionally, understanding how ECM structure and
components affect cell viability and immune response
will help optimize transplantation methods using
xenogeneic tissues and organs. This knowledge could
pave the way for safer and more effective approaches to
using xenogeneic sources for human transplants.

ACKNOWLEDGEMENT

This research was supported by the Ministry of Higher
Education (MoHE) of Malaysia through the Fundamental
Research ~ Grant  Scheme  (FRGS/1/2023/SKK06/
UTM/02/6).

REFERENCE

1. Hillebrandt KH, Everwien H, Haep N, Keshi E,
Pratschke J, Sauer IM. Strategies based on organ
decellularization and recellularization. Transpl Int.
2019;32(6):571-85. doi: 10.1111/tri.13462.

2. Weiss MJ, Cantarovich M, Chaudhury P, Dieude
M, Hartell DP, Martel AC, et al. International
Donation and Transplantation Legislative and
Policy Forum: Methods and Purpose. Transplant

Direct. 2023;9(5):e1351. doi: 10.1097/
TXD.0000000000001351.
3. Peric Kacarevic Z, Rider P, Alkildani S,

Retnasingh S, Pejakic M, Schnettler R, et al.
An introduction to bone tissue engineering.
Int ] Artif Organs. 2020;43(2):69-86. doi:
10.1177/0391398819876286.

4.  Gilpin A, Yang Y. Decellularization Strategies
for Regenerative Medicine: From Processing
Techniques to Applications. Biomed Res Int.
2017;2017:9831534.doi: 10.1155/2017/9831534.

5. HoshibaT,LuH,KawazoeN,ChenG.Decellularized
matrices for tissue engineering. Expert Opinion on
Biological Therapy. 2010;10(12):1717-28. doi:

219 Mal J Med Health Sci 21(SUPP11): 210-223, Nov 2025



10.

11.

12.

13.

14.

15.

16.

10.1517/14712598.2010.534079.

Watanabe N, Mizuno M, Matsuda J, Nakamura
N, Otabe K, Katano H, et al. Comparison of
High-Hydrostatic-Pressure Decellularized Versus
Freeze-Thawed Porcine Menisci. J Orthop Res.
2019;37(11):2466-75. doi: 10.1002/jor.24350.
Kobayashi M, Ohara M, Hashimoto Y, Nakamura
N, Fujisato T, Kimura T, et al. Effect of luminal
surface structure of decellularized aorta on
thrombus formation and cell behavior. PLoS One.
2021;16(5):e0246221.  doi:  10.1371/journal.
pone.0246221.

Bolognesi F, Fazio N, Boriani F, Fabbri VP, Gravina
D, Pedrini FA, et al. Validation of a Cleanroom
Compliant  Sonication-Based Decellularization
Technique: A New Concept in Nerve Allograft
Production. IntJ Mol Sci. 2022;23(3). doi: 10.3390/
ijms23031530.

Arezoo N, Mohammad H, Malihezaman M. Tissue
engineering of mouse uterus using menstrual blood
stem cells (MenSCs) and decellularized uterine
scaffold. Stem Cell Res Ther. 2021;12(1):475. doi:
10.1186/s13287-021-02543-y.

Waletzko-Hellwig J, Dau M, Krebs V, Bader R.
Osteogenic differentiation of mesenchymal stem
cells cultured on allogenic trabecular bone grafts
treated with high hydrostatic pressure. ] Biomed
Mater Res B Appl Biomater. 2023;111(10):1741-
50. doi: 10.1002/jbm.b.35281.

Williams DF. On the mechanisms of
biocompatibility. Biomaterials. 2008;29(20):2941-
53.

Mardhiyah A. SbM, Azhim A. Evaluation of
Histological and Biomechanical Properties on
Engineered Meniscus Tissues using Sonication
Decellularization. IEEE. 2017:4.

Belikov NV, Pushkarev AV, Tsiganov DI,
Khaydukova IV, Gafarova ER, Korneev AA, et al.
Freeze-thaw sheep pericardium decellularization
without detergents: A pilot study. Materialia.
2023;32. doi: 10.1016/j.mtla.2023.101909.

Kim J, Takeda S, Charoensombut N, Kawabata
K, Kishimoto Y, Kimura T, et al. Fabrication
of uterine decellularized matrix using high
hydrostatic pressure through depolymerization of
actin filaments. Journal of Biomechanical Science
and Engineering. 2019;14(3):19-00097-19-. doi:
10.1299/jbse.19-00097.

Nakamura N, Kimura T, Kishida A. Overview
of the Development, Applications, and
Future Perspectives of Decellularized Tissues
and Organs. ACS Biomaterials Science &
Engineering. 2017;3(7):1236-44. doi: 10.1021/
acsbiomaterials.6b00506.

Fu RH, Wang YC, Liu SP, Shih TR, Lin HL, Chen
YM, et al. Decellularization and recellularization
technologies in  tissue engineering.  Cell
Transplant. 2014;23(4-5):621-30. doi:
10.3727/096368914X678382.

Mal J Med Health Sci 21(SUPP11): 210-223, Nov 2025

17.

18.

19.

Kawecki M, Labus W, Klama-Baryla A, Kitala D,
Kraut M, Glik J, et al. A review of decellurization
methods caused by an urgent need for quality
control of cell-free extracellular matrix' scaffolds
and their role in regenerative medicine. ] Biomed
Mater Res B Appl Biomater. 2018;106(2):909-23.
doi: 10.1002/jbm.b.33865.

Kasravi M, Ahmadi A, Babajani A, Mazloomnejad
R, Hatamnejad MR, Shariatzadeh S, et al.
Immunogenicity of decellularized extracellular
matrix scaffolds: a bottleneck in tissue engineering
and regenerative medicine. Biomater Res.
2023;27(1):10. doi: 10.1186/s40824-023-00348-z.
Dussoyer M, Michopoulou A, Rousselle P.
Decellularized Scaffolds for Skin Repair and
Regeneration. Applied Sciences. 2020;10(10):3435.
doi: 10.3390/app10103435.

20. Cavendish A, DiBartola AC, Everhart JS, Kuzma

21.

22.

23.

24.

25.

26.

27.

S, Kim W)J, Flanigan DC. Meniscal allograft
transplantation: a review of indications, techniques,
and outcomes. Knee Surg Sports Traumatol
Arthrosc.  2020;28(11):3539-50. doi: 10.1007/
s00167-020-06058-6.

Azhim A, Ono T, Fukui Y, Morimoto Y, Furukawa
K, Ushida T. Preparation of Decellularized
Meniscal Scaffolds using Sonication Treatment
for Tissue Engineering. 35th Annual International
Conference of the IEEE EMBS. 2013.

Funamoto S, Nam K, Kimura T, Murakoshi A,
Hashimoto Y, Niwaya K, et al. The use of high-
hydrostatic pressure treatment to decellularize
blood vessels. Biomaterials. 2010;31(13):3590-5.
doi: 10.1016/j.biomaterials.2010.01.073.
Kurokawa S, Hashimoto Y, Funamoto S, Murata
K, Yamashita A, Yamazaki K, et al. In vivo
recellularization of xenogeneic vascular grafts
decellularized with high hydrostatic pressure
method in a porcine carotid arterial interpose
model. PLoS One. 2021;16(7):e0254160. doi:
10.1371/journal.pone.0254160.

Azhim A, Yamagami K, Muramatsu K, Morimoto
Y, Tanaka M. The Use of Sonication Treatment to
Completely Decellularize Blood Arteries: a Pilot
Study. 33rd Annual International Conference of the
IEEE EMBS. 2011.

Syazwani N, Azhim A, Morimoto Y, Furukawa
KS, Ushida T. Decellularization of Aorta Tissue
Using Sonication Treatment as Potential Scaffold
for Vascular Tissue Engineering. Journal of Medical
and Biological Engineering. 2015;35(2):258-69.
doi: 10.1007/s40846-015-0028-5.

Negishi J, Funamoto S, Kimura T, Nam K, Higami T,
Kishida A. Porcine radial artery decellularization by
high hydrostatic pressure. J Tissue Eng Regen Med.
2015;9(11):E144-51. doi: 10.1002/term.1662.
Wang X, Chan V, Corridon PR. Decellularized
blood vessel development: Current state-of-the-art
and future directions. Frontiers in Bioengineering
and Biotechnology. 2022;10. doi: 10.3389/

220



Malaysian Journal of Medicine and Health Sciences (eISSN 2636-9346)

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

221

fbioe.2022.951644.

Buckenmeyer M), Meder TJ, Prest TA, Brown BN.
Decellularization techniques and their applications
for the repair and regeneration of the nervous
system. Methods. 2020;171:41-61. doi: 10.1016/j.
ymeth.2019.07.023.

Mahdian M, Tabatabai TS, Abpeikar Z,
Rezakhani L, Khazaei M. Nerve regeneration
using decellularized tissues: challenges and
opportunities. Front Neurosci. 2023;17:1295563.
doi: 10.3389/fnins.2023.1295563.

Amirazad H, Dadashpour M, Zarghami N.
Application of decellularized bone matrix as a
bioscaffold in bone tissue engineering. J Biol Eng.
2022;16(1):1. doi: 10.1186/s13036-021-00282-5.
Liu T, Xu J, Pan X, Ding Z, Xie H, Wang X, et
al. Advances of adipose-derived mesenchymal
stem cells-based biomaterial scaffolds for oral
and maxillofacial tissue engineering. Bioact
Mater.  2021;6(8):2467-78. doi:  10.1016/j.
bioactmat.2021.01.015.

Wauthrich T, Lese |, Haberthur D, Zubler C,
Hlushchuk R, Hewer E, et al. Development of
vascularized nerve scaffold using perfusion-
decellularization and recellularization. Mater Sci
Eng C Mater Biol Appl. 2020;117:111311. doi:
10.1016/j.msec.2020.111311.

Hundepool CA, Nijhuis TH, Kotsougiani D,
Friedrich PF, Bishop AT, Shin AY. Optimizing
decellularization techniques to create a new nerve
allograft: an in vitro study using rodent nerve
segments. Neurosurg Focus. 2017;42(3):E4. doi:
10.3171/2017.1.FOCUS16462.

Guise J-M, McDonagh MS, Osterweil P, Nygren
P, Chan BKS, Helfand M. Systematic review
of the incidence and consequences of uterine
rupture in women with previous caesarean
section. BMJ. 2004;329(7456):19. doi: 10.1136/
bmj.329.7456.19.

SantosoEG, Yoshida K, Hirota Y, AizawaM, Yoshino
O, Kishida A, etal. Application of detergents or high
hydrostatic pressure as decellularization processes
in uterine tissues and their subsequent effects on in
vivo uterine regeneration in murine models. PLoS
One. 2014;9(7):e103201. doi: 10.1371/journal.
pone.0103201.

Sehic E, de Miguel-Gymez L, Thor#in E, Sameus J,
Backdahl H, Oltean M, et al. Decellularization and
enzymatic preconditioning of bovine uterus for
improved recellularization. Translational Medicine
Communications. 2024;9(1). doi: 10.1186/s41231-
024-00175-x.

Florencio-Silva R, Sasso GR, Sasso-Cerri E, Simoes
M), Cerri PS. Biology of Bone Tissue: Structure,
Function, and Factors That Influence Bone
Cells. Biomed Res Int. 2015;2015:421746. doi:
10.1155/2015/421746.

Ling Y, Xu W, Yang L, Liang C, Xu B. Improved
the biocompatibility of cancellous bone with

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

compound  physicochemical decellularization
process. Regen Biomater. 2020;7(5):443-51. doi:
10.1093/rb/rbaa024.

Nie Z, Wang X, Ren L, Kang Y. Development
of a decellularized porcine bone matrix for
potential applications in bone tissue regeneration.
Regenerative Medicine. 2019. doi: 10.2217/rme-
2019-0125.

Duarte MM, Ribeiro N, Silva IV, Dias JR, Alves NM,
Oliveira AL. Fast decellularization process using
supercritical carbon dioxide for trabecular bone.
The Journal of Supercritical Fluids. 2021;172. doi:
10.1016/j.supflu.2021.105194.

Bracey DN, Jinnah AH, Willey JS, Seyler TM™,
Hutchinson ID, Whitlock PW, et al. Investigating
the Osteoinductive Potential of a Decellularized
Xenograft Bone Substitute. Cells Tissues Organs.
2019;207(2):97-113. doi: 10.1159/000503280.
Hashimoto Y, Funamoto S, Kimura T, Nam K,
Fujisato T, Kishida A. The effect of decellularized
bone/bone  marrow  produced by high-
hydrostatic pressurization on the osteogenic
differentiation of mesenchymal stem cells.
Biomaterials. 2011;32(29):7060-7. doi: 10.1016/j.
biomaterials.2011.06.008.

Crapo PM, Gilbert TW, Badylak SF. An overview
of tissue and whole organ decellularization
processes. Biomaterials. 2011;32(12):3233-43.
doi: 10.1016/j.biomaterials.2011.01.057.

Nagata S, Hanayama R, Kawane K.
Autoimmunity and the clearance of dead cells.
Cell.  2010;140(5):619-30.  doi:  10.1016/j.
cell.2010.02.014.

Biehl A, Gracioso Martins AM, Davis ZG, Sze
D, Collins L, Mora-Navarro C, et al. Towards
a standardized multi-tissue decellularization
protocol for the derivation of extracellular matrix
materials. Biomater Sci. 2023;11(2):641-54. doi:
10.1039/d2bm01012g.

Ramm R, Goecke T, Theodoridis K, Hoeffler K,
Sarikouch S, Findeisen K, et al. Decellularization
combined with enzymatic removal of N-linked
glycans and residual DNA reduces inflammatory
response and improves performance of porcine
xenogeneic pulmonary heart valves in an ovine in
vivo model. Xenotransplantation. 2020;27(2). doi:
10.1111/xen.12571.

Moffat D, Ye K, Jin S. Decellularization for the
retention of tissue niches. Journal of Tissue
Engineering.  2022;13:204173142211011. doi:
10.1177/20417314221101151.

Lu H, Hoshiba T, Kawazoe N, Chen G. Comparison
of decellularization techniques for preparation of
extracellular matrix scaffolds derived from three-
dimensional cell culture. Journal of Biomedical
Materials Research Part A. 2012;100A(9):2507-16.
doi: 10.1002/jbm.a.34150.

Mendoza-Novelo B, Avila EE, Cauich-RodrHguez
JV, Jorge-Herrero E, Rojo FJ, Guinea GV, et al.

Mal ) Med Health Sci 21(SUPP11): 210-223, Nov 2025



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Decellularization of pericardial tissue and its impact
on tensile viscoelasticity and glycosaminoglycan
content. Acta Biomaterialia. 2011;7(3):1241-8.
doi: https://doi.org/10.1016/j.actbio.2010.11.017.
Pan MX, Hu PY, Cheng Y, Cai LQ, Rao XH, Wang
Y, et al. An efficient method for decellularization
of the rat liver. Journal of the Formosan Medical
Association. 2014;113(10):680-7. doi: https://doi.
org/10.1016/}.jfma.2013.05.003.

Keane TJ, Swinehart IT, Badylak SF. Methods
of tissue decellularization used for preparation
of biologic scaffolds and in vivo relevance.

Methods. 2015;84:25-34. doi: 10.1016/j.
ymeth.2015.03.005.
Yamanaka H, Morimoto N, Yamaoka T.

Decellularization ~ of  submillimeter-diameter
vascular scaffolds using peracetic acid. Journal
of Artificial Organs. 2020;23(2):156-62. doi:
10.1007/s10047-019-01152-0.

Syed O, Walters NJ, Day RM, Kim H-W, Knowles
JC. Evaluation of decellularization protocols for
production of tubular small intestine submucosa
scaffolds for use in oesophageal tissue engineering.
Acta Biomaterialia. 2014;10(12):5043-54. doi:
https://doi.org/10.1016/j.actbio.2014.08.024.
Pellegata AF, Asnaghi MA, Stefani I, Maestroni
A, Maestroni S, Dominioni T, et al. Detergent-
Enzymatic Decellularization of Swine Blood

Vessels:  Insight on Mechanical Properties
for Vascular Tissue Engineering. BioMed
Research International. 2013;2013:1-8. doi:

10.1155/2013/918753.

Saeid Nia M, Floder LM, Seiler JA, Puehler T,
Pommert NS, Berndt R, et al. Optimization of
Enzymatic and Chemical Decellularization of
Native Porcine Heart Valves for the Generation of
Decellularized Xenografts. International Journal
of Molecular Sciences. 2024;25(7):4026. doi:
10.3390/ijms25074026.

Dang Y, Waxman S, Wang C, Jensen A, Loewen RT,
Bilonick RA, et al. Freeze-thaw decellularization
of the trabecular meshwork in an ex vivo eye
perfusion model. Peer). 2017;5:e3629. doi:
10.7717/peerj.3629.

LiuS, Jin'Y, Zhang L. 5.14 - Watching With Porcine
Corneal: Developing Porcine Corneal Scaffolds
Using Decellularization Strategies. In: Moo-Young
M, editor. Comprehensive Biotechnology (Third
Edition). Oxford: Pergamon; 2019. p. 202-12.
Yang J, Xu Y, Luo S, Dang H, Cao M. Effect of
cryoprotectants on rat kidney decellularization by
freeze-thaw process. Cryobiology. 2022;105:71-
82. doi: 10.1016/j.cryobiol.2021.11.180.

Guler S, Aslan B, Hosseinian P, Aydin HM.
Supercritical Carbon Dioxide-Assisted
Decellularization of Aorta and Cornea. Tissue
Engineering Part C: Methods. 2017;23(9):540-7.
doi: 10.1089/ten.tec.2017.0090.

Casali DM, Handleton RM, Shazly T, Matthews

Mal ) Med Health Sci 21(SUPP11): 210-223, Nov 2025

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

MA. A novel supercritical CO 2 -based
decellularization method for maintaining scaffold
hydration and mechanical properties. The Journal
of Supercritical Fluids. 2018;131:72-81. doi:
10.1016/j.supflu.2017.07.021.

Kim B-S, Kim J-U, So K-H, Hwang NS. Supercritical
Fluid-Based  Decellularization ~ Technologies
for  Regenerative  Medicine  Applications.
Macromolecular Bioscience. 2021;21(8):2100160.
doi: https://doi.org/10.1002/mabi.202100160.

Kim B-S, Kim J-U, Lee JW, Ryu KM, Koh RH, So
K-H, et al. Comparative analysis of supercritical
fluid-based and chemical-based decellularization
techniques for nerve tissue regeneration.
Biomaterials Science. 2024;12(7):1847-63. doi:
10.1039/d3bm02072j.

Zemmyo D, Yamamoto M, Miyata S. Efficient
Decellularization by Application of Moderate
High Hydrostatic Pressure with Supercooling
Pretreatment. Micromachines (Basel). 2021;12(12).
doi: 10.3390/mi12121486.

Miranda CMFC, Leonel LCPC, Cacada RR,
Maria DA, Miglino MA, Del Sol M, et al.
Effects of chemical and physical methods on
decellularization of murine skeletal muscles. Anais
da Academia Brasileira de Cikncias. 2021;93(2).
doi: 10.1590/0001-3765202120190942.

White LJ, Taylor AJ, Faulk DM, Keane TJ, Saldin
LT, Reing JE, et al. The impact of detergents on
the tissue decellularization process: A ToF-SIMS
study. Acta Biomaterialia. 2017;50:207-19. doi:
10.1016/j.actbio.2016.12.033.

Keshvari MA, Afshar A, Daneshi S, Khoradmehr A,
Baghban M, Muhaddesi M, et al. Decellularization
of kidney tissue: comparison of sodium lauryl
ether sulfate and sodium dodecyl sulfate for
allotransplantation in rat. Cell and Tissue Research.
2021;386(2):365-78. doi: 10.1007/s00441-021-
03517-5.

Chakraborty J, Roy S, Ghosh S. Regulation of
decellularized matrix mediated immune response.
Biomaterials science. 2020;8(5):1194-215.

Wu P, Nakamura N, Kimura T, Nam K, Fujisato
T, Funamoto S, et al. Decellularized porcine
aortic intima-media as a potential cardiovascular
biomaterial. Interactive CardioVascular and
Thoracic ~ Surgery. 2015;21(2):189-94.  doi:
10.1093/icvts/ivv113.

Neishabouri A, Soltani  Khaboushan A,
Daghigh F, Kajbafzadeh AM, Majidi Zolbin M.
Decellularization in Tissue Engineering and
Regenerative Medicine: Evaluation, Modification,
and  Application  Methods.  Front  Bioeng
Biotechnol.  2022;10:805299. doi: 10.3389/
fbioe.2022.805299.

Mclnnes AD, Moser MAJ, Chen X. Preparation
and Use of Decellularized Extracellular Matrix for
Tissue Engineering. ] Funct Biomater. 2022;13(4).
doi: 10.3390/jfb13040240.

222



Malaysian Journal of Medicine and Health Sciences (eISSN 2636-9346)

71.

72.

73.

74.

75.

76.

77.

78.

79.

223

Waletzko J, Dau M, Seyfarth A, Springer A, Frank
M, Bader R, et al. Devitalizing Effect of High
Hydrostatic Pressure on Human Cells-Influence on
Cell Death in Osteoblasts and Chondrocytes. Int |
Mol Sci. 2020;21(11). doi: 10.3390/ijms21113836.
Zemmyo D, Yamamoto M, Miyata S. Fundamental
Study of Decellularization Method Using Cyclic
Application of High Hydrostatic Pressure.
Micromachines (Basel). 2020;11(11). doi: 10.3390/
mi11111008.

Wong ML, Griffiths LG. Immunogenicity in
xenogeneic scaffold generation: Antigen removal
vs.  decellularization. ~ Acta  Biomaterialia.
2014;10(5):1806-16. doi: 10.1016/j.
actbio.2014.01.028.

Massaro MS, Palek R, Rosendorf J, Cervenkova L,
Liska V, Moulisova V. Decellularized xenogeneic
scaffolds in transplantation and tissue engineering:
Immunogenicity versus positive cell stimulation.
Mater Sci Eng C Mater Biol Appl.2021;127:112203.
doi: 10.1016/j.msec.2021.112203.

Wu H, Yin G, Pu X, Wang J, Liao X, Huang Z.
Preliminary study on the antigen-removal from
extracellular matrix via different decellularization.
Tissue  Engineering  Part C:  Methods.
2022;28(6):250-63.

Helder MRK, Stoyles NJ, Tefft BJ, Hennessy RS,
Hennessy RRC, Dyer R, et al. Xenoantigenicity
of porcine decellularized valves. Journal of
Cardiothoracic Surgery. 2017;12(1). doi: 10.1186/
s13019-017-0621-5.

Wong ML, Wong JL, Athanasiou KA, Giriffiths
LG. Stepwise  solubilization-based  antigen
removal for xenogeneic scaffold generation
in tissue engineering. Acta Biomaterialia.
2013;9(5):6492-501. doi: https://doi.org/10.1016/j.
actbio.2012.12.034.

Cissell DD, Hu JC, Griffiths LG, Athanasiou
KA. Antigen removal for the production of
biomechanically functional, xenogeneic tissue
grafts. Journal of Biomechanics. 2014;47(9):1987-
96. doi: 10.1016/j.jbiomech.2013.10.041.
Katsimpoulas M, Morticelli L, Gontika I, Kouvaka
A, Mallis P, Dipresa D, et al. Biocompatibility and
immunogenicity of decellularized allogeneic aorta
in the orthotopic rat model. Tissue Engineering Part
A. 2019;25(5-6):399-415.

80.

81.

82.

83.

84.

85.

86.

87.

88.

You L, Weikang X, Lifeng Y, Changyan L, Yongliang
L, Xiaohui W, et al. In vivo immunogenicity of
bovine bone removed by a novel decellularization
protocol based on supercritical carbon dioxide. Artif
Cells Nanomed Biotechnol. 2018;46(sup2):334-
44, doi: 10.1080/21691401.2018.1457044.
Wong ML, Leach JK, Athanasiou KA, Griffiths LG.
The role of protein solubilization in antigen removal
from xenogeneic tissue for heart valve tissue
engineering. Biomaterials. 2011;32(32):8129-38.
Muiznieks LD, Keeley FW. Molecular assembly
and mechanical properties of the extracellular
matrix: A fibrous protein perspective. Biochimica
et Biophysica Acta (BBA) - Molecular Basis of
Disease. 2013;1832(7):866-75. doi: https://doi.
org/10.1016/j.bbadis.2012.11.022.

Padhi A, Nain AS. ECM in Differentiation: A Review
of Matrix Structure, Composition and Mechanical
Properties. Annals of Biomedical Engineering.
2020;48(3):1071-89. doi: 10.1007/s10439-019-
02337-7.

Rowley AT, Nagalla RR, Wang SW, Liu
WF.  Extracellular ~ matrix-based  strategies
for immunomodulatory biomaterials
engineering. Advanced healthcare materials.

2019;8(8):1801578.

Weber J, Martins RS, Muslim Z, Baig MZ, Poulikidis
K, Al Shetawi AH, et al. Anastomotic stenosis
of bioengineered trachea grafts is driven by
transforming growth factor B1-induced signaling,
proinflammatory macrophages, and delayed
epithelialization. JTCVS Open. 2023;15:489-96.
doi: 10.1016/j.xjon.2023.07.016.

Vinchurkar K, Bukke SPN, Jain P, Bhadoria J,
Likhariya M, Mane S, et al. Advances in sustainable
biomaterials: characterizations, and applications
in medicine. Discover Polymers. 2025;2(1):2. doi:
10.1007/s44347-025-00014-8.

Liang Y, Wei S, Zhang A. Bioengineered
tracheal graft with enhanced vascularization
and mechanical stability for functional airway
reconstruction. Regen Ther. 2025;29:364-80. doi:
10.1016/j.reth.2025.03.016.

Kono H, Rock KL. How dying cells alert the
immune system to danger. Nat Rev Immunol.
2008;8(4):279-89. doi: 10.1038/nri2215.

Mal ) Med Health Sci 21(SUPP11): 210-223, Nov 2025



