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Contribution of Physical Methods in Decellularization of Animal Tissues

Abstract

Biologic scaffolds composed of extracellular matrix (ECM) are frequently used for clinical purposes
of tissue regeneration. Different methods have been developed for this purpose. All methods of
decellularization including chemical and physical approaches leave some damage on the ECM;
however, the effects of these methods are different which make some of these procedures more
proper to maintain ECM structure than other methods. This review is aimed to introduce and compare
new physical methods for the decellularization of different tissues and organs in tissue engineering.
All recent reports and research that have used at least one physical method in the procedure of
decellularization, were included and evaluated in this paper. The advantages and drawbacks of each
method were examined and compared considering the effectiveness. This review tried to highlight
the prospective potentials and benefits of applying physical methods for decellularization protocols
in tissue engineering instead of the current chemical methods. These chemical methods are harsh in
nature and were shown to be destructive and harmful to essential substances of ECM and scaffold
structure. Therefore, using physical methods as a partial or even a whole protocol could save time,
costs, and quality of the final acellular tissue in complicated decellularization procedures. Moreover,
regarding the control factor that could be achieved easily with physical methods, optimization of
different decellularization protocols would be quite satisfactory. Combined methods take advantage
of both chemical and physical approaches.
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Introduction cellular components from tissue or organs
. . . roduces an ECM consisting of active
Biological  scaffolds  obtained  from P . £ of &
. . structural proteins that can be used in tissue
decellularized  tissues and organs . . .
. ] engineering. The most effective method of
have been wused successfully in tissue

tissue and organ decellularization depends
on many factors, such as cell (tissue) type,
cell density, tissue’s thickness, and lipid
content.

engineering. Natural scaffolds derived from
decellularized tissues can be a good basis
for progress in reconstructive medicine
while preserving the major constituents

of the ECM. Removing the limitations  Due to its important effects on cell

and risks of transplantation of vital organs
and regeneration of defective or damaged
organs are essential goals of reconstructive
medicine."! Bioscaffolds provide structural
support for cell attachment and a suitable
environment (with sufficient porosity)
for cell growth, proliferation, and ECM
secretion.”’!  Bioscaffolds are superior to
synthetic and polymeric scaffolds, due to
the retained components of a native ECM.

Tissue decellularization is a promising
method for the preparation of bio-scaffolds
for regenerative medicine. Removing
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migration and proliferation, the preservation
of the basic structure and properties of the
ECM is vital during the decellularization
process.’! These ECM components, such
as collagen, elastin, and proteoglycans
prepare the scaffold for tolerant bending
and load-bearing, respectively. In addition,
decellularized scaffolds also preserve most
of the biologically active molecules such as
fibronectin, laminin, and glycoprotein that
act as growth factor signals.l]

It should be noted that any decellularization
agent and method partially disrupt the
composition of the ECM and cause damage
to its structure. The goal of optimal
decellularization is to minimize these
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adverse effects.*”) A decellularization protocol mainly
begins by tearing the cell membrane using physical methods
or ionic solutions, then extruding cellular components
from the ECM with enzymatic agents, and removing the
cytoplasm and cellular components by dissolving in the
detergent to remove the remaining waste. To enhance the
decellularization effect, it can be immersed or agitated
in different agents. Finally, all chemical and toxic agents
need to be rinsed off, and the tissue would be sterilized for
preservation or subsequent actions such as cell culturing in
tissue engineering.[®’

Applied Methods in Tissue Decellularization

Decellularization methods are a combination of physical,
chemical, and enzymatic methods in which factors such as
detergents, enzymes, and temperatures are used to break
down and disrupt the cells. These methods effectively
reduce immune responses in the host tissue and create the
spaces in which host cells can penetrate and proliferate.
Each decellularization method may comprise one or more
decellularization agents applied to the tissue. The order
and timing of these methods constitute a decellularization
protocol. Different protocols are tested depending on
the type of tissue by modifying application methods to
obtain the desired decellularized scaffold.l’! In this review,
different physical methods for tissue decellularization are
discussed and the effectiveness of all methods is reported.

Thermal shock

Thermal shock (freeze-thaw cycle) effectively destroys
tissue and organ cells; however, the remaining membrane
and cellular content would be eliminated by subsequent
complementary processes. Frozen water crystals occupy the
volume inside the cell and cause the membrane to burst.
The freeze-thaw cycle causes a small degradation in the
structure of the ECM, due to the geometric shape of the
crystals that may damage the scaffold, with little effect on the
mechanical properties of ECM.®! Azuma et al. used a rapid
freeze-thaw method to remove cells from tendon fragments
for tissue engineering studies.l”! Freezing temperatures can
be arbitrary as low as —80°C and thawing temperatures as
high as 37°C.I'% The numbers of heat shock cycles in the
reports have been variable and arbitrary; for example, two
studies have used three cycles to decellularize fibroblast
cell sheets!!!! and one cycle for lumbar vertebrae cells.!'?
Although the mechanical strength and the percentage of
collagen and elastin were maintained to a high degree,
88% of the DNA content remained in the fibroblast cells,
which may trigger an acute immune response. This result
indicates that the heat shock cycle alone is not capable
of removing sensitive cellular components.'” Burk et al.
conducted a study to investigate the effect of heat shocks
on the decellularization of large tendons along with Triton
X-100 and sodium dodecyl sulfate (SDS) as detergents and
found that freezing-thaw cycles resulted in a significant
reduction (20%) in DNA and nucleic acid content.['¥) Roth

et al, in a new study to automate the cell freeze-thaw
protocol with rapid-thaw cycles, used a nitrogen-controlled
liquid-freezer at a controlled temperature to freeze
superficial flexor tendons. The decellularization protocol
was completed with a nonionic detergent. According to the
results, no differences were observed in the efficiency of the
methods, and 2% nucleic acid and 13% DNA remained in
the decellularized cell, which was higher than the previous
Burke’s protocol. According to a study by Poornejad
et al., heat shock did not affect mechanical properties such
as the elastic modulus of the decellularized kidneys without
the addition of the cryoprotectants, which prevents the
formation of water crystals in the tissue and the destruction
of its structure and properties. This observation indicates
that, unlike the primary method where the presence of ice
crystals destroys the scaffold, thermal cycles solely do not
play a role in the destruction of structure and properties
of the decellularized scaffold as well as the ECM.I"! In
another study, Nonaka et al. to investigate the effects
of rapid freeze-thaw heat shock decellularization on the
mechanical properties of decellularized lungs under a
standard physiological respiratory regimen, decellularized
15 lung specimens of mice by the regular method, and
three decellularized specimens were subjected to three
additional fast freeze-thaw cycles. Comparison of the
results showed that changes in the mechanical properties of
the lung tissue after exposure to the respiratory cycle were
negligible. In addition, tissue integrity was maintained, and
no leakage was reported.''® In Zhao et al. 5 study they used
3-5 freeze-thaw cycles from 37°C to —80°C accompanied
by chemical and enzymatic methods to decellularize human
adipose tissue. It is stated that the components of cells
and lipids were desirably removed, whereas collagens and
other ingredients of human adipose tissue were retained.!'”’
Finally, concluded that thermal shock is a useful method
for decellularization which destroys cells and keeps the
structural properties for most tissues almost intact.

Mechanical loading and hydrostatic pressure

Superficial cells of a tissue or organ can be effectively
eliminated by physical scraping with a sharp tool or
abrasive accompanied by enzymes or salt solution.
Physical removal of the extra layers initially helps to make
the decellularization regimen more efficient. However,
the amount of force required must be precise because
the underlying structure and membrane attachment are
vulnerable to any kind of direct mechanical stress.®!%]

In the hydrostatic pressure method, water is sprayed with
pressure on the target tissue. This method takes less time
to apply and works more effectively than detergents or
enzymes. However, the formation of ice crystals caused
by the presence of water may damage the ECM structure.
Increasing the temperature during the decellularization
process suppresses the creation of these crystals, but
also increases the entropy and thereby leads to the ECM
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vulnerability.*®! In a study by Hashimoto et al. the
porcine retinal specimen was decellularized entirely
using hydrostatic pressure of 980 MPa for 10 min.'1 A
similar study by this group was performed to decellularize
the aortic artery from a porcine sample. A 4-week
observation, after animal transplantation, confirmed that
the decellularized vessel withstands blood pressure and
that no blood clot was present in its pathway.”! In both
studies, the physical method alone was not able to remove
DNA residues from the tissue, and therefore a chemical
agent was used to destroy and remove the remains. In
the temperature of 10°C, the structure and flexibility of
the scaffolds due to the content of these proteins were
maintained better compared to the 30°C condition.!”
comparing the SDS method and hydrostatic pressure in the
rat uterine decellularization, they showed that both methods
were successful in decellularization, but the DNA content
was significantly lower in the hydrostatic pressure method,
and the collagen content was well preserved.?!) Kim et al.
used high hydrostatic pressure to fabricate a decellularized
uterine matrix. Rat specimens were applied to high
hydrostatic pressure and followed by a washing process.
The chamber where specimens were placed was pressurized
up to 50 MPa or 980 MPa at 65.3 MPa/min. As the pressure
was kept for 10 min, it decreased to atmospheric pressure
at 65.3 MPa/min at 30°C. The washing buffer contained
0.2 mg/ml deoxyribonuclease I (DNase), 0.9% NaCl,
0.05 M magnesium chloride hexahydrate, and 1% penicillin
and streptomycin. The washing process was performed on
a shaker at 4°C for 7 days. The results represented that
7 days of washing treatment against the tissue pressurized
by 50 MPa failed to remove the cells inside the tissue
as well as their actin cytoskeleton. The present findings
of this study indicated that decellularization under 980
MPa pressure depolymerized the actin cytoskeletons in
the native rat uterine tissue. It is also stated that pressure
altered the nucleus morphology after applying the high
hydrostatic pressure to the uterine tissue.””? Watanabe
et al. investigated the effects of high hydrostatic pressure
on the decellularization of the porcine meniscus. In their
study, the middle portion of the meniscus was packed
in a plastic bag filled with saline and sealed to prevent
implosion and leakage during the decellularization process.
The pressure of the pack was then increased to 1000 MPa
at 30°C for 10 min. After that the meniscus was washed
by continuous shaking at 0.5 rpm in saline containing 0.4
U/ml recombinant DNase solution, MgCl, (50 mM), and
antibiotics for 3 or 7 days at 37°C. The histological and
biochemical findings showed that high hydrostatic pressure
effectively decellularized the meniscus. In addition, it
is stated that some cells were observed at 14 days, and
more numbers of cells were observed at 28 days after
recellularization.”’! Hydrostatic pressure requires relatively
little time and results in a good percentage of tissue
decellularization while preserving ECM structure and
preserving proper recellularization rate.

Electroporation

Nonthermal  irreversible electroporation has  been
investigated as a method of tissue decellularization.
In this method, microsecond electrical pulses are
applied throughout a tissue, causing micropores in the
cell membrane. These pores can lead to loss of cell
homeostasis and eventually cell death. In irreversible
electroporation, depletion is selective, and the heat control
produced during the process preserves the ECM and
adjacent tissue. One of the limitations of this method is
the relatively small electrodes that limit the size of the
tissue for decellularization. However, more importantly,
decellularization must be carried out in vivo, in order to
prevent the inflammatory response of the immune system.
Phillips et al. were the first group to use this method to
decellularize carotid arteries of rat specimens in vivo. Their
results showed that the cell components were gradually
removed from the tissue over a 3-day period.?¥

Sano et al. designed a set-up to decellularize the liver
of porcine samples. Intense but short electrical pulses
were applied to the tissue while vascular perfusion was
conducted with a low-temperature chemical agent. The 99
distinct pulses with the specified amplitude and frequency
were able to destroy the cells’ membrane within 24 h.
Continuous mechanical perfusion contributed to the
removal of cell debris that could not be removed from tissue
in the initial electroporation study.l”! Zager et al. optimized
the method of irreversible electroporation for myocardial
muscle tissue engineering. Seven different protocols with
different frequencies, wavelengths and iteration were
compared to evaluate muscle decellularization. According
to the results, the lower the frequency of the pulses, the
higher the functional damage to the muscle. Compared to
myocardial infarction, electroporation damage was similar
in performance, but the ECM remained intact. One of the
limitations of this method in cardiac tissue engineering
is its adverse effects on cardiac muscle function due to
the external electric field.”® Hence, electroporation has a
classified and graded effect on the tissue. The extent of
decellularization could be controlled by changing pulse
length, frequency, and iteration numbers, as well as electric
field density.

Ultrasonic waves

Ultrasonic waves, often performed at frequencies above
20 kHz, are used for cell separation in the bath containing
tissue or organ. High-power waves are capable of disrupting
intermolecular bonds, disrupting the cell membrane, and
removing its internal components. The lower the frequency,
the higher the damage of the waves. The practice of applying
ultrasound for various applications is called sonication. It
is crucial to control the cavitation during the process. The
physical phenomenon of cavitation is unavoidable due to
the intensity of the fluid pressure changes caused by the
waves, but uncontrolled cavitation can severely damage
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the structure and mechanical properties of the tissue. The
intensity of cavitation varies with temperature, viscosity,
and dissolved gas in the fluid.?”’ Azhim et al. developed a
new sonication system to decellularize tissues in the short
term. Aortic specimens were decellularized in this system
with SDS and controlled amounts of dissolved oxygen gas
in it. According to the results, sonication alone was able to
achieve desirable decellularization.?”

Oliveira et al. compared several common methods for
small intestine decellularization for use in retinal tissue
engineering. In the physical protocol, the specimens were
exposed to sonication or ultraviolet irradiation for 5, 10,
and 15 min at a distance of 15 cm after removal from
the phosphate-buffered saline (PBS). Histological and
histochemical analysis showed that collagen fibers were
maintained by decellularization with Triton X-100 and
sodium chloride and sonication, whereas type III collagen
fibers remained intact only by UV irradiation. The results
also showed that the sonication method alone did not show
enough efficiency, primarily due to the destructive effects
of ultrasound radiation on the orientation of fibers in the
thin retinal tissue.? In Forouzesh et al.’s study, direct and
indirect ultrasonic waves were accompanied by SDS with
0.1% and 1% (w/v) concentrations as chemical agents to
decellularize cartilage tissue. The decellularization process
was investigated by nucleus staining with hematoxylin
and eosin (H and E), and by glycosaminoglycans (GAGs)
and collagen staining. Results of this study showed
that H and E staining indicated that 1% (w/v) SDS, in
addition to ultrasonic bath for 5 h, significantly decreased
the cell nucleus remnant to the lacuna ratio by 66%. It is
declared that ultrasonic bath helps to a better infiltration
of decellularization agents, moreover, it is mentioned that
the process time has decreased due to this method and
no significant defect has been seen on the structure of the
tissue.*”!

Yusof et al. used a closed sonication system to
decellularize meniscus to obtain scaffolds for orthopedics
tissue engineering applications. The decellularization
was accomplished using closed sonication treatment for
10 h, and a 5 days washing period. The frequency and
temperature of 0.1% SDS solution was set at 40 kHz
and 36°C £ 1°C, respectively. In order to assess the
decellularization efficiency, a simple immersion treatment
was performed. The results showed that there was a 92%
decrease of residual DNA content in sonicated scaffolds
compared to 68% in immersed scaffolds. Decellularization
using immersion showed to be insufficient to achieve
whole cell removal in comparison to closed sonication
treatment.*” In another study by Ahim et al aortic
scaffolds were obtained by using the same method. Aorta
tissues were placed 10 mm from the ultrasonic transducer
and sonicated with 170 kHz frequency in 0.1% and 2%
SDS at constant temperature 36°C for 10 h. The tissue was
washed in PBS for 5 days to remove the residual SDS after

decellularization. The histological analysis through (H and
E) staining indicated that the structure of sonicated aortic
scaffolds was maintained on the microscopic scale with
the intact ECM fibers without the presence of any nucleus.
Because the elastic fibers were preserved, decreasing of
residual force is most likely due to the removal of cells,
resulting in residual force to be released."

Pressure gradient

Induction of a pressure gradient during tissue
decellularization can  help the enzyme-mediated
decellularization method. In the case of hollow tissues such
as the vein, a decellularization agent can better penetrate
the vessel through a gradient of pressure, as could be
used for thicker tissues such as the tendon.*® Sierad et al.
developed a new perfusion system that operates with a
differential pressure gradient for the removal of thick aortic
tissue by preserving its weak valves. The sample was
subjected to various chemical protocols with detergents and
enzymes in the apparatus. By combining the physical and
chemical methods, the anisotropic mechanical properties
were well preserved, the thick aortic wall was optimally
decellularized, but there was no damage to the valves’
wall structure. Although tissue stiffness was increased
due to the loss of a large percentage of GAGs during
this process, other components of the ECM were highly
retained.” Montoya and McFetridge developed a perfusion
system that worked with fluid displacement to decellularize
embryonic veins and similar tissues. The flow pressure
was set at three pressures of 5, 50, and 150 mmHg.
Phospholipids were eliminated at a higher pressure of
150 mmHg, whereas a pressure of 50 mmHg was more
suitable for protein elimination. Fluid outflow occurs due
to pressure differences along the transverse wall of the
lumen, which along with the dead cells and their remnants,
are removed from the tissue by exposure to the chemical
agent. The removal of soluble residues in the chemical
agent will be more effective by a continuous fluid exchange
in the external conduit. The device used a peristaltic
pump for constant-rate fluid perfusion and pressure was
monitored immediately in the system. A damper was
used to damp pulses produced by the pump in the system
upstream up to 90% and a one-way valve was used for
flow control.B?3 Applying pressure gradient as a mechanism
of tissue decellularization has been demonstrated to be
significantly an effective physical method. Furthermore, the
pressure gradient approach reduces processing time, and
due to uniform pressure, less aggressive chemical agents
are required to achieve the same level of decellularization.

Vacuum assisted

It is hypothesized that use of a vacuum would
accelerate and improve the delivery and efficiency of
detergents into the target tissue. Lange et al. combined
detergent-enzymatic-method  together =~ with  vacuum
technology. Porcine tracheal scaffolds were decellularized
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through this method and results were compared with
the normal decellularization procedure without using
vacuum technology. Porcine tracheae specimens were
decellularized using exactly the same decellularization
protocol but under normal atmospheric pressure. A vacuum
was created to <1000 Pa. The results of this study showed
a reduction in process time (9 days to prepare scaffold).
Moreover, a reduction in residual DNA levels was
observed (decellularization no-vac: 137.8 + 48.82 ng/mg vs.
decellularization vac: 36.83 = 18.45 ng/mg, P < 0.05).B4 In
another study by Butler et a/. human donor tracheal were
decellularized by vacuum-assisted protocol. The results
of their study indicated that the vacuum assisted method
produces well decellularized bioscaffolds and is comparable
with the detergent-enzymatic method. However, the process
time in vacuum-assisted decellularization is significantly
less than detergent-enzymatic procedure (approximately
9 days vs. 3-8 weeks).’ Vas et al. studied the vacuum
assisted methodology on cartilage tissue. Fresh porcine
costal cartilage was obtained from Large-White/Landrace
crossbred pigs ranging from 40 to 70 kg. Costal cartilage
adjacent to the bone tissue was separated from the rib
cage. Any remaining adherent soft tissue was removed
using a sterile scalpel and the harvested costal cartilage
placed in sterile plastic bags and stored immediately
at -20°C. It is described that this methodology allows
for the rapid fabrication of nonimmunogenic costal
cartilage-derived scaffolds capable of directing cell fate.
Based on the finding of this study, the decellularized ECM
is capable of improving the chondrogenic differentiation
of skeletal cells and provokes a regenerative response in
an immunocompetent host after implantation.?® Removal
of detergents from a decellularized tissue is the other
application of the vacuum methodology.’” Alizadeh
et al. have investigated vacuum washing (VW) to
remove SDS detergents out of a decellularized bovine
pericardium. Differences between VW method and normal
washing (NW) method (containing distilled water and PBS)
were explored. Results indicated that removal of SDS in
the VW group was more effective than the NW group. It is
also declared that VW for 12 h is the optimum state.

Supercritical fluid

Supercritical fluid removes cell debris as it passes through
tissue, so it can be used as a neutralizing agent after
initial decellularization with a detergent such as alcohol
to remove cell debris in the tissue. In addition, this fluid
reduces the detrimental effects on the mechanical properties
of the ECM. However, the pressure required to apply the
supercritical fluid phase can destroy the ECM.H# The
supercritical fluid has a density similar to that of liquids
but is permeable like gases. The critical temperature and
pressure of supercritical carbon dioxide (SC-CO,) are
31.1°C and 7.40 MPa, respectively, which is consistent
with 37°C and 15 MPa physiological conditions. Besides,
due to its high permeability, carbon dioxide gas will be

rapidly removed from the tissue, and the need for additional
tissue washing will be eliminated. However, since carbon
dioxide gas is nonpolar, adding ethanol can easily remove
the polar portion of the membrane which is a phospholipid.
Furthermore, all mechanical and structural properties of the
tissue remain unchanged.!”

de Boer et al., decellularized the porcine pericardial tissue
with SC-CO, for manufacturing of aortic prosthesis. By
performing mechanical tests, compared to the synthetic
prosthesis made of Dacron, the biologically prepared tissue
showed favorable properties, and this study demonstrated
the high capability of this decellularization method.B®
In one study, Guler et al. used SC-CO, to decellularize
aortic and retinal tissue. Their results showed that high
fluid pressure bursts the cells during the process, and
rapid pressure reduction contributes significantly to the
removal of cells and their remnants from the tissue.
Furthermore, the process period is reduced considerably;
complete decellularization is achieved while retaining the
ECM intact.’”! Wang et al. developed a method based on
SC-CO, that eliminates the need of harsh chemical agents
and also reduces the amount of processing time required.
The resultant ECM material showed removal of nuclear
content while preserving key proteins such as collagen
Type I, collagen Type III, collagen Type IV, elastin,
fibronectin, and laminin. In addition, biological factors
such as GAGs and growth factors such as basic fibroblast
growth factor and vascular endothelial growth factor were
also retained.*” The absence of lipids is an important
step for decellularization of retina tissue and further
recellularization. Gil-Ramirez et al., to obtain a tissue
free of undesired cellular components, for the first time
developed a set-up using pressurized carbon dioxide fluids
for the decellularization of porcine retina tissue. Pressurized
CO,-EtOH-H,0 (0.87 %,.,,) at 300 bar and 37°C for 1 h
completely removed the lipid species found in the retina.
It is stated that using ethanolic mixture instead of limonene
mixture, lipid content decreased by >50% showing good
solubility of retina lipids in pressurized CO,-limonene.™*'!

Immersion and agitation

Immersion and agitation is one of the applied
decellularization techniques that better assists the agent
to reach the tissue cells. The desired tissue or organ is
immersed in a chamber containing the decellularization
agent. The immersion time and intensity of agitation
depend on the thickness and density of the tissue. The
turbulence in the agent can be induced by a magnetic plate,
an ultrasound source, a rotating chamber, or an agitator
at the end of the chamber.*® Syed et al, Compared
several decellularization protocols for preparation of the
submucosal substrate scaffolds for use in laryngeal tissue
engineering. The first method consisted of perfusion and
immersion of the specimen using a peristaltic pump. The
specimens were immersed in SDS, an anionic detergent
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and Triton X-100, a nonionic detergent. The perfusion
outlet from the intestine was recycled back to the pump.
The second protocol, involving a mixture of sodium
deoxycholate and DNase, was followed by stirring the
tissue in the solvent. A shaker was used to agitate the fluid
appropriately.) The limitation of this process is that cell
lysis could start before being exposed to the detergent and
release various proteases, which degrade the surrounding
ECM and the resultant scaffold could be partially degraded.

Perfusion

Antegrade and retrograde perfusion flow is a method
of decellularization of organs in which the organ is
completely separated from its main blood vessel and the
chemical agents are injected into its vascular system after
being washed with detergents. Since the required pressure
to drive the agent along the vascular system can cause
the capillaries and small vessels to tear, flow rate control
is crucial.®*] He and Callanan published a detailed report
on decellularization techniques in tissue engineering.
Different perfusion decellularization protocols have been
described and compared with those previously used
successfully for the heart, lung, liver, kidney, pancreas,
small intestine, and skeletal muscle organs.**! The first
whole-organ decellularization by the perfusion method
was performed by Ott et al. for whole rat heart samples.
Perfusion was done through the coronary artery. The
ECM and vascular network structure were maintained.
Moreover, after endothelial and cardiac cells were cultured,
the physiological environment of the body restored the
heart to 2% of adult heart efficiency by placing the
heart in a bioreactor and under electrical stimulation for
28 days."™! Wainwright et al. proposed a new method of
heart decellularization, which heart was decellularized
using pulsatile retrograde artery perfusion. The protocol
used in this study was time-efficient and could effectively
remove DNA content from tissue.*) Remlinger et al.
implemented a retrograde perfusion protocol. Their method
was slightly more invasive, leading to a decrease in the
DNA remaining in the scaffold.”’ Momtahan e al. stated
that there is a need for a balance between invasive cell
degradation and maintaining a microscopic environment
suitable for cell culture.”®

Methe ef al. proposed another method for decellularization
of pig heart: The use of the aqueous solution and ionic and
nonionic detergents by means of perfusion and agitation.
In this way, the ECM retained its original shape and
function, and the heart muscle cells remained unchanged.
In addition to cellular diversity, growth factors and
nutrients must be provided in the bioreactor environment
for cell culture to be effective.*”! Sierad et al., for the
decellularization of thick aortic tissue by preserving
its weak valves, developed the first perfusion system
that operates with a differential pressure gradient. The
specimen was subjected to various chemical protocols with

detergents and enzymes in the apparatus. By combining the
physical and chemical methods the anisotropic mechanical
properties were well preserved, the thick aortic wall was
optimally decellularized while there was no damage to the
valve structure. Although tissue stiffness was increased
due to the loss of a large percentage of GAGs during
this process, other components of the ECM were highly
retained.®?! Petersen et al. showed how a mouses’ lungs
could be decellularized by perfusion. The decellularized
pulmonary scaffold was cultured in a bioreactor that held
the airways and sacs open at a negative pressure of 1
breath/min and simultaneously maintained blood pressure
in the pulmonary artery at 20 mmHg or less. Results
after implantation into the host mice showed that the lung
participated in gas exchange. However, blood leakage
from the vessels and the formation of edema (interstitial
water accumulation) were observed several hours after
transplantation, which was a sign of damage caused by the
decellularization process.” In a follow-up study by Song
et al., process optimization, for maintaining scaffold intact
and better exchange performance, was able to keep the
lung active for up to 7 days after transplantation.!

Caralt et al. have published research on the optimization
of the decellularization process from rat kidney.
According to the study, the most effective method of renal
decellularization, by preserving the primary structure and
major biological properties of the tissue, is the use of
Triton X-100 and SDS in perfusion. However, the use of
the ureteral route through which urine flows through the
kidneys can be another auxiliary route.’?! Pellegata et al.
developed a new automatic system for the decellularization
of arterial scaffolds. Three separate chambers were provided
with chemical decellularization agents; the perfusion pump
automatically selected the desired fluid by the system and
inserted the fluid into the circuit through three routes. One
chamber would collect the used fluid at the end of the
route. The tissue fixture clamps inside the chamber were
able to extend the tissue longitudinally, thereby increasing
the rate of diffusion into the tissue. The perfused flow rate
in the system was 40 ml/min.’ According to Kajbafzadeh
et al., whole organ perfusion is the most effective method
of liver decellularization. Perfusion is done through
the liver or biliary vascular system. Compared with the
concentration gradient (diffusion) method, perfusion
maintains the internal vascular system of the liver and is
more effective.®” In Verstegen et al. s study, whole human
liver was decellularized to achieve transplantable organ
bioscaffold using controlled perfusion. Whole human livers
were decellularized by dual machine perfusion through
the portal vein and hepatic artery. A perfusion setup was
made to enable the decellularization through the hepatic
artery and portal vein applying controlled perfusion
fluids including 4% Triton X-100 with 1% ammonium
hydroxide. The flow rate was increased on day 3 from
60 mL/min to 350 mL/min and was refreshed every 4
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h. The remainder of cellular debris was washed out by
perfusion with 0.9% NaCl. It is declared that decellularized
vascular matrix remained appropriate for normal suturing
and no major histocompatibility complex molecules were
detected and the achieved scaffold were nontoxic when
human mesenchymal stromal or umbilical vein endothelial
endothelium cells were reseeded. The authors also assert
that their findings of this study support new opportunities
for bioengineering of transplantable grafts in the future.
Perfusion seems to be one of the most popular methods for
tissue decellularization. Because of natural vascular trees
to distribute detergents, better access would be provided
and tissue deep exposure to decellularization agents would
occur. As a result, improved removal of cellular components
helps to better decellularize the tissue.’® Tajima et al.
used freeze-thaw and perfusion together to decellularize
canine kidney. The renal artery of cadaveric canine was
cannulated and the whole organ of the kidney was frozen
at —80°C. After the kidney was completely thawed, it was
perfused with 5% SDS in physiological saline for 6 h
through the cannulated artery to achieve decellularization.
Their protocol for decellularization could remove cellular
components while preserving the native ECM.F7

Combined methods

Since each method has its own advantages and
disadvantages, several techniques are used to complement
each other to produce desirable properties such as specific
mechanical properties in engineered tissue. Figure 1
shows different physical methods in the decellularization
process that are used separately or in a combined order.
Physical methods, for example, cause the least damage to
tissue structure, although they cause significant immune
responses. On the other hand, chemical agents such as
enzymes and detergents alone cannot eliminate cell debris.
Although combined methods require more chemical
agents and more process time, they work more efficiently
and optimally. Thick tissues often require multi-stage
decellularization protocols, including mechanical, chemical,
and enzymatic methods.!'” For example, fat tissue, despite
being simple, requires 13 different stages of mechanical
pressure, enzymatic, polar detergent, and sterilization for
complete decellularization while maintaining important
mechanical and biochemical properties of the tissue.*
Another combined approach to decellularize fat tissue is
the 5-day procedure of several heat shock cycles between
two full-fledged enzymatic rinses accompanied by polar
solvent rinses.®® In a combined protocol, two different
hypotonic buffers were used to decellularize the cartilage
disc of the porcine sample. The tissue was then incubated
in the hypertonic buffer containing DNase to increase
porosity, followed by freeze-thaw and sonication cycles.[>”
The whole murine lung sample was decellularized, using
two mechanical methods along with the detergent and
enzymatic methods. Four freeze-thaw cycles and then
perfusion with a chemical agent for 5 weeks, and finally

the tissue was washed with a nuclease agent. A large
percentage of the important components of the ECM was
retained, while the cellular components were well removed.
This was a favorable result of prolonged exposure to
extremely low concentrations of chemical agents.[®¥ Gardin
et al. used a combined protocol consisting of several
stages of heat shock, eluting, and dehydrating with alcohol
to decellularize bovine specimens and showed that this
protocol was superior to the other three protocols tested.
In the second part of the study, the bovine pericardium
was decellularized by heat shock and osmotic shock
methods. The results showed the relative superiority of
the osmotic shock method in maintaining ECM and host
tissue response at the implantation site.®) In another study
by Hung ef al. on laryngeal decellularization, two methods
of rapid freeze-thaw and sonication were employed
together. The result showed that one or more heat shock
cycles alone had little effect on the process. However,
by adding 3 cycles of sonication during freezing of the
laryngeal tissue, the cellular and nucleic acid content
were significantly reduced.®? Casali et al. used a dual
method to maintain the decellularized scaffold hydration
and mechanical properties. In this method, the tissue was
exposed to a detergent for 48 h and then washed with
SC-CO, for 1 h. This procedure completely eliminated
cellular remnants of DNA and reduced the processing
period significantly from 4 to 7 days to 2 days. At the same
time, the mechanical and structural properties of the tissue
were well preserved.[®] Manalastas et al. used SDS solution
together with a sonication method to obtain a decellularized
bioscaffold. The results of their studies indicated that there
is a significant decrease in decellularization time compared
to the state when SDS is used for decellularization solely. It
is also stated that sonicator power had a significant effect on
the microarchitecture integrity of the scaffold.[* Combined
methods are mainly used to reduce the decellularization
process. Besides, due to the application of combined
methods, less exposure to chemical agents could prevent
side effects on the ECM.I%! Table 1 indicates different
methods used in tissue decellularization, although some of
these methods could be used together in order to achieve
the optimum decellularized tissue.

Conclusion

In general, physical methods of decellularization can disrupt
the cell membrane, release cellular contents, and facilitate
the removal of cellular contents from the ECM. Physical
methods of decellularization include rapid freeze-thaw (heat
shock), chemical agent perfusion, application of supercritical
fluid, vacuum assisted, electroporation, immersion and
agitation, and mechanical forces such as hydrostatic pressure
and sound waves application. Since physical methods are
unable to remove cellular debris in the decellularization
process in cases where there is no fluid flow such as
ultrasound or electroporation, it is necessary to combine a
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Figure 1: Different physical methods used in tissue decellularization

Table 1: Different physical methods used for animal tissue decellularization

Agent/method Application

Effect on the ECM Reference

Thermal shock The formation of water crystals inside the cell
destroys the cell membrane

Mechanical pressure Pressure can disrupt tissue and cells

Electroporation The pulsed electric fields destroy the cell
membrane
Perfusion It facilitates the distribution of the chemical

agent and the removal of cellular substances

It facilitates the distribution of the chemical
agent and the removal of cellular substances.
Pressure can disrupt the cell

It facilitates the distribution of the chemical
agent and the removal of cellular substances
High-power waves are capable of disrupting
intermolecular bonds, disrupting the cell
membrane, and removing its internal components
It causes cell death and often facilitates the
distribution of chemical agents and the removal
of cellular substances

This method facilitates decellularization by
allowing more agents to reach cells

Pressure gradient

Supercritical fluids

Ultrasonic waves

Immersion and
agitation

Vacuum-assisted

Water crystals can destroy the ECM [8-17]

Pressure can damage the ECM components [4,8,10,19-23]

The pulsed electric field can destroy the ECM. [4,24-26]
The electrodes are relatively small and cover a

limited area

Pressure induced by perfusion can destroy the [32,43-57]
ECM

The pressure gradient can destroy the ECM [4,8,32,33]
The pressure required to apply the supercritical [10,38-40]
fluid phase can destroy the ECM

Uncontrolled cavitation can damage the [27-31]
structure and mechanical properties of the tissue.

Structural fibers may have transverse connections

Severe stirring or the use of ultrasound to cause [42]
turbulence can damage the ECM

A high negative pressure could have adverse [34-37]

effects on the ECM

ECM - Extracellular matrix

tissue washing step with a suitable detergent. Although each
physical method can work individually and with suitable
effect, physical methods are usually insufficient to achieve
complete decellularization for all tissues and must be
accompanied by chemical methods.

Based on the kind of the tissue, each method could have
its own benefits, however, the perfusion method seems
to attract more attention than other methods. Perfusion
decellularization allows tissue regeneration at a clinically

8

relevant scale with an intact structure by meeting metabolic
demands through intact vasculature and maintenance of
native ECM-contained cues. In addition, in freeze-thaw
procedure, the collagen and GAGs content, as well as the
mechanical strength, were similar to those of the native
specimen, although, this method could lead to immunogenic
response due to removal of genetic materials.

The application of physical methods for tissue and organ
decellularization has a short but significant history. These
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methods have shortened and optimized decellularization
processes and protocols by increasing efficiency and
diminishing damage to the structure and components of the
tissue scaffold and ECM. The cost and time of chemical
agents for tissue decellularization along with the destructive
effects on the integrity of tissue and critical components of
the ECM have made them difficult and undesirable to use.
Depending on the tissue type and texture, it is necessary
to select the most optimal protocol; the effects and benefits
of physical methods could be exploited to enhance process
efficiency.
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