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Resumo

O inicio do século 21 tem sido marcado pelo aumento das doencas cronicas. Este
desenvolvimento resultou num crescimento do interesse na criagao de novas terapias, com foco
na recuperagdo de tecidos através da transplantacdo do tecido danificado por matrizes
“inteligentes” desenvolvidas recorrendo ao uso da Engenharia Biomédica. A descelularizagdo,
um processo que visa a remog¢ao de material celular imunogénico de um tecido ou 6rgao, tem-

se tornado num meio atraente para o desenvolvimento de novas matrizes funcionais e bioativas.

A presente tese teve como objetivo explorar novas metodologias para a descelularizagdo de
tecidos biologicos. Para este proposito, ¢ apresentada uma revisao da literatura relevante e um
estudo que investiga o potencial de trés diferentes protocolos para a descelulariza¢do de osso
trabecular porcino usando o fosfato de tri-n-butilo (TnBP), diéxido de carbono supercritico
(scCOz), e uma combinagdo de ambos. O uso do TnBP como um agente de descelularizagao,
ao invés do uso de produtos quimicos mais prejudiciais como os detergentes, pode levar a uma
maior preservagao da matriz extracelular (ECM), tal como a propriedades bioquimicas e
mecanicas mais desejaveis para a matriz resultante. O uso do scCO: pode, também, resultar
num processo de descelularizagdo mais rapido, levando ndo s6 a uma redugdo do tempo de
exposicdo dos tecidos a produtos quimicos potencialmente prejudiciais, mas também a uma

reducdo do prego financeiro deste processo.

No total foram implementados e examinados cinco protocolos diferentes: 1% (v/v) TnBP
durante 48 horas, scCO: durante 1 hora e 3 horas, e scCOz com 0.1% (p/v) TnBP com durante
1 hora e 3 horas. Devido a natureza inovadora deste projeto, usaram-se variaveis temporais para

estudar qualquer efeito prejudicial devido ao efeito da exposi¢ao prolongada ao scCOx.

Os resultados obtidos revelaram que tanto o TnBP como o scCOz conseguiram diminuir a
quantidade de DNA presente nas amostras, mas esta diminui¢ao foi maior nos protocolos que
onde o TnBP foi usado. A andlise as propriedades mecanicas dos tecidos sujeitos a TnBP
revelaram um aumento da forca maxima e da tensdo de limite elastico, o que podera significar
que ocorreu crosslinking das fibras de colagénio. J4 o uso do scCO; resultou na desidrata¢do
das amostras, aumentado os valores para o modulo de Young e forca maxima. O protocolo de
combinagao scCO-TnBP causou uma diminui¢ao para metade da quantidade de DNA presente
nas amostras tratadas em comparagdo a nao-tratadas, demonstrado o potencial desta

metodologia inovadora e abrindo novas possibilidade para otimizagdes futuras.

Palavras-chave: descelularizagdo, dioxido de carbono supercritico, TnBP, osso trabecular
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Abstract

The beginning of the 21st century has been marked by the rise of chronic diseases. This
development has led to increased interest in the development of new therapies that focus on
restoring normal tissue function through transplantation of injured tissue with biomedically
engineered smart matrices. Decellularization, a process that focuses on the removal of
immunogenic cellular material from a tissue or organ, has become an appealing methodology

for the creation of functional and bioactive scaffolds.

The present thesis focused on the creation of new methodologies for the decellularization of
biological tissues. For this purpose, the author reviewed current decellularization literature and
put forward a study that investigated the potential of three different decellularization protocols
for porcine trabecular bone tissue using Tri(n-butyl) phosphate (TnBP), supercritical carbon
dioxide (scCO2), and a combination of both. The use of TnBP as a decellularization agent,
instead of harsh chemicals such as detergents, could lead to better preservation of the
extracellular matrix (ECM), and better biochemical and mechanical properties to the resulting
scaffold. As well, the use of supercritical fluids could lead to faster decellularization times, not
only reducing the time tissues are exposed to potentially harmful agents, but also reducing the

financial cost of the process.

In total, five different protocols were implemented and examined: 1% (v/v) TnBP treatment for
48 hours, scCO; treatment for 1 hour and 3 hours, and scCO» treatment with 0.1% (w/v) TnBP
for 1 hour and 3 hours. Due to the innovative nature of this work, time variants to protocols
were implemented to investigate any possible harmful effects caused by prolonged exposure to

scCO; treatment.

Results revealed that both TnBP and scCO: led to the removal of DNA content, but this effect
was more pronounced in treatments that used TnBP. Mechanical analysis of TnBP-treated
samples revealed a higher ultimate strength and yield strain, suggesting some degree of
crosslinking of collagen fibers occurred. Meanwhile, the use of scCOz led to dehydration of
samples, increasing values for Young’s Modulus and ultimate strength. The combined protocol
of scCO2-TnBP led to a decrease in DNA content to about half of that measured for untreated
samples, demonstrating the potential of this methodology and opening new possibilities for

future optimizations that could achieve required decellularization levels.

Keywords: decellularization, supercritical carbon dioxide, TnBP, trabecular bone
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1. Introduction

The rise of chronic disease has been a major preoccupation within the majority of developed
countries. Populations are becoming older, a consequence of increasing life expectancy and
decreasing birth rates, and this has led to an increase of age-associated diseases that represent
some of the most complicated therapeutic challenges in medicine '. This development has led
to an increased interest in the therapies provided by regenerative medicine, a field of medicine
that focuses on restoring normal tissue function through the enhancement of endogenous tissue

repair or via direct transplantation of injured tissue !.

The paradigm of health in Portugal has largely followed global trends. Portugal has an aging
population, as more seniors (>65) than young (<15) are currently residing in the country 2. This
statistic, and the rise of obesity, has contributed to the prevalence of chronic diseases in Portugal.
Chronic diseases are responsible for 80% of mortality in countries belonging to the European

Union 2

. Musculoskeletal diseases are one of the most widespread conditions affecting
Portuguese people, while cardiovascular problems caused approximately 29,7% of deaths in
Portugal in 2015 2. Additionally, Portugal has one of the lowest numbers of years of healthy
life after the age of 65 2. In response to these concerns, the Ministério da Saude 2 has increased
funding for scientific investigation within the biomedical field, through the creation of funds
and agencies such as the “Fundo para a Investigacdo em Saiude” and “Agéncia de Investigagao

Clinica e Inovagao Biomédica™.

1.1 The importance of decellularized extracellular matrix

1.1.1 Current challenges in Regenerative Medicine

The term “Regenerative Medicine” refers to a branch of tissue engineering and molecular
biology with the aim of directly replacing or regenerating injured tissue, rather than just treating
disease symptoms. At present, the field has focused on two areas: tissue engineering, and stem

cell research.

Stem cells are currently used as a therapeutic strategy. Often these cells are infused directly into
injured tissue, as to minimize or prevent damage, and to enhance the healing process. A typical
example would be the injection of autologous bone marrow stem cells after myocardial

infarction for heart tissue regeneration >. A major attraction of the use of stem cells as a



therapeutic modality is their capacity to differentiate according to environmental cues. However,
stem cell therapy usually involves injecting stem cells directly into damaged areas that often
have an already compromised microstructure or other pathologic hinderances *. This limitation
could be improved, or removed entirely, by using matrices engineered in a way that would

provide the appropriate cues needed for stem cell growth.

Another way to replace injured tissue is organ transplantation. However, this method suffers
from a limited pool of donors and the possibility of immune complications **. It has been shown
that even residual cellular material can cause an inflammatory response and reverse any of the
potential advantages of their implantation °. This limitation has led to a rise in interest in tissue
engineering, a field where tissues or whole organs are engineered or otherwise modified in a
laboratory for later implantation. The advantages of this approach are clear, since engineered
tissues can be tailored to have the properties that best fit specific clinical needs. With the fast
development of technology, the focus has shifted to designing functional biomaterials, such as
smart 3D biomimetic scaffolds, that have the capacity to actively interact with human stem cells
in a way that mimics the natural interactions that occur between the extracellular matrix and
cells 7. However, much of the mechanisms behind the interactions between the extracellular
matrix and cells are still shrouded in mystery even to this day. This lack of knowledge makes
the process of recreating a perfect copy of this complex matrix and its effects on cells an arduous

task.

1.1.2 The Extracellular Matrix

The extracellular matrix (ECM) is a three-dimensional network of several extracellular
macromolecules that support the cells that surround it. This matrix forms the intercellular space
that borders cells, binding them to it, and is present in some form for all cells through all or

most of their development 5.

The ECM is composed of a variety of macromolecules, such as proteins (like collagen and
elastin), glycoproteins, glycosaminoglycans (GAGs), proteoglycans and polysaccharides °.
Several growth factors (such as fibroblast growth factors or vascular endothelial growth factors)
are also bound to the proteins within the matrix ®. While this composition can vary between
species, the main components of ECM are highly conserved between individuals of the same

species or in the same biological class, like in the case of mammals '°.



The composition, mechanics, and geometry of the extracellular matrix play a vital role in
determining what biochemical and mechanical properties a tissue will have as they modulate
cell function and influence many physiological processes ®'!. The ECM not only provides
structural support but plays an essential role in cell migration, proliferation, cell development,
differentiation, and even angiogenesis "1, It seems likely that the combination of the matrix’s
three-dimensional structure, surface topology, and varied biochemical composition all

contribute to these effects (Figure 1.1).

ECM effects on cells: Cell effects on ECM:
Structural support m _ Synthesize ECM
s
Facilitate cell-cell signaling o Dynamic |‘T Degrade ECM
‘ —
Mechanotransduction Reciprocity N ) Remodel ECM

o ECM Cells .
Cell organization ECM composition
Cell polarity ECM mechanics
Cell phenotype ECM geometry

Figure 1.1 Illustrative chart of the feedback loop interactions between the extracellular matrix and cells.
Adapted from '°.

Several studies have pointed to the ability of the ECM to affect cell organization, motility,
proliferation, polarity, and phenotype *!!722. This dynamic is reciprocated by the cells inhabiting
the matrix, which, in their turn, are continually degrading, secreting, and consequently
remodeling the ECM, affecting its composition, mechanics, and geometry '°. This remodeling

process is continuous, and as such the ECM is regarded as a highly dynamic structure '%!8,

This capacity for remodeling and regeneration, indispensable for reconstructing tissue
architecture after injury, attracts high interest, both for the development of new therapeutic
methods and for the advancement of the field of tissue engineering. Products derived from the
extracellular matrix, like collagen or fibrinogen, have already proven to stimulate regenerative

healing and are currently available commercially %2324,



1.1.3 Could dECM be the ideal scaffold?

Decellularized extracellular matrices (IECM) derived from tissues or whole organs could be
the solution to the conundrum presented above. Decellularization consists in the removal of all
immunogenic cellular material from a tissue or organ, leaving the non-immunogenic
extracellular matrix behind. By using this method, it becomes possible to create a functional
and bioactive scaffold, with the complexity and advantages provided by ECM, without the

immunogenic drawbacks of transplantation of unprocessed tissue or organs.

dECMs can be prepared from any organ or tissue and have already been successfully obtained
from the bladder 2, heart valves 27, lungs 3!, liver **, and even whole hearts 3¢, The
resultant scaffold is a complex structure of vascular networks, signaling molecules, and unique
tissue-specific architecture that can mimic nature and be recognized appropriately by cells *.
There has been a rising interest in producing dECMs from several tissue types, and studies have
shown that these scaffolds have promising remodeling potential *”. dECMs can be obtained
from tissues of several different animal species, like pigs, cows, horses, or humans. It is even
possible to use decellularize tissues from one organ and then utilize the obtained scaffold in a
completely different anatomical site. However, since different tissues have different
biochemical and mechanical properties, it is necessary to carefully consider the tissue source of

dECMs that best suit each clinical application.

Figure 1.2 Examples of scaffolds obtained from decellularized extracellular matrices. Left: an ovine
aorta *. Right: an ovine kidney *°.



Decellularization is a complex procedure, often requiring the use of several decellularization
agents (either chemical, biological, or physical) over multiple steps. This intricacy leads to a
process that needs to be rigorously tested and optimized for each tissue source. Finally,
bioactivity and architecture, among other tissue properties, are affected to some extent via these
treatments. Therefore, it is crucial to obtain a detailed characterization of each decellularized

matrix before they see clinical use.

1.1.4 Clinical applications

Currently, there are numerous commercially available products derived from decellularized
extracellular matrices (see Appendix I). These products are marketed worldwide for use in the
repair of soft tissues (cardiac, neurological), wound management, or even as part of prosthetics.
Naturally derived extracellular matrices can be obtained from several different sources. When
these tissues come from humans, they are called allografts, when other animals are the source,
they are considered xenografts. A list of some of the currently available decellularized ECM-

derived products is available within Table 1.1 (a more detailed list can be consulted in Appendix

).

Table 1.1 Examples of commercially available decellularized ECM-based products grouped by their
tissue of origin.

Tissue Type Available Products

AlloMax™, AlloPatch HD®, DermACELL®,
DuraMatrix®, FlexHD®, Graft Jacket®, Integra®

D .
ermis HuMend™, PerioDerm™, SurgiMend™, XenMatrix™,
Zimmer® Collagen Patch
Urinary Bladder Matrix Acell Vet®, MatriStem®
Small Intestine Submucosa Oasis®, AxoGuard®, Biodesign®, Cor™Patch
Heart Valves CryoValve® SG, Hancock® II, Mosaic™

Although decellularized matrices have been prepared from various tissue types, only a small

niche is available commercially (Figure 1.3).
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Figure 1.3 Tissue type source of commercially available decellularized ECM-based products. Based on
the list provided in Appendix I.

The majority of decellularized ECM-based products are obtained from the skin (Figure 1.3).
Most are patches, rich in collagen as well as elastin, and with preserved dermal architecture.
These products are made for direct application in wounds or to help repair soft tissue after
surgeries. Other commonly used tissues are the small intestine submucosa (SIS), the urinary
bladder matrix (UBM), and cardiovascular tissues, such as the pericardium and the heart valve.
Hard tissues, such as bone or enamel, have been explored much less. This limitation makes
current ECM-based products unusable in osteochondral clinical applications since hard tissue
differs significantly in biochemical composition and mechanical properties from soft tissue.
Another weakness of the current market lies with neurological tissues, which is very complex

and possesses unique properties, and is therefore not easily replaced by other tissue types.

Since the ECM is highly preserved between different species from the same biological class, it
is interesting to observe that currently, there seems to be split between allograft and xenograft

ECM-derived products (Figure 1.4).
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Figure 1.4 Animal source of commercially available decellularized ECM-based products. Based on the
list provided in Appendix 1.

Even so, in 2017, porcine-derived ECM products saw the largest revenue share in the market
%0 This domination is likely due to the wide availability of porcine materials, resulting in better
accessibility of research and development of new products. Human-derived ECM products rely
on donations of human dermis, reducing supply when compared with animal-sourced products.
There is currently some discussion concerning the choice between an allogenic or xenogenic
source for dECM products, as it has been suggested that human-sourced products could be safer
than xenogenic ones, due to reduced immunogenic potential in the case of incomplete
decellularization . Research concerning this issue could potentially change the outlook of the

ECM market when it comes to the raw material used to produce these products.

A final analysis concerns the intended applications of decellularized ECM-based products

(Figure 1.5).
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Figure 1.5 Intended applications of commercially available decellularized ECM-based products. Based
on the list provided in Appendix L.

The most representative involves soft tissue (~57%), followed by cardiovascular (~15%) and
orthopedic (~13%). Less commonly are applications involving neurosurgery, with most
products applied in the repair of the dura mater (~6%), and some in the replacement or repair
of nerves (~3%). dECMs are also used in the treatment of prolapse or stress urinary

incontinence (~3%) and dental procedures (~3%).

1.1.5 Brief market outlook

The global market for decellularized extracellular matrices was worth 24.30 million dollars in
2018 and is estimated to grow with a compound annual growth rate (CAGR) of 8.2% until 2027,

where it is estimated to reach 47.46 million dollars *2.



While, currently, applications in soft tissue repair account for the largest revenue share, the
fastest growth is expected to be seen in the segment of vascular repair *°. Figure 1.6 shows this

rapid evolution, reflected in the market within the United States.
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Figure 1.6 United States extracellular matrix market size (USD million) by application, from 2014-
2025. Adapted from %°.

Forecasts justify this predicted boost in demand for cardiac repair applications due to the ever-
increasing geriatric population, the prevalence of vascular disease and, consequently, the
increasing number of vascular surgeries *°. The many public and private organizations that
support research in this area, like the European Society for Vascular Surgery, are also vital

aspects of the rise expected for this market segment “°.

While the overrepresentation of specific segments of the dECM market makes any analysis of
less represented tissues (e.g., bone) a difficult hurdle, it is possible to develop predictions based
on secondary but related markets. The global orthobiologics (biological products used in
orthopedic medicine) market was valued in 2017 at 5 billion dollars and is expected to grow at
a CAGR of 7.5% from 2014 to 2025 **. This industry is currently driven by the surging number
of orthopedic procedures, a consequence of a rising geriatric population and obesity *.
Currently, viscosupplementation treatments dominate the market, but demineralized bone

matric and synthetic bone substitutes are well represented as well (Figure 1.7).
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Figure 1.7 Orthobiologics market by product from 2014-2025 in USD billion. Adapted from *.

Decellularized matrices developed from bone tissue could eventually come to surpass current

products obtained from demineralized bone matrices or be used as bone graft substitutes instead

of the synthetic alternatives. With the advancement of decellularization technology and the

rising interest in developing protocols for unrepresented tissue types, dECMs can penetrate such

markets as the one presented above. These opportunities reveal the full potential

of

decellularized extracellular matrices, that goes beyond the current use of patches to help soft

tissue repair.

1.2 The decellularization process

Designing a decellularization protocol is a complex affair. Current decellularization literature

lists many possible agents and application techniques that need to be combined to design a

decellularization protocol that fits each kind of tissue.
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1.2.1 Decellularization agents

1.2.1.1 Chemical agents

Acids and bases

Acids and bases are used in decellularization protocols to cause or catalyze hydrolytic
degradation of biomolecules by solubilizing the cytoplasmatic components of cells and
disrupting nucleic acids. However, these chemical agents can cause damage to collagen fibers,

glycosaminoglycans, and growth factors **.

Some of the acids commonly used in
decellularization protocols are peracetic acid, acetic acid, and deoxycholic acid (see Appendix

).

Peracetic acid (PAA) is an organic peroxide that is highly corrosive and a strong oxidizer. This
acid is commonly used as a disinfectant but has been used to decellularize thinner tissues, such
as the small intestine submucosa *°. However, some studies have failed to achieve the
decellularization evaluation criteria proposed by Crapo et al. (2011) *® using peracetic acid
alone 7. Syed et al. (2014) ** also found that peracetic acid significantly altered the
mechanical properties of small intestine submucosa. Deoxycholic acid is a secondary bile acid
known to cause DNA damage via oxidative stress 3. Its sodium salt, sodium deoxycholate, can
be used as a biological detergent since it solubilizes cell membranes and intracellular
components *°. Ozeki et al. (2006) *° reported that esophagi treated with deoxycholic acid
exhibited superior DNA extraction and ECM preservation. Bloch et al. (2012) °! were also able
to achieve efficient cell lysis using deoxycholic acid, without affecting the integrity of the
proteoglycan network or a reduction of GAG content in aortic heart valves. Acetic acid is a
synthetic carboxylic acid that has been found to damage collagen fibrils, leading to an altered

ultrastructure and a reduction in the scaffold’s ultimate strength *4.

Hypertonic and hypotonic solutions

Hypertonic and hypotonic solutions, such as saline solutions or deionized water, can be used to
provoke cell lysis via osmotic shock, usually with very minimal effects on ECM composition
and architecture >4, Hypertonic solutions can also osmotically disrupt nuclear membranes,
and help to fragment DNA and dissociate it from proteins with the aid of detergents >-°.
Hypotonic solutions cause cell swelling due to the movement of water into the cell and,

eventually, membrane rupture °’. Often, tissues are immersed alternatively in hypertonic and

hypotonic solutions for multiple cycles, to exacerbate osmotic stress 26923361 Alternatively,
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hypertonic and hypotonic solutions may be used after cell lysis has occurred to help remove
residues within the cells after membrane rupture. However, the use of these agents alone cannot
effectively remove cellular remnants, acting merely in synergetic support to other

decellularization agents, such as detergents >>61:62,

Detergents

Detergents are amphipathic compounds, possessing both hydrophobic and hydrophilic groups,
with unique properties in aqueous solutions where they spontaneously form micellar structures
63, Detergents can solubilize membrane proteins by creating a mimic of the lipid bilayer, where
they are generally found . There are four major categories of detergents, but decellularization
protocols mostly involve one or more of these three: non-ionic detergents, ionic detergents, and

zwitterionic detergents.

Nonionic detergents are those that have an uncharged hydrophilic head group. These detergents
are generally considered to be milder and relatively non-denaturing since they disrupt lipid-
lipid and lipid-protein interactions while leaving protein-protein interactions mostly unaltered
%3 Triton X-100 has been used for cell removal in several studies (see Appendix II) since 1987,
achieving mixed results **. However, it appears to be less effective than sodium dodecyl sulfate
(SDS) in achieving total decellularization, particularly in cases of denser tissues such as tendons
6567 At least one study (Kajbafzadeh et al., 2019) 3 has proposed that a hybrid treatment of
Triton and SDS can result in a decellularized scaffold with better properties than that achieved
by using just SDS at a higher dose. Triton X-100 can also be used as a washing step to remove
residuals of other detergents, like SDS . However, in terms of ECM preservation, Triton X-
100 may lead to loss of elastin, GAGs, and disruption of collagen fibers, leading to an altered

ultrastructure 259699,

lonic detergents contain a hydrophilic head group that can be either negatively (anionic) or
positively (cationic) charged. These detergents are very effective as solubilizing membrane
proteins but always lead to some degree of protein denaturation %. Sodium dodecyl sulfate
(SDS) is an anionic detergent that is commonly used in decellularization treatments (see
Appendix II). This detergent has proven to be highly effective in removing cellular components
and nuclear remnants in several studies 2%3%7%72. However, it can also cause drastic alterations
to the ECM due to the extensive damage to collagen and content and the removal of GAGs and

growth factors 37374,
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Zwitterionic detergents contain both negatively and positively charged atomic groups and
combine the properties of ionic and nonionic detergents. Their strength of action is intermediate
between ionic and nonionic detergents . They are more efficient than nonionic detergents at
breaking protein-protein interactions but have a denaturing effect less harsh than ionic
detergents. CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate) is a
zwitterionic detergent that has been used to decellularize thinner tissue, such as lungs 3!37,
Some studies have shown that CHAPS is less effective in achieving complete decellularization
than the ionic detergent SDS, but has less harmful effects on ECM composition and morphology
7677 In some studies (Petersen et al., 2010 and Petersen et al., 2012) 33> CHAPS was shown

to preserve collagen and elastin content, two significant determinants on the overall mechanical

properties of tissues. GAGs were, however, largely lost from these decellularized scaffolds 3'.

Alcohols

Alcohols, such as ethanol and methanol, are polar organic compounds that are used as
decellularization agents due to their capacity to dehydrate cells and, consequently, cause cell
lysis 787, Their hydroxyl group allows for good solubility with many other organic compounds,
while their carbon chain gives alcohols the ability to dissolve nonpolar substances such as lipids
80 Alcohols are often used to remove lipids from tissues and have generally be found to be
more efficient than enzymatic treatments for this purpose #17#°. Certain alcohols, such as ethanol,
have been used to remove phospholipids from heart valves and other conduits, preventing tissue
calcification and eventual prosthesis failure 3%, Ethanol has also been used as a final treatment
to remove residual surfactants after tissue decellularization %°. However, alcohols cause
dehydration, which can result in stiff and brittle tissue, endangering the utility of scaffolds
processed with the use of these agents 8%, Nevertheless, a recent study using supercritical
carbon dioxide (scCO;) with an ethanol entrainer (a solvent added to scCO> to provide a
significant boost in solubility) has suggested that pre-saturating the environment with water
may maintain tissue hydration ¥’ It is also well established that certain alcohols like ethanol
and methanol can cause protein precipitation since they are often used as cell fixatives for

histological analysis 5%

Tri(n-butyl) phosphate

Tri(n-butyl) phosphate, also known as TnBP, is an organophosphorus compound currently used
as an extractant and plasticizer. It forms stable hydrophobic complexes with some metals,

disrupting protein-protein interactions, thus facilitating the removal of cells. TnBP has also
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been used for many years as an organic solvent to inactivate viruses in the blood %%°. For
decellularization of denser tissues, such as tendon, TnBP seems to be more effective than the
use of detergents, like Triton X-100 and SDS, or certain acids at removing cell nuclei while
leaving structure and composition intact 4”1, However, at least one study (Pridgen et al., 2011)
%2 has reported inadequate removal of DNA from flexor tendons after TnBP treatment. There
are also conflicting reports on the effect of TnBP on ECM composition. While some studies
(Pridgen et al., 2011, Cartmell and Dunn, 2000, Deeken et al., 2011) #7692 found no statistically
significant differences in collagen content in tendon tissues treated with TnBP, Woods and
Gratzer (2005) " reported a significant decrease of collagen in porcine bone—anterior cruciate

ligament—bone grafts after the use of TnBP.

1.2.1.2 Biological agents
Enzymes

Many decellularization protocols involve the use of enzymes as a step to aid the removal of
cells and other ECM residues from tissues. Several types of enzymes have been used in

decellularization studies), but the most commonly used are nucleases and trypsin.

Nucleases, like DNase and RNase, cleave the phosphodiester bonds between nucleic acids and
are used in decellularization protocols as a step to aid the removal of nucleic material after cell
lysis 22693 Ribonucleases have also been used to help with virus inactivation !, Trypsin is a
serine protease that hydrolyzes proteins by cleaving the peptide chains of the carboxyl group of
lysine and arginine. Trypsin needs long incubation times to help achieve complete cell removal

71799495 However, long exposition times to trypsin can cause a disruption of ECM

ultrastructure and composition, including GAGs, elastin, and collagen degradation 288799495,
Nevertheless, some disruption of ECM ultrastructure can be desirable for denser tissues, such
as tendons, where exposure to trypsin is done as a preliminary step to allow other
decellularization agents to penetrate cells **°%. Dispase is a protease that cleaves fibronectin
and certain collagen types. It has been reported that the use of dispase with other
decellularization agents may aid cell removal better than trypsin when used with specific
decellularization techniques °. Dispase has been used to isolate a viable corneal epithelium,
but results showed a disruption of the basal lamina, which suggests a possible deteriorating

effect on ECM structure *°. At least one study (Hopkinson et al., 2008) ' has suggested that

thermolysin may be a better alternative than dispase for preserving basement membrane.
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1.2.1.3 Physical agents

Temperature

Decellularization methods that rely on sharp temperature changes, such as freeze-thaw
processing, can effectively cause cell lysis !°!. Freeze-thawing is a form of thermal shock
treatment that entails the rapid snap-freezing of a tissue followed by thawing. This rapid
freezing causes ice crystals to form in the interior of cells, which disrupt membranes and lead
to cell lysis. Usually, multiple cycles of freeze-thaw are introduced as a step to aid cell lysis in

decellularization protocols 32102104,

However, subsequent treatments using other
decellularization agents are still needed for the removal of the resulting membranous debris and
intracellular contents %1910 Thermal shock treatments that utilize rapid freezing can disrupt
or fracture ECM due to the formation of ice crystals, resulting in changes in the scaffold’s
ultrastructure or mechanical strength 7+19%19 For denser, mechanically bearing tissues, such as
tendons or ligaments, freeze-thawing used in association with other agents proved to effectively
decellularize with minimal disruption of ultrastructure, biochemical composition, and

mechanical properties of natural ECM 01106107,

Force

Direct application of force, like the application of gentle pressure on tissues, can be used to
induce cell lysis with the aid of other decellularization agents 8191 Removing cells from a
surface of a tissue or organ mechanically, like scraping of brushing, can also be used following
decellularization processing °“'1°, However, these methods can severely compromise the

mechanical integrity of the resulting scaffold '%.

Hydrostatic pressure

Methods using hydrostatic pressure, like High Hydrostatic Pressure (HHP) or Ultrahigh
Hydrostatic Pressure (UHP) can be used to provoke cell lysis or to aid in the removal of cellular

material from tissues 7113

. Usually, HHP alone cannot achieve complete decellularization,
and another method to remove DNA remnants is necessary 1. It has also been reported that
high hydrostatic pressure can inactivate certain microorganisms and viruses, so this method

114~ Pressurization or

could also provide a sterilizing effect at certain pressure levels
depressurization may induce the formation of ice inside tissues, so it is crucial to strictly control

these rates as to avoid drastic increases or decreases of temperature !!2.
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Supercritical carbon dioxide

Supercritical technology has been recently used to improve current decellularization methods.
The use of supercritical carbon dioxide (scCO>) to substitute or hasten specific decellularization
steps is of high interest. Carbon dioxide (CO2) can achieve its critical point at relatively low
temperature and pressure (31.1°C and 7.39 MPa), and has no surface tension, providing a better
permeation into a wide range of materials with porous and complex structures ''°. COz is also
non-toxic, non-flammable and inert in most situations and can be easily removed by degassing

and does not leave toxic residues behind.

It has been theorized that scCO; can induce cellular death without the use of aggressive
surfactant solutions, or even help specific decellularization agents to achieve greater penetration
of tissues, helping to expedite the process of decellularization 8187116117 "CQ, is apolar, so a co-
solvent may be necessary to eliminate some charged molecules such as phospholipids. Sawada
et al. (2011) 3! reported that decellularization using scCO2 with an ethanol entrainer managed
to suitably remove cell nucleus and cell membranes in porcine aorta within 20 minutes under
mild conditions (15 MPa, 37°C). Guler et al. (2017) 38 also observed complete cell removal after
scCO; treatment of aortas with an ethanol entrainer. However, other works (Casali ef al., 2018
and Antons et al., 2018) 116 have not managed to reproduce these results using scCO>
processing alone. Casali et al. (2018) 37 hypothesized that scCO treatment is not enough to
adequately provoke cell lysis, leading to reduced cell penetration and incomplete cell removal.
Studies utilizing hybrid detergent/scCO; treatments or extensive pre-treatments to achieve cell
lysis have managed to obtain complete decellularization, giving some credibility to the above-
described hypothesis !5, However, scCO, has been proven to inactivate certain bacteria,
spores, fungi and viruses. While the exact mechanism of inactivation remain unclear, at least
one study (Enomoto et al.,1997) ''® has presented proof that cell rupture occurs during
pressurization with high-pressure carbon dioxide treatment. Other studies have suggested that

scCOz may just accumulate in the cell membrane and increase its permeability, permitting an

easier entry to CO; and a co-solvent into the cell, leading to its inactivation ''°.

Ethanol is the most commonly used entrainer for scCO; decellularization, but for denser tissues,
a stronger solvent may be necessary to achieve complete cell removal ''®. scCO, processing
usually leads to a dehydrated final product with altered properties *>3!. However, saturating the
environment with water may allow for maintenance of the hydration state of the ECM, even in

the presence of other additives 8. As in the case of hydrostatic pressure treatment, it is essential
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to mind the pressure used during the scCO; process, since high pressure levels can disrupt the

ultrastructure of ECM 3881,

1.2.2 Decellularization techniques

The decellularization agents presented above can be applied to tissues and organs using several
different techniques. This confers another layer of complexity to designing a decellularization
protocol, as not only one must take care to choose the decellularization agents most adequate
for each tissue, but also the best technique to apply these agents. The most commonly used

techniques seen in decellularization literature are presented in Table 1.2.

Table 1.2 Commonly used decellularization techniques and their advantages.

Technique Advantage

Agitation provides increased exposure of cellular

Immersion and agitation ..
components to decellularization agent

Osmotic gradient Osmotic gradient disrupts cell membranes

Pressure gradient Pressure gradient can help steer enzyme movements

. Transport of decellularization agent through the vasculature
Whole organ perfusion . . . .
is more efficient than immersion

High transfer rate and high permeability potentiate faster

Supercritical fluid . .
P decellularization times

1.2.3 Decellularization protocols

Decellularization protocols can be classified as physically-based, chemically-based, or
biochemically-based processes '*°. Most decellularization protocols are, in fact, combination
processes, using a mixture of physical, chemical and enzymatical steps '!. Although protocols
look very different from each other on the surface, most essentially follow the same logic '2!:
Initially, there will be a step to lyse the cell membrane and break up cells. Following that, a
treatment to separate the cellular component from the extracellular matrix. Finally, several

washing steps to remove both the cellular debris and residual chemicals from the treated tissue.
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To find the optimal protocol one must always consider the properties of the tissue to be
decellularized. Thickness, density, and composition all have deep effects on the efficiency of
decellularization agents 6. Also, the intent of use of the resulting decellularized matrix needs
to be considered. Clinical applications that do not require mechanically strong matrices have
different requirements than the ones that need load-bearing strength. Some examples
showcasing how the complexity and length of decellularization vary depending on the tissue to

be decellularized are shown in Figure 1.8.

PERICARDIUM
Osmotic Acid +
Solutions Detergent
24 h 24h 2h 24 h 75 min

URINARY BLADDER MATRIX
Mechanical Osmotic
Disruption Solutions

WHOLE HEART

2h 1h

15 min 12h 15 min 30 min 124 h
BONE
I T T
72h 2h 24 h 24 h 3h

Figure 1.8 Examples of decellularization protocols for the pericardium, urinary bladder matrix, whole
heart and bone. Each step is categorized according to the main agent used. Time is omitted when not
clarified within source. Protocols referenced: Pericardium *; UBM ''%; Whole heart *°; Bone '*%.

Generally, the complexity and length of a decellularization protocol will run proportional to the
degree of geometric and biological conservation desired for the resulting decellularized matrix
46_Except for thin membranes, decellularization is often a time-consuming affair (Figure 1.8).
One of the current challenges in the field lies in shortening the length of these treatments, while

simultaneously not increasing the harmful effects of decellularization treatments.

1.3 Evaluating decellularization

What constitutes successful decellularization is not thoroughly defined at present **!%3, As

previously explained, a decellularization process should be highly dependent on the tissue’s
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type, source, and final function, so different measures of evaluation have been used throughout
the field. Currently, the evaluation of decellularized tissues is separated into two main
objectives: verifying the removal of cellular components from the tissue and assessing the
quality and integrity of the remaining original ECM. However, guidelines detailing what should
or should not be present in the acellular scaffold materials and how their properties should be

measured are still limited and not fully wide-spread '%.

1.3.1 Immunogenicity

When it comes to cellular components in decellularized scaffolds, less is more. Residual dead
cells or cellular material can activate the immune system and trigger a host response, potentially
leading to the scaffold’s failure %2127, Even a relatively low-level immune response can lead
to a hindered healing process and tissue regeneration in vivo, causing the scaffold to fail 2%, As
such, reducing a scaffold’s immunogenetic potential is arguably the most critical requirement

of successful decellularization.

Studies '2°12%13% have shown that the presence of DNA is directly correlated to adverse host
reactions, even at low levels. Any level of residual cell remnants is capable of eliciting an

) 122 showed that even

inflammatory response within the host. However, Gilbert et al. (2009
scaffold materials available commercially contained minimal amounts of remnant DNA. Since
this DNA was only present as small fragments, the study concluded that it was unlikely that
they would cause any adverse effects on the tissue remodeling response '*°. Crapo et al. (2011)
%6 suggested that any remaining DNA should be inferior to 50 ng per mg of ECM dry weight
and shorter than 200 bp in fragment length. However, not many studies have thoroughly
examined what amount of DNA in decellularized scaffolds will lead to an increased probability

of eliciting an immune response. In particular, more long-term clinical studies focusing on

potential side-effects of the use of decellularized scaffolds are needed.

Furthermore, most decellularization literature focuses on remaining cellular components being
the sole cause of immune potential. However, this assumption is flawed '*’. Even ECM
components are capable of eliciting an adverse immune response, as at least one study
(Ellingsworth et al., 1986) 13! has observed that bovine collagen resulted in an allergic reaction
in 3% of the population. Griffiths et al. (2008) '*? also identified several non-collagenous
antigenic proteins that were matrix-bound. These results show the need for in vivo studies of

the immune potential of decellularized scaffolds, instead of the reliance on DNA quantification
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alone. Since a strong inflammatory response to these scaffolds can be clinically dire, the

importance of a rigorous standard is easily perceived 2!,

1.3.2 Other biological and mechanical properties

Another important focus of decellularization lies in the preservation of the appealing biological
and mechanical properties of the extracellular matrix. As such, it is evident that it is necessary
to study the effect that decellularization agents have on the tissues themselves to effectively

evaluate decellularization.

Preserving the mechanical integrity of tissues is often a big concern. Some of the primary
properties of interest include the elastic modulus and ultimate strength. Ultimately, the nature
of'the tissue itself and the purpose of application of the scaffold is what will determine the range
of properties to be tested !**. Therefore, a universal standard for evaluating decellularization via
mechanical integrity may be not enough, but a consensus between tissues with similar origins

and intended function may still be possible to achieve in the future.

Decellularization agents, both chemical and physical, have been shown to have a detrimental
effect on certain elements of the ECM (such as collagen and GAGs, among others), which in
turn can affect the mechanical integrity of these tissues. Presently, a consensus on the adverse
effects that these agents may have on the properties of ECM has still not been reached. It seems
progressively more likely that conflicting reports will continue to appear in literature since
observable side-effects vary depending on numerous parameters (e.g., tissue source, type, and
thickness, the concentration of agent used, duration of the decellularization procedure or, even,
the pre-treatment protocol used) *!3*135 Understanding the extent of the loss caused by
decellularization and the effects this loss will ultimately reflect on the efficacy of these

decellularized tissues in vivo is of vital importance.

1.3.3 Attempts at a universal evaluation standard

It is vital to reach a consensus on what a successful decellularized tissue truly means and how
to accurately quantify it and, so far, there are no legally accepted criteria establishing how to
evaluate decellularization %135, As explained by Crapo et al. (2011) %S, a standard for tissue
decellularization could allow researchers and manufacturers to evaluate the effectiveness of

their protocols and facilitate proper comparison of obtained results between different sets of
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teams. Furthermore, rigorous legal guidelines need to be established and used across the field

for a substantial clinical translation of these decellularized products to occur.

Some attempts have been made at providing a universal standard for evaluation of

decellularization. In 2011, Crapo et al. *

suggested that, in order to avoid adverse host
responses, the following minimum criteria need to be accomplished to satisfy the intent of

decellularization:

1. <50 ngdsDNA per mg ECM dry weight;
2. <200bp DNA fragment length;
3. lack of visible nuclear material in tissue sections stained with 4’,6-diamidino-2-

phenylindole (DAPI) or hematoxylin and eosin (H&E).

However, these criteria do not readily provide a solution to all previously presented dilemmas.
First, a lack of visible nuclear material in tissues stained with DAPI or H&E does not
necessarily mean that a material is rid of cellular debris. In one study by Simon et al. (2003) '%3,
previously thought acellular heart valves were found to have multiple cellular remnants when

observed by scanning electron microscopy.

Second, as previously explained, even a very low amount of residual cellular components may
still trigger an adverse host reaction. This fact means that a tissue that has been proven to
observe all minimal proposed criteria may still fail after in vivo application. While a perfect
guarantee of safety from host reactions will never be an accomplishable goal, it should be
possible to establish an assurance level based on the probability of an adverse host reaction
occurring. A more throughout research needs to be carried out, particularly on host tissue

reactions of decellularized tissues after in vivo implementation.

Last, the proposed standard concerns only on the presence of DNA in decellularized tissues.
While this focus is corroborated by studies showing that the presence of DNA is directly

correlated to adverse host reaction '2>12%-130

, it is insufficient to prove the absence of an antigenic
potential . Nonetheless, the criteria proposed above has proven to be an important standard

for evaluating a decellularization protocol’s effectiveness on the removal of cellular material.

In 2018, M. Kawecki et al. '*° proposed the following accompanying criteria for evaluating the

effectiveness of decellularization:

1. lack of intracellular membrane compartments (e.g., mitochondria);

2. lack of cell membrane elements;
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3. presence of unremoved and undamaged ECM elements (such as collagen, GAGs or
fibronectin);

4. lack of cytotoxicity of the obtained ECM scaffold.

These criteria expand the definition of successful decellularization beyond the reduction of the
tissue’s immunogenicity potential to encompass the preservation of biological and mechanical
properties. However, they do not provide a precise, quantifiable measure that can be used by
researchers to evaluate the effectiveness of a decellularization protocol or to compare with other
protocols in the literature. As previously explained, some ECM degradation is always bound to
occur from the use of decellularization agents, so it is vital to reach a proper quantifiable
standard for a threshold of removed vs. damaged elements, even if specific for a tissue type,
source, and function. As such, the lack of established metrics for proposals 3 and 4, in particular,
could lead to confusion between different teams at what an acceptable threshold for ECM

preservation or scaffold cytotoxicity might be.

1.3.4 Regulation of decellularized matrices

At present, there are no regulations delineated specifically for decellularized products. Instead,
the existing regulations established for the use of biomaterials have been applied to these
products. In the European Union, such regulations would include Good Manufacturing

137 or, in the case of human-

Practices directives '3°, directives concerning medical devices
sourced products, directives that set standards of quality on procurement, processing, and
distribution of human tissues or cells *3. These regulations are usually of a general nature,
concerned chiefly with the safety and biocompatibility of these products, and thus do not focus
on specific requirements for these biomaterials '*°. In the United States, many of these matrices
will be classified as medical devices or combination products by the Food and Drug
Administration (FDA) and need to navigate the regulatory requirements of the FDA in both
pre-market and post-market environments '4°. On a global scale, these products will often seek
to follow the standards set by organizations like the American Society for Testing and Materials
(ASTM) and the International Organization for Standardization (ISO), such as the requirements

141

set for the characterization and testing of biomaterial scaffolds "*', quality management systems

142 medical devices ¥, or their biological evaluation 44,

More work is needed for a guideline or standard designed explicitly for decellularized scaffolds

to be established. Criteria need to be thoroughly researched, and scientifically-proven evidence
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needs to be present to give weight to any proposal to be put forward. Furthermore, international
and recognized standards organizations like ASTM, ISO, or other expert bodies like the FDA
or the European Medicines Agency (EMA) need to be involved as to facilitate a translation of

these products from a laboratory to a clinical setting.

1.4 Decellularization of bone

1.4.1 The bone’s extracellular matrix

The bone’s extracellular matrix is composed of organic compounds (~20 to 40%), inorganic
minerals (~50 to 70%), water (~5 to 10%) and lipids (<3%) '*°. Within the organic phase,
collagen is present in the biggest amount (~85 to 90%), predominantly type I collagen, with
some trace amounts of type V and III 14>%6, The extracellular bone matrix proteins are divided
into two categories: structural proteins, such as collagen and fibronectin, and proteins with other
specialized functions, like growth factors or enzymes . Although collagen provides some
amount of load-bearing strength to bone, it is primarily responsible for its elasticity and

flexibility 15,

The mineral content of bone is mostly composed by hydroxyapatite [Cai0(PO4)s(OH)2], but also
includes carbonate, magnesium, and acid phosphate in small amounts. This inorganic phase
surrounds and impregnates with collagen fibers, providing mechanical rigidity and load-bearing
strength to bone '4°. The amount and arrangement of these components have a substantial

impact on the final properties of each type of bone.

Figure 1.9 Scanning electron microscopy of bone '¥’. Left: Very low magnification (wide field)
micrograph of trabecular bone. Right: Bone packet distribution by BSE-SEM.
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Finally, cells that reside in this intricate matrix can originate from two cell lineages. The
mesenchymal stem cell lineage gives rise to preosteoblasts, osteoblasts, and osteocytes, while
the hematopoietic stem cell lineage creates monocytes, preosteoclasts, and osteoclasts ',
These cells interact with the extracellular matrix, secreting new organic matter and driving
matrix mineralization (more on the interactions between cells and ECM is on Chapter 1.1.2

“The Extracellular Matrix”).

1.4.2 Bone grafts and substitutes

At present, an orthopedic surgeon has a very limited array of options when faced with an injury
requiring bone replacement. The “gold standard” has been the use of autologous bone grafts,
usually harvested from the iliac crest, but there are severe disadvantages to this method. The
supply of autologous bone graft is minimal, especially in the case of massive segmental bone
loss or others that require multiple harvests '*°. Another drawback is the morbidity associated

with this type of intervention, with one study (Younger and Chapman, 1989) %

placing it at
around 8.6% for major complications, like infection, prolonged wound drainage, large
hematomas and severe pain, and around 20.6% for minor complications such as superficial
infection, temporary sensory loss or mild pain. Nonetheless, autologous bone grafts set the
standard to which all substitute bone grafts are compared to, due to their excellent osteogenic,
osteoconductive, and osteoinductive properties '*°. Allogenic bone grafts have also been used,
and although they come with the advantage of eliminating donor-site morbidity and a broader
supply, there is a risk of severe immune complications or disease transmission, and they are

slower to integrate with native tissue when compared to autologous grafts ',

It is due to the limitations associated with allografts that the interest in using scaffold substitutes
has risen, such as naturally derived biopolymers, like collagen or chitosan, and demineralized
ECM-based materials. Independent of the method used, any product intended to use as a bone

graft substitute should have present the following essential components '*:

1. osteoconductive matrix;
2. osteoinductive proteins;

3. osteogenic cells (such as osteoblasts or osteoblast precursors).

Collagen and ECM-degenerated proteins (such as gelatine) were initially sought for use in bone

tissue engineering due to their excellent biocompatibility, biodegradability, and cell-binding
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properties '°!. However, these naturally derived biopolymers came with severe drawbacks like

poor mechanical integrity and a high degradation rate in vivo '°!.

Bioceramics, such as calcium phosphates and bioactive glasses, are also a popular alternative
used as synthetic bone grafts due to their bioactivity, ability to bond directly to the surrounding
bone tissue, and good osteoconductivity. However, their mechanical strength and
biodegradability rates run opposite to each other: materials with strong mechanical integrity
(such as crystalline hydroxyapatite) are practically bioinert, and biodegradable materials (such

as bioactive glasses) are often very fragile '°!.

Finally, demineralized bone matrix (DBM) is a type of allograft bone graft material that has
had the inorganic mineral component of the extracellular matrix removed. Currently,
demineralized bone matrix products are available commercially and have been applied
clinically, usually for filling in bony defects. DBM products are available in a variety of forms,
such as powder, putty, chips, crushed granules, or gel-filled syringes '*2. DBM has
osteoconductive and osteoinductive properties that prompt bone regeneration, but the lack of
the mineral component significantly reduces the mechanical properties of bone 2.

Commercially available DBM is also often very expensive (one millimeter often costs above

100 euros), making it cost prohibitive for the treatment of large bone defects.

1.4.3 Decellularized bone Extracellular Matrix research

So far, there has not been much work done concerning the decellularization of xenogenic and
allogenic bone extracellular matrices (Table 1.3). Nevertheless, a gradual increase in interest in

bone dECM can be observed throughout the years examined in this work.

Table 1.3 Summary of the current works on decellularized bone extracellular matrices, highlighting the
tissue source and size of scaffolds and the respective step-by-step decellularization protocol. (Note:
washing steps were omitted when the time was not specified or less than 1 hour).

Scaffold Details Decellularization Protocol Ref.

Tissue source:

Porcine femur 1. High-hydrostatic pressurization (980 MPA, 30°C) 10 min
Scaffold size: 2. DNase I + antibiotics 3 weeks 154
Small pieces 3. 80% v/v ethanol 3 days

(size not specified)
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Tissue source:
Bovine tibae
Scaffold size:
Fragments

(4 x4 x4 mm)

Tissue source:
Bovine femur
Scaffold size:
Granules

(0.25 —1 mm)

Tissue source:
Human femur
Scaffold size:
Cubes

(lem?)

Tissue source:

Mice calvaria

Scaffold size:
Particles

(size not specified)

Tissue source:

Bovine femur
Scaffold size:
Fragments

(15x4x2cm)

Tissue source:

Porcine femur
Scaffold size:
Plugs

(9 ~9.5 mm)

Tissue source:

Human femur
Scaffold size:
Pieces
(0.3%0.3 cm)

sl S

P05 N =

A

A S

@B g W =

bl

0.5 N HCI

1:1 chloroform/methanol
0.05% trypsin + 0.02% EDTA
1% w/v penicillin/streptomycin

Thermal shock treatment (x 4)
1% Triton X-100

0.1% Triton X-100

Immersion in ddH,O

Ethanol (50%, 70%, 96%, 100%)

Sonication in dH>O, 60°C

Wash-centrifuge steps, 1850 x g, 60°C (x3)
Sonication in 3% v/v H,O,+ 0.02% PAA, 60°C
Sonication in 70% v/v ethanol

Centrifugation at 1850 x g

0.5% SDS + 0.1% NH4+OH

0.9% saline solution

0.01, 0.1 and 1% SDS

1% Triton X-100

Rinse in PBS

2:1 and 1:2 chloroform/ethanol

Wash in dH,O

0.05% trypsin-EDTA
penicillin/streptomycin

Wash in dH,O

1.5% PAA + 2.0% Triton X-100

0.6 N HCL

Thermal shock treatment (x 6)
0.25% trypsin

2.5% SDS

24 h
lh
24 h
24 h

155

65h20m

&h

16 h 103
48 h

&h

15m

2h15m

10 m 156
10 m

15m

157
3 weeks

12h
72 h
2h 158
4h
48 h

72 h
2h
24 h 122
24 h
3h

4 days
42 m
18 h
26 h

102
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Tissue source:

Bovine knee joint 1. PBS+0.1% EGTA lh
Scaffold size: 2. 0.1% Triton X-100 2h 159
Cylinders 3. scCOzat30 MPa, 50 °C 30 m
(@ 10mm)
g’ji?ﬁ:o”rce' 1. PBS+0.1% EDTA 1h
metacarpus 2. Tr%s +0.1% EDTA 12h
Scaffold size: 3. Tr¥s +0.5% SDS 24 h 160
Cylindrical plugs 4. Tris + DNAse + RNAse 6h
5. PBS + 70% ethanol 10 m
(9 4 mm)

Hashimoto et al. (2011) '** reported for the first time, a method to decellularize bone/bone
marrow using high-hydrostatic pressurization (HHP) method followed by enzymatic and
alcohol washes to remove cell debris and lipid content better. The cellular content from both
cortical and trabecular bone/bone marrow was successfully removed by this method. Afterward,
the resulting scaffold was re-seeding with rat mesenchymal stem cells (rMSCs), allowing a
better proliferation and osteogenic differentiation promotion than the one observed in tissue

culture polystyrene dishes '°*. No mechanical assays were used to characterize these scaffolds.

Sawkins et al. (2013) '3 applied a stringent decellularization process to decellularize bone
matrix, to produce a hydrogel-shaped dECM. For this purpose, they used an enzymatic-based
decellularization method involving trypsin. DNA content of the decellularized material was
lower than the upper limit recommended for complete decellularization (<50 ng of DNA per
mg of dry ECM). However, the hydrogels formed using this decellularized bone matrix had
significantly lower storage moduli than those formed by demineralized bone matrix or collagen

type I hydrogels '°°.

From 2015 on, there was substantial progress in bone decellularization methods. Gardin et al.
(2015) '% developed a novel protocol for decellularization and depilation of bovine bone
granules based on multiple steps of thermal shock, washes with detergent, and dehydration with
alcohol. This protocol was successful in reducing both DNA and RNA content by 90%, and the
resulting granules were found to be biocompatible, osteoinductive, and osteoconductive in in
vitro and in vivo experiments ', The treatment of samples with ethanol appeared to be vital
for the total removal of cellular debris and thus conferred superior biocompatibility. Since the
objective of this work was to produce a guided bone regeneration (GBR) membrane, the

mechanical integrity of the granules after decellularization was not analyzed.
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In another work by Smith et al. (2015) '3, the decellularization protocol used was based on
multiple wash-centrifuge and sonication steps. This method was notable since it did not make
the use of detergents, even though chemical agents (hydrogen peroxide and peracetic acid) were
still present during sonication. The removal of around DNA was 99.2%, and the resulting
scaffold was considered biomechanically stable, even with a significant increase in Young’s

modulus and a small insignificant increase in stiffness !*.

The following year, Lee et al. (2016) 7 optimized the experimental parameters to decellularize
small bone particles using 0.5% sodium dodecyl sulfate (SDS) and 0.1% ammonium hydroxide
(NH4OH). The obtained graft material had a decreased mechanical strength (15.51% lesser than
control samples) and protein content but was able to stimulate rMSC’s osteogenic
differentiation in vitro '*’. In vivo implantation of the particles in critical-sized defects of rat
calvaria yielded a synergic effect that enhanced bone regeneration, with the newly formed bone

showing good integration at the interface between the host bone and the particles in the defect
157

Karalashvili et al. (2017) '>® designed three-dimensional bone grafts from decellularized bovine
femoral bone for the reconstruction of large size maxillofacial bone defects. Residual DNA was
lesser than 1.4%, and scanning electron micrographs showed that the intricate mesh of collagen

t 18, A large decellularized bone graft

fibers of the decellularized bone fragments appeared intac
was also fashioned for implementation on a 54-year-old female patient’s zygomatic bone defect,
and the graft retained its shape, structure, and integration with the host's bone during four years

after transplantation '8,

Later, Bracey et al. (2018) 1?2 engineered a trabecular bone dECM from porcine femurs that had
been subjected to several immersions in detergents and biological decellularization agents. The
processed bone plugs had a 98% decrease in DNA content. Its micro-architecture appeared to
be preserved and similar to the natural bone, although the density had been significantly
lowered. The scaffolds were less stiff and had a greater deformation at failure. Notable in this
work was the use of mass spectrometry to analyze the protein composition of bone scaffolds to
compare it against human demineralized bone matrix. Since DBM is already a proven clinical
product with osteoconductive and osteoinductive potential, the data derived from this analysis
could serve to demonstrate the potential of decellularized bone scaffolds. Results derived from
this analysis showed a similar composition between dECM and DBM, with a bigger presence

of hematopoietic proteins detected in the decellularized scaffolds 22,
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As well, Abedin et al. (2018) ' produced a demineralized and decellularized human epiphyseal
bone matrix to be used as a scaffold for bone generation. The research group demineralized the
human epiphyseal bone using hydrochloric acid and decellularized it through a combination of
physical, enzymatic, and chemical methods. Histological staining revealed a total removal of
nuclear materials from the decellularized scaffold while maintaining the overall structure of the
extracellular matrix. DNA quantification confirmed the presence of less than 50 ng of DNA per
mg of ECM %2, Different combinations of physical and chemical processes were also examined,

but complete decellularization was not observed until the addition of the enzymatic stage '%%.

You et al. (2018) '*° developed a combined decellularization technique based on supercritical
carbon dioxide (scCOy) technology to produce and characterize a natural bone scaffold. The
grafts were washed with Triton X-100 and then subjected to a scCO; treatment at 30 MPa, 50°C
for 30 minutes. The group reported that a large number of cell impurities were effectively
removed, with only a limited amount of fibrous material remaining within the micropores '*°.
The immunogenicity of these decellularized grafts was studied by implanting them in mice, and
the lack of the usual immune rejection in response to this implantation was taken as proof of
the efficiency of the decellularization protocol. The group also raised the possibility of a
simultaneous decellularization and sterilization process due to the use of scCO», but, in this

work, cobalt-60 was used for this purpose instead '*°.

Last, Sladkova et al. (2018) ' utilized a combination protocol that made use of chemical and
biological agents to decellularize human cadaveric and bovine bone. The scaffolds were then
compared for engineering bone grafts using human induced pluripotent stem cell-derived
mesodermal progenitor cells '%°. The results showed that scaffolds derived from both cow and
human equally supported cell viability, tissue growth, and formation of a mineralized bone
matrix '%. These findings suggest that bone scaffolds derived from xenogenic sources could be

a suitable and convenient alternative to human-derived grafts.

This analysis elucidates on the potential and opportunities for future research of
decellularization on bone tissue. The creation of scaffold materials that could work as bone
graft substitutes is an exciting outcome, but more work is necessary before such grafts are made

commercially available.

29



1.5 Objective

Within the scientific and economic context presented through this introduction, the main

objective of the present thesis is to propose new and more effective decellularization strategies

for bone tissue, using a porcine trabecular bone model.
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2. Materials and Methods

2.1. Animal tissue processing

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

use.

2.2. Cell lysis treatment

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

times in deionized water.

To study the effects of the freeze-thaw treatment, 2 samples were immediately put in a
formaldehyde solution for further histological analysis via hematoxylin and eosin (H&E)
staining, and another 2 samples were immersed in a fixing solution (4% glutaraldehyde and 6%
formaldehyde) for later examination via transmission electron microscopy (TEM). The

remaining samples were frozen at- 20 °C until further use.

2.3. Decellularization

Three different approaches to decellularize trabecular bone tissue were analyzed in this work:
1) immersion in tri-n-butyl phosphate (TnBP); ii) supercritical CO; treatment; and iii) a
combined scCO2-TnBP treatment. In total, five different protocols (Figure 2.1) were
implemented and examined: 1% (v/v) TnBP treatment for 48 hours, scCO> treatment for 1 and

3 hours, and scCO; treatment with 0.1% (w/v) TnBP for 1 and 3 hours.
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Sample preparation
cylindrical 6 x 3 mm pieces

A J

Washing in dH,O

briefly, 3 times

h i

Rapid freezing in liquid nitrogen 6 times Rapid melting in water bath
-196°C. 2 mmn room temperature, 3 mm

[

Y

Washing in dH,O

briefly, 3 times

v ¥ L 4
5¢CO, TnBP 5¢CO,-TnBP
40°C. 240 bar, lor3h room temperature, 48 h 40°C.240bar, 1or3h

A J

Washing in dH,O

briefly, 3 times

F 3

Washing in dH,O

30 min

Figure 2.1 Flow-chart detailing the decellularization process and protocol variants. Samples were
subjected to one of three different treatment types: TnBP for 48 hours, scCO; for 1 hour or 3 hours, and
scCO.-TnBP for 1 hour or 3 hours. On total, five different protocols were examined.
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2.3.1. TnBP treatment

The TnBP treatment was adapted from a protocol by Cartmell et al. (2000) . Bone samples
were incubated with 1% (v/v) TnBP for 48 hours under continuous agitation (230 rpm). The

solution was changed after 24 hours.

Afterwards, the samples were rinsed in deionized water 3 times and washed for 30 min in
deionized water under continuous agitation. Representative samples (n=2) were set
immediately aside and immersed in a formaldehyde solution for H&E staining. The remaining

samples were frozen at -20°C until further use.

2.3.2.5¢CQO; treatment

Samples were sealed in sterilization pouches (Tyvek, USA) and placed inside the pressure
vessel of a Parr Instruments series 4540 high pressure reactor (Parr Instrument Company,
[linois, USA). Premium CO: Liquid Premier with 99.995 % of purity (Gasin Air Products,
Portugal) was introduced into the pressure vessel via a high-pressure pump at 50 g/min and
pressure was set to 240 bar. The temperature was adjusted to 40 °C and the rotation motor speed
was set at 600 rpm. Pressurization took approximately 30 minutes to complete. After 1 or 3
hours, the vessel was slowly depressurized using a manually operated valve. Depressurization

took approximately 25 minutes to complete.

After treatment, the samples were subjected to the same washing and storage procedures as

described in section 2.3.1.

2.3.3.5¢CO»-TnBP treatment

The scCO2-TnBP hybrid treatment followed the conditions described in section 2.3.2. with the
addition of 0.1% (w/v) TnBP (Merck Millipore) into the pressure vessel before scCO, treatment.

2.4. Transmission Electron Microscopy

In this work, TEM was used to confirm if cell lysis had been successfully induced after freeze-
thaw treatment. Samples were fixed via immersion in 2.5% (v/v) glutaraldehyde and 2% (v/v)
paraformaldehyde in 0.1M sodium cacodylate buffer (pH 7.4) solution for 5 days. Afterwards,
samples were washed and decalcified in MoL-DECALCIFIER (EDTA-based decalcifying
solution) for 48 hours and post-fixated in 2% (v/v) osmium tetroxide in 0.1M sodium cacodylate

buffer (pH 7.4) solution for 2 hours. Samples were then incubated with 1% (v/v) uranyl acetate
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O/N, washed in buffer and dehydrated through a graded series of ethanol, and finally embedded
in Epon (EMS). Ultrathin sections were cut at 50 nm and prepared on an RMC Ultramicrotome
(PowerTome, USA) using a diamond knife and recovered to 200 mesh Formvar Ni-grids,
followed by 2% (w/v) uranyl acetate and saturated lead citrate solution. Visualization was
performed at 80 kV in a JEM-1400 microscope (JEOL, Japan) and digital images were acquired
using a CCD digital camera Orious 1,100 W (Japan) using 8,000x and 12,000x magnifications.

2.5. Micro Computed Tomography

Control and treated samples were scanned in a Skyscan 1174 (Brucker, USA) with an image
pixel size of 9.55 um, exposure time of 8500 milliseconds and a rotation step of 0,9°. The three-
dimensional reconstructions were made using CTan and CTvox, while the transversal plane
views were made using Dataviewer. Porosity measurements were derived from micro-CT
reconstructions. Pore sizes were measured from transversal plane views and presented as the

mean (n=7) of pore sizes from one sample for each treatment group.

2.6. Scanning Electron Microscopy

Samples were coated with Au/Pd with a sputter coater (Quorum Technologies, UK) for 45
seconds and imaged on a Vega3-LM scanning electron microscope (TESCAN, Czech
Republic). Visualization was performed at 15kV and digital images were acquired at 50x

magnification.

2.7. Mechanical Compression Testing

Mechanical properties of treated and control samples (n = 6) were assessed via uniaxial
compression testing using a texturometer equipment (TA.XT PLUS, Texture Analyzer, UK).
Initially, the height of samples was measured using a 200mm digital caliper (Mitutoyo, Japan)
to allow for correction for sample’s geometry. Compression was done using a 5 mm cylinder
stainless probe (Stable Micro Systems Ltd, UK) and a 30 kg compression load cell. Testing was
done using a crosshead speed of 1 mm/s until fracture or 90% strain was reached. Results were
obtained as a stress versus strain for strain rate curve and subsequently analyzed in Microsoft

Excel (Microsoft, USA). Young’s modulus was derived from the slope of the stress-strain
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curve’s linear portion, while yield point was obtained from the first of the stress-strain curve’s

non-linear portion.

2.8. Histology

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

USA).

2.9. DNA quantification

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

spectrophotometer (BioTek, USA) by UV absorbance at 260 nm using the following equations:
Concentration (ug/ml) = A,q, X Dilution Factor X 50 pg/ml (2.9.1)

DNA yield (ug) = Concentration (ug/ml) X Total Sample Volume (ml) (2.9.2)

2.10. Statistical analysis

Statistical analysis was conducted using IBM® SPSS® Statistics (International Business
Machines Corporation, USA). Significant differences were identified at p < 0.05 using

independent samples t-tests.
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3. Results

3.1 Assessment of cell lysis

3.1.1 Macroscopic images

In Figure 3.1 are presented the macroscopic field pictures of untreated samples (Fig. 3.1 a) and

samples subjected to the cell lysis treatment (Fig. 3.1 b).

Figure 3.1 Macroscopic field photographs: (A) Untreated samples; (B) Samples subjected to cell lysis
treatment. Scale bar indicates 6 mm.

Analysis of the samples’ morphology revealed no significant differences in color, shape or
texture between untreated samples (Figure 3.1 a) and samples that had been subjected to the
cell lysis treatment (Figure 3.1 b).

3.1.2 Transmission Electron Microscopy

TEM imagining revealed a distinct morphology between osteocytes present in untreated
samples (Figure 3.2 a) and in the samples subjected to a freeze-thaw cycle treatment to induce

cell lysis (Figure 3.2 b).

37



Figure 3.2 TEM micrographs of osteocytes: (A) untreated sample (12,000x); (B) sample subjected to
cell lysis treatment (8,000x). Scale bars indicate 1 um in (A) and 2 pm in (B).

The cells observed in untreated samples exhibited a normal morphology with outlined cell
components, while no such distinctions were found in the cells from treated samples. The cells

from treated samples were also shrunken and smaller than cells found in untreated samples.

3.2 Integrity and structure of decellularized bone

3.2.1 Macroscopic images

Figure 3.3 presents the macroscopic images of untreated trabecular bone samples and samples
subjected to one of the following decellularization protocols: TnBP for 48 hours, scCO; for 1

hour and 3 hours, and scCO-TnBP treatment for 1 hour and 3 hours.
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Figure 3.3 Macroscopic field images: (A) Untreated sample; (B) TnBP treatment for 48h; (C) scCO;
treatment for 1 hour and (D) 3 hours; (E) scCO,-TnBP treatment for 1 hour and (F) 3 hours. Scale bar
indicates 3 mm.

The untreated bone samples had an intense red color and a uniform texture (Figure 3.3 a). All
samples exhibited some degree of discoloration after being subjected to their respective
treatments. However, this loss of color was most distinct for samples that undergone the TnBP
treatment (Figure 3.3 b), and less pronounced for samples subjected to scCO- treatments (Figure
3.3 ¢,d). As for the samples subjected to the hybrid scCO,-TnBP treatment (Figure 3.3 e,f), the
extent of discoloration was higher than scCO; treatment, but lesser than that of TnBP treatment.

Texture appeared to be similar between all samples.

3.2.2 Micro-Computed Tomography
3.2.2.1 Micrographs

Micro-CT revealed similar microarchitecture between untreated and treated samples (Figure

3.4).
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3D projection Transversal plane

Untreated

TnBP

s¢CO,-TnBP

Figure 3.4 Micro-CT imaging of untreated and treated samples showing 3-dimensional projections and
transversal plane views: (A, B) Untreated; (C, D) TnBP treatment; (E,F) scCO> treatment for 1 hour;
(G,H) scCO,-TnBP treatment for 1 hour.
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However, substantial changes to the microstructure were observed in the sample subjected to
the scCO» treatment for 3 hours, as the trabeculae appeared substantially separated from each
other (Figure 3.5 c).

Untreated s¢CO, 1h s¢CO, 3h

Figure 3.5 Micro-CT transversal plane view of samples: (A) Untreated sample; (B) scCO, treatment for
1 hour; (C) scCO; treatment for 3 hours.

3.2.2.2 Measurements

Porosity measurements derived from Micro-CT imaging are presented in Table 3.1.

Table 3.1 Porosity and mean pore size values for untreated and treated samples. Mean pore size is
presented as the mean =+ standard deviation.

Treatment Porosity (%) Mean Pore Size (um)
Untreated 48.8 392.8 £87.2
TnBP 48h 66.7 406.6 £ 81.4
scCO; 1h 58.0 420.1 £97.3
s¢CO; 3h 61.7 508.7£169.0
s¢CO,-TnBP 1h 66.2 481.1 £95.0
s¢CO,-TnBP 3h 52.7 341.4 £ 66.3

Significant differences to untreated samples are indicated with a p < 0.05 as compared by independent

samples t-tests.

Porosity measured in treated bone samples was higher than in untreated samples. Mean pore
size of treated samples was superior to untreated samples for all groups except for the scCO»-

TnBP for 3 hours treatment, but this increase was not statistically significant.
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3.2.3 Scanning Electron Microscopy

SEM micrographs clearly show the porous complex network of the bone extracellular matrix

for untreated and treated samples (Figure 3.6).

Figure 3.6 SEM micrographs of samples for each treatment type (50x): (A) Untreated; (B) TnBP
treatment; (C) scCO; treatment for 1 hour and (D) 3 hours; (E) scCO,-TnBP treatment for 1 hour and
(F) 3 hours. The scale bar indicates 500 um.

The micrographs of untreated samples showed that the marrow spaces appear to be filled with
marrow content, partially obscuring the pores from view (Figure 3.6 a), unlike the treated
samples where these pores were easy to observe (Figure 3.6 b-f). The surface topology for the

sample subjected to the TnBP for 48 hours protocol (Figure 3.6 ¢) appeared distinct from that
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observed in other treatment types. As for the samples subjected to the scCO2-TnBP treatment
for 3 hours treatment (Figure 3.6 f), these appeared to be significantly different from other

samples, as marrow spaces were much more compact, and pores appeared much smaller.

3.2.4 Mechanical properties

Table 3.3 shows the data obtained from mechanical compression testing for Young’s modulus,

strength, yield strain, and failure strain.

Table 3.2 Young’s Modulus and Yield Point values obtained for each treatment group. Young’s
Modulus and Yield Point are presented as mean + standard deviation.

Ultimate

Treatment Youn%’sﬁlt/z[l ())dulus Strength S‘i ieali(; I;iil;l:
(MPa)

Untreated 47.61 £4.25 4.00 +0.61 0.20 £ 0.024 0.68 £ 0.069
TnBP 48h 57.31 £ 3.66 7.01+£0.81™ 0.27 £0.073" 0.68 £ 0.098
scCO; 1h 66.24 = 8.10" 7.81+1.15" 0.25 +0.053 0.62+ 0.063
scCO; 3h 65.94 £ 6.39" 7.35+1.40" 0.26 £ 0.048" 0.70 £ 0.033
s¢CO,-TnBP 1h 62.70 £ 6.70" 7.01+0.71" 0.22 £0.043 0.69 £ 0.054
s¢CO,-TnBP 3h 49.16 £4.41 4.15+0.53 0.19+£0.061 0.68+0.019

Significant differences to untreated samples are indicated with a p < 0.05 as compared by independent

samples t-tests.

A significant increase in Young’s modulus was observed for all treatments except for the
scCO2-TnBP for 3 hours treatment. Similarly, ultimate strength was significantly superior to
untreated samples for all treatments except for the scCO>-TnBP for 3 hours treatment. The
ductility of the samples did not appear significantly altered, but for treatments scCO> for 3 hours

and TnBP for 48 hours, the values for yield strain were superior to untreated samples.

3.3 Extent of cell removal

3.3.1 Histology

Hematoxylin and eosin (H&E) staining of representative sections of untreated and treated

samples are presented in Figure 3.7.
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Untreated

.

s¢CO,-TnBP 1h scCO,-TnBP 3h

Figure 3.7 H&E staining of untreated and treated samples (10x): (A,B) Untreated; (C,D) TnBP
treatment; (E,F) scCO; treatment for 1 hour and (I,J) 3 hours; (G,H) scCO,-TnBP treatment for 1 hour
and (K,L) 3 hours. Highlights: (AT) Adipose tissue; (HM) Hemopoietic marrow; (N) Cell nuclei. The
scale bar indicates 50 pm.
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Two sections are shown for each treatment type: a section focusing on the trabeculae (Figure
3.7 a,e,i,c,g k) and another focusing on the marrow spaces (Figure 3.7 b,f,j,d,h,1). As shown in
Figure 3.7, the extracellular matrix of the untreated tissue was stained pink, and cell nuclei
stained dark purple. For all treatments, some degree of cell removal was observed (Figure 3.7
c-1), though this was more pronounced within the bone marrow. Cell removal was more
extensive in treatments that used TnBP (Figure 3.7 ¢,d,g,h,k,1) compared to treatments that only
used scCO> (Figure 3.7 e,f,i,j). No treatment was able to remove completely cellular material

that was embedded within the trabeculae.

3.3.2 DNA quantification

DNA concentration values for untreated and treated samples are presented in Figure 3.8 and

Table 3.2.
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Decellularization Treatment

Figure 3.8 Mean DNA Concentration (ug/mg) present in samples after each decellularization treatment.
Error bars display standard deviation error for all mean values.
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Table 3.3 DNA concentration and corresponding percentage DNA removal compared to untreated
samples for each treatment group. DNA concentration is presented as the mean + standard deviation.

Treatment DNA Concentration (ng/mg) Percentage of DNA Removal
Untreated 0.507+0.017 -
TnBP 48h 0.106 + 0.024 79%
s¢CO; 1h 0.349 £ 0.045 31%
s¢CO; 3h 0.311 £0.055 39%
s¢CO,-TnBP 1h 0.252 +0.034 50%
s¢CO,-TnBP 3h 0.213 + 0.040 58%

These results revealed there was a percentage decrease of DNA content for all samples that

underwent treatments, being more marked for TnBP 48 hours treatment.
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4. Discussion

The main objective of the present work was to investigate the potential of three innovative
protocols to decellularize porcine trabecular bone tissue without the use of harsh

decellularization agents such as detergents.

For this purpose, an adaptation of Cartmell and Dunn (2000)’s protocol ®® was attempted for
the first time on porcine trabecular bone tissue. This protocol had been previously used to
successfully decellularize tendons from rat tails, using only a 48 hours immersion period in 1%
(v/v) TnBP. As well, the merits and effects of using supercritical carbon dioxide as a
decellularization agent were also investigated, without the addition of any entrainer or
secondary agent. Finally, a combined decellularization strategy using supercritical carbon
dioxide and TnBP was herein proposed and studied. While scCO; has been used previously to
aid in the decellularization of bovine bone, this protocol also involved the use of Triton X-100,
a non-ionic detergent that is known to disrupt the ultrastructure of ECMs “¢15?. Additionally,
different testing periods of both the scCO2-TnBP and scCO; methods were tested to investigate
any possible harmful effects on the extracellular matrix caused by prolonged exposure to scCO>

treatment.

To the author’s knowledge, there have been no other studies reporting on the effects of TnBP
on bone tissue. On the other hand, the combination of this compound with scCO» has also not

been reported in the literature for bone tissue or otherwise.

4.1. The importance of cell lysis

The induction of cell lysis is usually the first step in a decellularization protocol '*!. Specifically,
for the decellularization of bone, freeze-thawing appears to be a popular initial step 92161162,
Casali et al. (2017) ¥ reported a significant increase in the decellularization efficiency for their
scCO»-based protocol after the addition of a step to induce cell lysis. As such, in this work,
particular focus was taken to induce cell lysis before decellularization using a rapid freeze-
thawing methodology adapted from Abedin et al.’s (2018) work 2. Freeze-thawing processing
was chosen since it has been proven to lyse cells from several tissues without severely
impacting ECM composition and ultrastructure *°. The intracellular ice crystals that form during

rapid freezing disrupt cell membranes, leading to their rupture. This method is also believed to

cause minimal impact on mechanical properties for load-bearing tissues, an essential factor for
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creating a scaffold to serve as a bone graft substitute *%*, In fact, in this study, no significant
changes in the color or texture of the samples were observed after they were subjected to the

cell lysis treatment, suggesting some degree of tissue preservation.

Transmission electron micrographs showed significant differences between cells within
untreated samples, and those present in samples subjected to the rapid freeze-thaw treatment
being the latest shrunken, as most of the cytoplasm was eliminated from these cells. This
morphology has been associated with non-viable bone cells after freeze-thaw treatment ',

These results demonstrate that the treatment proposed was successful in inducing cell lysis.

4.2 Impact of decellularization on bone properties

One of the most critical features of the extracellular matrix of trabecular bone is its complex
microarchitecture with its high surface area, allowing efficient nutrient diffusion and contact
with various growth factors ', Not only does bone architecture play a role in osteogenic
promotion and differentiation, but it also impacts the final mechanical properties of trabecular
bone, which is why any scaffold used as a bone substitute should aim to imitate it '**-16, Even
pore size can have a significant effect on osteoblast survival and bone formation. Excessively
small pore sizes can lead to decreased oxygen and nutrient diffusion, affecting
osteoconductivity, therefore larger pore sizes (200-600 um) are considered optimal for bone
repair and regeneration '%’. Porosity in trabecular bone is also highly variable and can fluctuate
between 50-90% depending on several factors, such as anatomic site, age, disease, or other
interspecimen variations ', Excess porosity (>90%) decreases the mechanical strength of the
scaffold, so a careful balance between the need for adequate diffusion of nutrients and oxygen
and the mechanical properties of the scaffold needs to be found for every type of bone graft

substitute %,

In this work, the complex architecture observed in untreated samples appears to have been
preserved for all treatments except for the treatment of scCO> for 3 hours, where bone struts
appear to have significantly drifted apart from each other, creating large open areas between
them. Porosity appears to have increased with the degree of decellularization, except for the
treatment of scCO»-TnBP for 3 hours, where it was significantly lesser than its corresponding
1 hour treatment. This result was not expected but may be explained by the considerable
variability of porosity seen in trabecular bone, a high heterogeneous tissue. Samples subjected

to the treatment of scCO2-TnBP for 3 hours might came from a denser, more compact tissue
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region (and SEM imaging appears to confirm this hypothesis). Even so, the levels of porosity
obtained for all treatments were within the range of porosity reported for trabecular bone tissue
164 For the treatments of scCO2-TnBP for 1 hour and TnBP for 48 hours, porosity was similar
to what has been reported for demineralized bone matrix (62.24%) '®°. All treatments also
resulted in an increase in the mean pore size except for that of scCO2-TnBP for 3 hours. High
variability was encountered when measuring pore sizes, evidenced by the high value of standard
deviation seen for all means. Again, the high heterogeneity of trabecular bone may explain both
the high variability of pore sizes and the smaller size of pores in the sample subjected to the
scCO2-TnBP for 3 hours treatment. It is worth noting that, for all treatments, the range of pore
sizes observed was still within the typical 200-600 um range previously established as optimal
167

As discussed above trabecular bone is one of the most heterogeneous biological tissues. Its
biomechanical properties, like ultimate strength or elasticity modulus, can differ widely even
in the same species, such as both within and across anatomical sites, after the advent of disease,
or with age "’ Even intraspecimen variations in tissue properties can have biomechanical
consequences: trabecular thickness, for example, can alter the apparent modulus to the
equivalent extent of ten years of bone loss !”°. For this reason, it can be difficult to establish a
standard value of comparison when it comes to mechanical parameters such as Young’s
Modulus or Yield Stress. Studies have pointed out to values of around 50 to 389 MPa for
Young’s Modulus of human trabecular bone '7"!”2, Porcine bone also appears to have modulus
values similar to those seen in human bones, which is why it is a popular alternative for bone
grafting "2, Regarding yield stress and strength values in trabecular bone, this property appears
to be heterogeneous (varying with anatomic location, age, disease, among others), anisotropic

(depend on loading direction), and asymmetric (compression versus shear) 70,

In this study, the values for Young’s modulus were on the lower range of those presented in
literature. These results may be explained by the geometry of the tested samples. Due to
equipment limitations, some restrictions were imposed on the handling of bone samples, which
resulted in a non-standard sample geometry (cylindrical 6 x 3 mm pieces) for mechanical
compression testing. The geometry of trabecular bone specimens has been previously found to
significantly impact their mechanical behavior !7>!™, Since the same methodology was used to
test untreated and treated samples, this study focused on the comparison between the values

obtained through this work.
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The samples treated with TnBP had a superior ultimate strength, Young’s modulus and yield
strain compared to untreated samples. TnBP has been known in some studies to damage
collagen content *!7> but in this work, the stiffness and ductility of these scaffolds were not
negatively impacted. A significant difference in the strain at yield was observed, marking an
increase in the extensibility for these samples. It is not the first time this increase has been
observed for tissues treated with TnBP, as Deeken et al. (2011) 47 and Xing et al. (2014) !
reported similar results with TnBP decellularized tendons. Deeken et al. (2011) #’ suggested
that a possible motive for this increase was that the removal of cellular content from tissues
allowed the collaged fibers an easier sliding past one another, or that a low level of collagen
crosslinking might have occurred during treatment. While the strength of bone depends mostly
on its mineral phase, collagen crosslinking can affect the post-yield mechanical properties of
bone, mainly its toughness and stiffness !””. Crosslinking can significantly increase the ultimate
strength of tissues composed of collagen fibers 7%, In this work, samples subjected to TnBP
treatment also had higher ultimate strength than that observed in untreated samples. Cartmell

and Dunn (2000) ¢ also observed an increase in strength in tendons decellularized with 2%

(v/v) TnBP, with no changes found for modulus or failure strain.

The samples that underwent both scCO- treatments had a significant increase in Young’s
modulus compared to those observed in untreated samples (66.24 MPa for 1 hour and 65.94
MPa for 3 hours). A likely explanation for this increase is that scCO: treatment is known to
cause dehydration, which severely impacts values for both Young’s modulus and ultimate
strength 8187 In this work, all samples were hydrated after decellularization treatment for 30
minutes, but a more extensive period of rehydration might be necessary to mitigate the effects
of dehydration. An increase in the extensibility was detected for samples subjected to the 3
hours protocol variant, as they sustained more strain before yield. It is possible that the
alterations to the microstructure observed in micro-CT imagining were the cause of this change.
No significant differences in the ductility were observed between untreated and scCO»-treated

samples, as failure strains remained consistent.

As for the hybrid scCO2-TnBP protocol, a significant increase in modulus and ultimate strength
were observed after 1 hour of treatment. While yield strain was higher than that of untreated
samples, this increase was not considered significant. Modulus was higher than the one detected
for TnBP-treated samples and lower than scCO,-treated ones. It is possible that adding TnBP
to the treatment chamber may have reduced the degree of dehydration of the samples. However,

the differences in modulus and ultimate strength for samples treated with scCO2-TnBP for 1
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hour, and those treated with scCO, were not considered significant. Mostly, the mechanical
properties of samples treated with scCO>-TnBP followed those exhibited by scCO»-treated
samples, with slightly lower values for modulus, strength, and yield strain. The most
considerable differences were observed after scCO2-TnBP treatment for 3 hours, where no
increase in modulus or strength compared to untreated samples was detected. While these
results may seem initially discordant, structural imaging done to this sample group revealed
lower porosity, smaller mean pore size compared to other treated samples and significantly
different morphology compared to other sample groups. As previously explained, trabecular
bone is a highly heterogeneous tissue. Although care was taken to diminish the variability
between samples (only female pigs with similar age were selected, and samples were cut from
the same anatomical site), certain sample groups were mostly or entirely composed of bone
discs taken from femurs belonging to the same animal. As such, it is possible that samples
belonging to the scCO2-TnBP for 3 hours group were taken from tissue that was significantly
different in both microstructure and mechanical properties than the tissues used for other

samples.

4.3 Decellularization efficacy

In the present work, the highest decrease in DNA concentration was observed after the TnBP
treatment for 48 hours, resulting in a 79% decrease in DNA content compared to untreated
samples. Nonetheless, at a DNA concentration of 0.106 ng/mg, this value was still higher than
the proposed maximum of 0.05 pg/mg to be considered successful decellularization .
Histological analysis confirmed these findings, showing an almost empty marrow space, with
very little cellular debris visible (Figure 3.7 h). Also notable was how almost all lacunae
appeared clear from nuclear material (Figure 3.7 g). Nevertheless, a complete absence of

nuclear material was not observed.

The scCO; protocol resulted in a 31% (0.349 pg/mg) and 39% (0.311pg/mg) reduction of DNA
content for 1 hour and 3 hours of treatment time, respectively. Histological analysis also
confirmed that a significant amount of cellular content remained in the tissue after treatment
(Figure 3.7 c-f). This outcome was similar to the results of Sawada et a/. (2008)*! and Casali
et al. (2018) ¥, where the use of scCO, alone was ineffective at totally removing cells from
extracellular matrices. It has been hypothesized that scCO removes cellular materials through

supercritical extraction and may need the addition of a polar CO; soluble additive, also known
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as an entrainer, to effectively remove cells from tissues, since CO>, a nonpolar molecule, cannot
properly interact with cellular materials that are charged ***7. While Sawada et al. (2008)®! and
Guler et al. (2017) *® reported complete removal of cell nuclei after using scCO2 containing
ethanol, Casali et al. (2018) ¥ were unable to reproduce this result and observed that the
addition of ethanol alone did not substantially intensify the extent of decellularization, perhaps
due to scCO, being unable to destroy the cell membrane. Similarly, Antons et al. (2018) !¢
suggested that ethanol may not have the required counteractive solvent strength needed for the
decellularization of denser tissues, such as cartilage or tendons, recommending the use of a

CO»-philic detergent as a decellularization aid.

The scCO,-TnBP protocol resulted in a 50% reduction in DNA content after 1 hour of treatment
time, and a 58% reduction after 3 hours, resulting in a DNA concentration of 0.252 pg/mg and
0.213 pg/mg, respectively. The addition of TnBP into the pressurization chamber for the scCO»-
TnBP treatment marked a significant improvement in cell content removal (~20% more
effective) compared to the scCO» protocol. However, this result was still below the proposed
minimum threshold of DNA content put forward by Crapo et al.(2011), which determines that
less than 0.05 pg of DNA per mg of ECM dry weight is needed to satisfy the intent of
decellularization #6. Histological analyses showed extensive removal of marrow content, but
evidence of remaining nuclear content was still found on bone samples that were subjected to
this treatment. Moreover, in the trabeculae, a significant amount of the lacunae (where
osteocytes are located) still appeared to have nuclear material within. This difference in the
efficiency of cell removal might be explained by the significant denser composition of the

trabeculae, while bone marrow is located in easily accessible open spaces.

These results suggest that more parameters, other than the amount of TnBP added to the
pressure chamber, need to be re-adjusted in the hybrid scCO>-TnBP protocol since even a 10-
fold increase in TnBP concentration was not enough to remove all nuclear material from
trabecular bone tissue. These include the pressure used during scCO> treatment and, not less
important, the time of exposure. Another possibility would include the addition of a more
effective washing step, involving the use of a biological decellularization agent (such as

nucleases), to achieve complete decellularization.
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5. Conclusions

The present work investigated the potential of three different protocols using TnBP,
supercritical carbon dioxide, or a combination of both as decellularization strategies for

trabecular bone tissue.

The use of TnBP instead of harsh chemicals such as detergents, known to damage collagen
content, has shown to be a promising methodology to better preserve the extracellular matrix
while ensuring the elimination of cellular content from trabecular bone in a high extent.
Mechanical analysis of TnBP-treated samples revealed a higher ultimate strength, yield strain,
and in modulus. These results suggest that TnBP could be causing some degree of crosslinking
of the collagen fibers. To the author’s knowledge, there have been no previous works examining
the effects of TnBP on bone tissue. These results suggest the need for further studies to better
understand the effect of TnBP on collagen and, consequently, on the mechanical properties of

bone.

The proposed treatment that used pure scCO> has proven to cause some removal of DNA
content, however to levels considerably below the currently held standard for successful
decellularization of 50 ng/mg *°. Moreover, scCO; resulted in the dehydration of trabecular
bone tissue, which affected its macrostructure and mechanical properties. The use of scCO» as
both a decellularization agent and a vehicle for the delivery of TnBP was herein explored for
the first time. This new methodology could lead to a faster decellularization process while
making use of lower concentrations of this reagent when compared to currently published
literature. Not only would this approach be economically more valuable, but it would also

reduce the amount of time these tissues are exposed to potentially harmful treatments.

The combined protocol of scCO>-TnBP induced a decrease in DNA content to about half of
that measured for untreated samples, while no significant changes to the microstructure of
trabecular bone tissue were observed after treatment, suggesting possible preservation of the
extracellular matrix. The mechanical analysis revealed an increase in Young’s modulus and
ultimate strength of the treated samples. The potential of combined scCO>-TnBP treatment was
herein demonstrated, opening new possibilities and future optimizations that could achieve

required decellularization levels.
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6. Future Work

The work carried out in this thesis not only clearly demonstrated the potential of a combined
scCO2-TnBP treatment for the decellularization of trabecular bone, but also allowed for a new

understanding of various parameters that need to be readjusted in further studies.

Regarding the design of the decellularization protocol itself, there are several possible
improvements which can be made. First, the results showed that samples may have suffered
dehydration while exposed to scCO> treatment. A proposed improvement then lies in the
implementation of a more rigorous rehydration of samples at the end of the decellularization
protocol. Secondly, the efficiency of DNA removal needs to be improved. Some parameters
that could be readjusted are the pressure and exposure time used during scCO; treatment. As
well, it would be interesting to analyze the addition of a more effective washing step, such as

the addition of nucleases after scCO2-TnBP treatment, to compare decellularization efficiency.

For a more accurate evaluation of structural and mechanical properties, another point of
improvement lies in the mitigation of the effects of high heterogeneity of trabecular bone. In
future work it would be recommended that samples be obtained from a higher number of
animals. Sample geometry can also deeply affect the mechanical behavior of trabecular bone
specimens, so future work should only use 2:1 cylinders. In addition, the use of more recent
and high accuracy techniques for measuring mechanical properties would be recommended,

such as nano-indentation or Finite Element Analysis (paired with micro-CT imagining).

Since very little work exists that focus on the effect of TnBP as a decellularization agent, it
would also be interesting to properly measure the effect of TnBP on trabecular bone tissue,
specifically regarding its effect on collagen content and crosslinking. The suggested future work

could find use not only for studies in bone but for other collagen rich tissues.
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Appendix 1. Decellularized ECM-based Products

There is a wide range of products derived from decellularized extracellular matrices that are currently available for sale. Table 1 presents a list of

60 of these dECM-based products.

Table 1. List of currently available commercial decellularized ECM-based products, with references, issuing company, tissue and animal of origin, and intended

clinical application.

Ref. Product Company Origin Tissue Type Clinical Use
_ Urinary Bladder =~ Treatment of canine arthritis, tendon and ligament
179 Acell Vet® Acell, Inc. Porcine . .
Matrix repaitr
180 AlloMax™ Becton, Dickinson and Company =~ Human Dermis Soft tissue repair
181 AlloMend® AlloSource Human Dermis Soft tissue repair
CONMED/Musculoskeletal
182 AlloPatch HD® . Human Dermis Orthopedic repair
Transplant Foundation
183 AlloSkin™ AC AlloSource Human Dermis Soft tissue repair
184 Architect® Harbor MedTech Porcine Dermis Soft tissue repair
185 ArthroFlex® Arthrex Human Dermis Soft tissue repair
Avance® Nerve )
186 Axogen Human Nerve Nerve repair
Graft
) _ ) Treatment of prolapse or stress urinary
187 Axis™ Dermis Coloplast Human Dermis

incontinence
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188

189

190

191
192

193

194
195
196
197
198
199
200
201
202
203

204

AxoGuard®

Biodesign®

BIOVANCE®

CardioGRAFT®
Chondrofix

Cor™Patch

Cortiva®
CryoPatch® SG
CryoValve® SG
DermACELL®
Dermacell AWM
DermaMatrix™
DermaSpan™
Dermavest®
Dura-Guard®
DuraMatrix®

Durepair®

Axogen

Cook® Medical

Celularity, Inc.

LifeNet Health

Zimmer Biomet
CorMatrix®

RTI Surgical
CryoLife, Inc
CryolLife, Inc
Stryker

LifeNet Health
DePuy Synthes
Zimmer Biomet

AediCell®

Baxter International Inc.

Stryker

Medtronic Inc.

Porcine

Porcine

Human

Human

Human
Porcine

Human
Human
Human
Human
Human
Human
Human
Human
Bovine
Bovine
Bovine

(fetal)

Small Intestine
Submucosa
Small Intestine
Submucosa
Amniotic
Membrane
Heart Valve
Bone

Small Intestine
Submucosa
Dermis

Heart Valve
Heart Valve
Dermis
Dermis
Dermis
Dermis
Placenta
Pericardium

Dermis

Dermis

Nerve repair

Soft tissue repair

Soft tissue repair

Cardiovascular repair

Osteochondral repair
Epicardial tissue support and repair

Soft tissue repair

Cardiovascular repair

Pulmonary heart valve replacement and repair
Soft tissue repair

Wound management

Soft tissue repair

Orthopedic and soft tissue repair

Soft tissue repair

Dura mater repair

Dura mater repair

Repair of dura mater
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205

206

207
208
209

210

211

212
213
214

215

216
217
218
219
220

DynaMatrix® Plus

FlexHD®

Fortiva®
Glyaderm®
Graft Jacket®
Integra®
HuMend™
Integra®
Reinforcement
Matrix
Hancock® II
Matrix HD®
Matrix Patch™

MatriStem®

Medeor®

Meso BioMatrix™
MIRODERM®
MIROMESH®

Mosaic™

Keystone Dental

Musculoskeletal Transplant
Foundation - Biologics
RTI Surgical

Euro Skin Bank

Wright Medical

Integra LifeSciences

Integra LifeSciences

Medtronic Inc.
RTI Surgical

Auto Tissue Berlin®mH

ACell, Inc.

DSM
DSM
MiroMatrix Medical Inc.
MiroMatrix Medical Inc.

Medtronic Inc.

Porcine

Human

Porcine
Human

Human

Human

Porcine

Porcine
Human

Equine
Porcine

Porcine
Porcine
Porcine
Porcine

Porcine

Small Intestine

Submucosa
Dermis

Dermis
Dermis

Dermis

Dermis

Dermis

Heart Valve
Dermis
Pericardium
Urinary Bladder
Matrix

Dermis
Mesothelium
Liver

Liver

Heart Valve

Soft tissue repair

Connective and soft tissue repair

Soft tissue repair
Dura mater and soft tissue repair

Tendon and ligament reinforcement

Integumental tissue repair

Orthopedic and soft tissue repair

Valve replacement
Orthopedic and soft tissue repair

Pediatric cardiac repair
Soft tissue repair

Soft tissue repair
Soft tissue repair
Wound management

Soft tissue repair

Valve replacement
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221

222

223

224

225

226

227

228
229
230

231

232

228

Oasis®

OraGRAFT®

Peri-Guard®
Perimount®
PerioDerm™
Permacol™
PriMatrix™

ProxiCor™
Strattice™ RTM
SureDerm®

SurgiMend™

Suspend®

Tyke®

Smith & Nephew, Inc.

LifeNet Health

Baxter International Inc.

Edwards Lifesciences LLC
Musculoskeletal Transplant
Foundation - Biologics

Medtronic Inc.
Integra LifeSciences

Aziyo Biologics
Allergan, Inc.

Hans Biomed

Integra LifeSciences

Coloplast

Aziyo Biologics

Porcine

Human

Bovine

Bovine
Human

Porcine

Bovine
(fetal)

Porcine
Porcine
Human

Bovine

(fetal)

Human

Porcine

Small Intestine

Submucosa

Ilium

Pericardium

Pericardium

Dermis

Dermis

Dermis

Pericardium
Dermis

Dermis

Dermis

Fascia Lata

Small Intestine

Submucosa

Wound management

Dental procedures

Pericardial and soft tissue repair.

Valve replacement

Dental, integumental, and soft tissue repair
Soft tissue repair

Wound management

Cardiovascular repair
Soft tissue reinforcement

Orthopedic and soft tissue repair
Soft tissue repair

Treatment of prolapse or stress urinary

incontinence

Neonatal pericardial repair
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233

234

235

236

237

238

Tutopatch®

Vascu-Guard®

Veritas®

XCM BIOLOGIC®

XenMatrix™

Zimmer® Collagen

Patch

RTI Surgical

Baxter International Inc.

Baxter International Inc.

DePuy Synthes

Becton, Dickinson and Company

Zimmer Biomet

Bovine

Bovine

Bovine

Porcine

Porcine

Porcine

Pericardium

Pericardium

Pericardium

Dermis

Dermis

Dermis

Soft tissue repair

Vascular reconstruction

Pelvic floor reconstruction

Soft tissue repair

Soft tissue repair

Rotator cuff repair
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Appendix II. Decellularization Agents

Table 1 presents a summary of Chapter 1.2.1 “Decellularization Agents”, as well as all published works referenced in the making of the chapter.

Table 1. List of decellularization agents, their mechanism of action, possible effects to the extracellular matrix, and published works that reference said agent.

Based and expanded from Crapo et al. (2011) *°.

Agent/Technique

Mechanism of Action

Effects on ECM

Ref.

Chemical Agents

Acids and Bases

Hypertonic and
Hypotonic Solutions

Alcohols
Tri(n-butyl)

phosphate
(TnBP)

e Solubilize cytoplasmatic components
of cells
e Disrupt nucleic acids

e Osmotic shock leads to cell lysis

e Solubilizes lipids
e Cause cell dehydration that leads to cell
lysis

e Forms hydrophobic complexes with
metals
e Disrupts protein-protein interactions

e (Can damage collagen fibers, reducing tissue’s
mechanical properties

e Can cause loss of GAGs and growth factors

e Variable efficiency

e Leaves residues in ECM unless combined with other
agents.

e Dehydration of ECM can cause brittleness
e Can cause protein precipitation

e Can cause loss of GAGs and collagen content
e Leaves DNA residues

25,27,35,44,45,47,50,5
1,72,79,83,110,130,23
9-245

26,27,44,50,52-55,
57-62,74, 82,246,247

52,79,81-83,85-87,
240, 247-252

47,66,72,91,
176,253,254
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Nonionic detergents

Triton X-100

lonic detergents

SDS

Zwitterionic detergents

CHAPS

Biological Agents

Enzymes

Trypsin

Nucleases

Disrupts lipid-lipid and lipid-protein
interactions

Solubilizes membrane proteins
Disrupts protein-protein interactions

Disrupts lipid-lipid and lipid-protein
interactions

Mild effect on protein-protein
interactions

Hydrolyzes proteins by cleaving the
peptide chains of lysine and arginine

Cleave the phosphodiester bonds
between nucleic acids

May cause loss of elastin, GAGs and collagen content

May dramatically alter ECM composition and
mechanical properties
Loss of GAGs, growth factors and collagen

Collagen content is preserved somewhat
Loss of GAGs

Long exposition times may lead to disruption of ECM
ultrastructure
GAGs, elastin and collagen degradation

Can provoke an immune response when not removed
properly from tissue

26,28-30,34-36,39,
44,47,50,52-55,58-61,
65-72,74,76,83,86,97,
98,109,112,130,239,
240,243,244,246,254—
264

25-27,30,32,36,39,45,
47,53,55,57,60,62,65,
66,68,70-72,74,76,77,
83,85,86,93,112,240,2
58,260,263-269

31-33,61,75-77

26,30,35,58-60,71,79,
83,94-98,112,130,
240,246,255,269,270

25,26,44,50,52,55,58,
71,74,82,83,93,112,
113,243,265,271-273
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Dispase

Mechanical Agents

Temperature

Force

Pressure

Supercritical Carbon
Dioxide (scCO,)

Cleaves fibronectin and certain
collagen types

Rapid freezing forms ice crystals inside
of cells that disrupt membranes,
leading to cell lysis

Mechanical abrasion removes cells
from tissues

Pressure causes cells to burst

Superecritical properties may help CO,
and other additives achieve a higher
penetration power

Direct pressure can cause cells to burst

Deteriorating effect on ECM ultrastructure due to loss of
collagen

Ice crystal can disrupt ECM ultrastructure

Direct application of force may severely compromise the
mechanical integrity of scaffold

Rate of pressurization can cause drastic temperature
changes and formation of ice crystals

Pressure used can be harmful to ECM ultrastructure
Leaves DNA residues

Extraction of volatile substances, like water
Pressure used can disrupt ECM ultrastructure

79,100,269

79,82,93,100-107,
116,130,270,274-281

26,83,100,108-110,
282

111-113,263

38,81,87,116,117,159,
283-286
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