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Decellularization of tissues and organs
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SUMMARY
Decellularized tissues and organs have been successfully used in various
tissue engineering and regenerative medicine applications. A biological
scaffold obtained from the extracellular matrix can be produced by a
variety of decellularization methods that effectively remove cells from the
tissue to be treated. Decellularization methods is changed according to the
target structure of tissues and organs. These methods can be summarized
with chemically, physically, enzymatically and using Supercritical Fluid
Extraction (SFE) ways. Each of these methods affects the biochemical
composition in the structure of the remaining extracellular matrix (ECM),
the structure of the tissue (ultrastructure), and the mechanical behavior. In
this article, the most commonly used decellulization methods are
introduced and their effects on biological tissue scaffold materials are
discussed.
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INTRODUCTION

In recent years; insufficiency of organs and tissues

and acute rejection of the implanted graft should be
prevented 1. Therefore, one of the ways to solve this
problem is the development of artificial tissues and

is one of the most critical health problems for
humanity. Even many patients are waiting for
donors, and the donor waiting list continues for a
long time. Generally, the workflow begins with the
transplantation of organs from donors. However,
this procedure is not as easy as it seems. Because
the compatibility of the tissues should be ensured,

organs by the help of tissue engineering (TE).

Tissue engineering is composed of three main
factors; signal molecules, cells, and scaffolds
complemented with each other. The piers are two
types, synthetic and natural. Additionally; TE
scaffolds, whether natural or synthetic, must be
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mechanically stable, biocompatible, sterile,
porous, and of adequate strength 2. However,
maintaining the complexity of the cell
microenvironment causes many difficulties in the
use of synthetic scaffolds. Therefore, studies on the
extracellular matrix (ECM) are increasing
dramatically in all areas of the world 3.

The extracellular matrix is the main part of the
tissue without the cells on it with a highly
organized structure. Collagen, elastin, fibronectin,
laminin,  glycoprotein,  proteoglycan  and
glycosaminoglycan are the main macromolecular
components of the ECM structure. The
composition of ECM determines the mechanical
and biochemical behavior of the tissue or organ.
The mechanical behavior of a decellularized
tissue/organ is critical for the re-celling procedures.
It affects the proliferation efficiency of the cells on
it. Thus, the combination and amount of the
macromolecular components for each tissue is
unique and critical for the determination of the cell
fate. In addition, ECM mediates many functions
such as cell growth, migration, differentiation,
survival. It also plays protective and supportive
role for tissue formation and rearrangement of
dynamic cellular behavior 4.

On the other hand; natural tissue scaffolds can be
obtained by decellularization technology. The use
of decellularized tissue matrices instead of tissue
scaffolds prepared with synthetic materials is
critical due to the ability to mimic the 3D natural
structures of tissues while maintaining the
biomechanical, structural and biochemical
properties of the ECM 3. The primary purpose of
the decellularization process is to ensure the
removal of cells and cell contents (genetic
materials such as DNA or RNA) from the ECM °.

In addition, the resulting ECM will prevent the
formation of an immunological and thrombogenic
reaction when combined with the recipient's own
stem cells. In short, using decellularized ECM, it
would be possible to produce personalized tissues.
Moreover, decellularization can be applied to the
entire organ and various tissue fragments.
Especially in the literature, there are many
successful studies on heart, blood vessels, cartilage
bone, adipose tissue, small intestine, umbilical cord
and live™®’. Figure 1 summarizes almost all types
of  processes in  decellularization  and
recellularization techniques *.
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Figure 1: Decellularization and recellularization
processes

Decellularization is performed using a wide range
of techniques which are mainly consisting of
physically, chemically and enzymatically
treatment methods 8° Each of these methods
affects the biochemical composition, the
ultrastructure of the tissue, and the mechanical
behavior of the remaining extracellular matrix
(ECM) structure. Additionally, obtained ECM by
decellularization has also been formed an anti-
inflammatory, immune response which can be
associated with a reduced risk of rejection 10,
Although there is no universally accepted standard
for the decellularization processes, if no cell nuclei
was determined by using various staining methods
after the decellularization processes, and amount of
double-stranded DNA is less than 50 ng for per mg
of extracellular matrix, and the length of double-
stranded DNA is less than 200 bp, this tissue can
be evaluated as decellularized 8.

Deccellularization strategies
Physical methods

Physical methods used to facilitate
decellularization mainly include freezing, direct
pressure, sonication, and agitation. Physical
methods aim disrupting the cell membrane,
releasing and removal of cell contents from the
ECM?®2, The most preferred method among these
methods is freezing. In particular, this method is
mostly used in tendon, ligament, and nerve tissues
13, This method is also called Freeze-Thaw method
that is the process of freezing the tissue to -86 °C
and bringing it back to 37 °C rapidly'*. This rapid
procedure leads to the disruption of the cellular



membrane and cell lysis. Furthermore; the
temperature rate is a very significant point for this
physical method. Because temperature changes
should be kept under control to inhibit the ice
formation during ECM disruption 2. Additionally,
temperature difference or freeze-thaw cycles can
be changed based on your specific protocol. For
instance, in literature, two studies are available for
freeze- thaw method which are decellularization of
fibroblast cell sheets in three and canine lumbar
spinal segments in one freeze-thaw cycle *.
Although there is minimal damage to the ECM
structure as a result of this method and GAG and
collagen content, mechanical strength behaviors
are almost identical with native specimens of
tissues or organs, after the following treatment 88%
of the genetic material is remained in the fibroblast
cell sheets™!4, Consequently, the freeze-thaw
method is beneficial for protection of biochemical
components and  biomechanical properties;
however, because of the inadequate removal of
genetic material, immune rejection is possible *.

Chemical Methods

On the other hand, decellularization can be
performed using chemicals which are consisting of
acid/alkali solutions, detergent, alcohols, and other
elements. Mainly; alkali solutions and acids cause
hydrolytic degradation in biomolecules such as
nucleic acids and cytoplasmic cell contents.
Peracetic acid (PAA) is one of the acidic solutions
that is used for the removal of the remaining
nucleic acids of the cells by showing a minimal
effect on ECM structure!®!’. However, although
Peracetic acid has the effective ability to discard
the genetic materials from the ECM, it can also
interact with significant molecules such as
glycosaminoglycans (GAGs) in ECM 2. As a
result of this, the mechanical strength of ECM is
changed due to the interaction between PAA and
GAGs (hyaluronic acid, heparin, heparin sulfate,
chondroitin sulfate A and dermatan sulfate) . At
the other side of the chemical methods, sodium
dodecyl sulfate (SDS), ionic detergents, and Triton
X-100, non-ionic detergents, demonstrate the
intense detergent characteristics which are also
reducers of the surface tensions. Although non-
ionic ones disrupt the lipid-lipid and lipid-protein
interactions, they do not affect on protein-protein
interactions so that proteins keep the functional
conformation within the tissue or organ 2. Rather
than non-ionic detergents, ionic ones tend to
disrupt the protein-protein interactions for
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solubilizing both cytoplasmic and nuclear cellular
membranes®. Moreover, compared to the other
detergents, SDS disrupt the native structure of
tissue and lead to a decrease in the concentration of
GAGs and ultimately to loss of collagen integrity
in tissue. Decreasing amount of GAGs would
decelerate the cell migration onto the scaffold and
bioactivity of the scaffold 2. Additionally, for both
of the detergent types, due to their high affinity to
the extracellular matrix, removal of all the toxin
surfactants from the tissue is a complicated
procedure 1. As a result, a residue of these
detergents can be remained inside the tissue and
thus might cause undesired effects and
cytotoxicity™®.

Enzymatic Approaches

The enzymatic method is an another
decellularization approach. Especially; nucleases
(endo-exonucleases), trypsin, collagenase, lipase,
dispase, thermolysin, and a-galactosidase enzymes
are used for the decellularization processes. They
are particularly useful for the selective removal of
cell debris and undesired ECM contents.
Especially, trypsin is one of the most prevalent
enzyme types in decellularization protocols which
provides cleaving the peptide bonds between
carbon side of arginine and lysine when the next
residue is not proline?®. However, only the
enzymatic method is not fully adequate for
cleaning inside the cell entirely. So, working
together with a variety of chemicals is possible. For
example, some studies showed that the more
efficient decellularized tissue results were obtained
with combined methods such as 0.05% trypsin,
0.02% EDTA, and agitation for 24 h. However, this
kind of enzymatic process has also an adverse
effect on tissue structures. The prolonged treatment
with trypsin/ EDTA can disrupt the ECM structure
of native pulmonary valve, although there is not
any effect on the amount of collagen within the
tissue?.,

Supercritical Fluid Extraction Methods

The contrary of all other ways, nowadays; there is
a new method that does not require multiple steps
to be decellularized. It is called Supercritical Fluid
Extraction (SFE) which involves the supercritical
carbon dioxide to separate one component from
another. This method is considerably different than
in other decellularization ways. Usage of SFE leads
to maximum removal of cells and cellular debris



from tissues while ECM alterations are minimized
22

scCO2 is a non-toxic, non-flammable, and
relatively inert substance. In addition to these
features, it has desirable properties as an
appropriate solvent and has a mild critical
temperature (31.1 °C), which is suitable for
physiologic environments. Because of these unique
properties, it has been used for numerous
biomedical applications such as extraction of
biologically relevant molecules, pasteurization,
and sterilization of synthetic and natural
biomaterials 2.

On the other hand; the most significant property of
this fluid is that the transport coefficients *. The
temperature and pressure of the supercritical fluid
are higher than its critical point in which liquid and
gas phases cannot be distinguished 3. Particularly,
this fluid has a unique property that can be behaved
like a liquid-like density and a gas-like
diffusivity/viscosity for transportation. Due to its
convenient transport properties, the
decellularization process by scCO2 shows
considerably faster??. Thus, a supercritical fluid
creates a high transfer and permeability rate®.
Moreover, these rates can be changed and
calibrated by altering temperature and pressurel.
Notably, the parameters to create scCO2 above
31.1°C (304 K) and 73.4 bar (7.3 MPa) is also an
alternative treatment for cytotoxic and calcifying

Tablel: Decellularization Methods
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diseases. Under these conditions, it can penetrate
the tissues and dissolve the cells, which provides
the removal of cells from the 2. Figure 2
demonstrates these critic values for supercritical
state.
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Figure 2: Supercritical phase diagram **

Furthermore, for minimum effect on the tissue
structure, scCO2 can also be wused for
sterilization. scCQO2 is an apolar substance so
that ethanol is necessary to eliminate and
deactivate charged molecules, for example,
phospholipids 2. On the other side, using ethanol
with scCO2 ensures successful
decellularization protocol for cornea, aorta,
adipose tissues and esophagus 24?°, Addition to
these prospering properties of supercritical
C0O2, decellularization with utilizing of
supercritical CO2, the content of collagen and
elastin is not affected, and ultimately
mechanical strength is not changed “. All of the
these decellularization methods are summarized
in Tablel;

Physical Methods Chemical Methods Enzymatic Methods | Mechanical
Methods
Mechanical Agitation Alkali-acid Solutions Trypsin High
(Deoxycholic Acid, Hydrostatic
Peracetic Acid, Ammonium Pressure
Hydroxide) (HHP)

Freeze-Thaw Method

Hypotonic and Hypertonic
Solutions
(EDTA, EGTA)

Lipase Supercritical
Carbon

Dioxide

Sonication

Non-ionic Detergents
(Triton X-100, Octyl gluco
pironidase (OGP))

Freeze- Thaw
Method

a-galactosidase

NTIRE

lonic Detergents
(SDS, Triton X-200)

Thermolysis

Pressure-Force Methods

Zwitterionic Detergents
(CHARPS)

Dispase

Alcohols

Collagenase

Other solvents
(Acetone)

Endonucleases

Exonucleases




CONCLUSION

Decellularization can be accomplished mainly with
physical, chemical, and enzymatic ways. However,
some of these protocols need to be used combined
or respectively, to get the best results. Besides,
each protocol will be dependent on the type of
tissue interested because the structural and
functional components of the ECM of various
tissues will be different. On the other hand,
although there are many various methods for
decellularization of tissues, nowadays, SFE is a
novel and popular method compared to other
decellularization methods.  Notably, the most
remarkable properties of SFE are the protection of
mechanical and biochemical strength of ECMs,
sustainable biocompatibility, and prevention of
immune rejection. These properties are very
significant for studies of tissue engineering and
wound healing. Additionally, tissues or organs can
be obtained in absolutely dry conditions means that
the semi permeability of the tissues/organs are
protected that is vital for the recellularization of
tissues. Therefore; SFE has got a considerable
place for creating decellularized tissues or organs
for obtaining valuable and desired ECM of tissues.
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