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Abstract

Functionalized and Structurally
Enhanced ECM Scaffolds:
Advancing Regenerative Medicine

Beom Seok Kim

Interdisciplinary Program for Bioengineering
The Graduate School of Engineering

Seoul National University

Decellularized ECM (dECM) play a crucial role in the development
of advanced biomaterials for regenerative medicine. This thesis presents
an in-depth investigation of decellularization techniques, specifically

incorporating dECM to regenerative application using additive



engineering skills and more conservative process to fabricate dECM
scaffold. The current decellularization methods and dECM applications
presented partial loss of extracellular matrix and unstable structural
support in tissue environments, that possibly corelated to regeneration
ability of dECM in vivo. To amend this problem, in the further chapters,
the protein loading cryogel fabrication and supercritical fluid-based

technology were applied to develop ideal dECM derived biomaterial.

The brain dECM cryogels were fabricated by cross-linking method
utilizing heparin sulfate which have negative charge features. This
approach aimed to mimic the complex composition of native brain
tissues and growth factor loading affinity for support of neural tissue
formation. The cryogel sustained their 3D structure in various stress
conditions and controlled of growth factor releasing Kinetics. The brain
dECM cryogels exhibited excellent biocompatibility, allowing cell

adhesion, proliferation, and tissue-like growth within the scaffold.

The comparative study of decellularization methods revealed the
superiority of the supercritical fluid technique in preserving the native
tissue architecture and extracellular matrix (ECM) components. By

eliminating cellular components while retaining crucial ECM proteins,

I



this technique offers a promising approach to create biomimetic scaffolds.
Quantitative analysis of tissue protein contents demonstrated the higher
preservation of ECM (collagen, GAG), and other key proteins when using
the supercritical fluid technique. Moreover, supercritical flow-based
decellularization method showed higher neuronal cell differentiation

efficiency and formal nerve tissue regeneration also.

Ovwerall, this thesis highlights the potential of cryogels as three-
dimensional scaffolds and additive loading of specific growth factor
improves regeneration ability of own dECM and shows application
versatility in tissue engineering applications. Additionally, the utilization
of the supercritical fluid technique for efficient decellularization,
preserving the native ECM components, and maintaining the structural

integrity of tissues.

These techniques provide a platform for developing advanced
biomaterials that closely mimic the native tissue environment, offering

potential for regenerative medicine and tissue engineering approaches.

Keyword : Decellularization, Heparin sulfate, Supercritical fluid,

Extracellular matrix

Student number : 2018-28861
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CHAPTER ONE:

INTRODUCTION OF THE OVERALL

TOPIC OF THESIS

1.1 Overview

Tissue engineering is one of the clinical investigation methods for
treatment of surgical defect and non-homeostasis symptoms of human
body. In this subject, biomaterials have been studied to treat volumetric
tissue loss and tissue necrosis by suppling tissue compatible 3D structure
for tissue remodeling. Many kinds of natural derived polymers like
chitosan, hyaluronic acid, purified collagens were used for tissue
regeneration which need long term screening and accurate medicinal.
Those polymers were applied with further engineering steps, polymer
surface modification and loading of cell responsive factors, in it to
provide ideal tissue environments. For this reason, the non-programmed
regenerative biomaterials, decellularized extracellular matrix (dECM)
were incorporated to regeneration strategies due to their native tissue
derived regenerative potentials and 3D structural biomimicry. In this

thesis, on the base of decellularization concept, tissue regenerative



biomaterial fabrication studies are presented from application of dECM
based growth factor releasing cryogel fabrication method to cutting- edge

decellularization technology for more conservative dECM extraction.

1.2 Objective of the thesis

The final goal of this thesis is to introduce of new strategies for
application of decellularized ECM (dECM) to tissue engineering. In this
manuscript, extraction of decellularized extracellular matrix (dECM) and
fabrication of dECM scaffolds were performed for treatment of

volumetric tissue defects that requiring long term medical intervention.

The potential of regeneration and high composition of cell
compatible molecules and complex polymer compositions are unique
characteristics of dECM. This macromolecular material has been
commonly used as solution or hydrogel forms to be applied in cell and
tissue engineering. However, the dECM, that even freshly prepared as
described above, still need additive delivery systems and more
preservative strategies to maximize their regenerative ability for long

term treatment of tissue defect. Due to unstable solution form and weak



mechanical strength of thermally crosslinked dECM hydrogel wereeasily
dissipated in tissue environments, to handle this problem, a 4- (4,6-
Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride
(DMTMM) crosslinked cryogel system were studied to form a 3Dporous
skeletal structures using brain dECM along with heparin sulfate charge
materials which can add protein releasing ability to cross-linked cryogel.
The cryogel could control growth factor releasing amount and provide
stable 3D supportive structure to tissue environments for neural cell

recruitments.

The innate regenerative molecules in dECM can be diluted and
extracted with consecutive step of solvent changing decellularization
process. To maintain stable regenerative potential of dECM, preservation
of cell responsive protein and cell binding ECM components in dECM
were considered as one of the strategies for fabricating of dECM based
scaffold. To fabricate maximally preserved dECM scaffold, super critical
fluid-based (carbon dioxide: CO2)decellularization method, investigated
and compared with traditional chemical (sodium dodecyl sulfate: SDS)
based one to confirm their superior preservation ability of tissue innate

proteins and polymer components after decellularization process



enhancing regeneration in tissues.

1.3 Organization of thesis

This thesis demonstrated about fabrication of dECM based
biomaterials and application for tissue engineering and regenerative

medicines.

In chapter two, scientific backgrounds of the general biomaterial and
dECM applications were presented. Furthermore, the traditional

decellularization and supercritical fluid-based methods were addressed.

In chapter three, the brain dECM based NGF releasing cryogel were
introduced for neural tissue regeneration in traumatic brain injury (TBI).
This subject focus on the delivery of dECM in fully cross-linked form

for long-term implant with highly concentrated growth factors.

In Chapter Four, a comparative study of two different
decellularization methods, supercritical fluid and traditional SDS-based,
was presented for fabricating a nerve implants. The superiority of
methods was proven through the quantification of their tissue protein
contents, changes in mechanical properties, and cell and tissue

reactivities after the process.



CHAPTER TWO:

THE SCIENTIFIC BACKGROUND AND

RESEARCH PROGRESS

2.1 Biomaterials for tissue engineering

2.1.1 Polymeric material for tissue engineering and their applications

Cases about tissue regeneration have been studied due to their low
reproducibility and functional recovery of damaged tissues [1, 2]. When
tissue defect and traumatic diseases occurred in normal tissue, it is hard
to regenerate and restore same histological homogeneity and structural
characteristics of original tissue that exsisted before tissue loss [2, 3].
Although, the host's inherent regenerative ability forms volumetric 3D
structures (new tissues) foliwing the tissue defect after injury. These
newly formed tissues often comprise a high proportion of simple
connective tissues and fibrosis assets, which cannot fully mimic the

functional native tissues [4]. The irregular tissue formation in



defect area disturbs functional tissue infiltration to injured area and
harmonization between surrounding normal tissues and new tissues [5].
There were many regenerative strategies that have been studied using
stem cells andmedicines for formal tissue recovery [2, 6, 7]. The use of
living cells or tissue regenerative molecules in tissue regeneration
strategies has indeed demonstrated improvements in tissue recovery after
defects. However, there are limitations associated with their application,
particularly regarding quality control of living cells and insufficient
quantity for treating bulk tissue defects [8-10]. The cell delivery and
soluble form ofmedicinal treatment limited to use in tissue defect due to
their low targeting efficiency and absence of regulating systems for
proper applications without vehicles [11, 12]. Although, cell stemness,
were capable of to provoke cellular activity of host tissues. However, it is
hardto maintain their regenerative functions and reproducible cell cycles
during or before treatment to tissue defects [13]. And even their stemness
can be variable with source and linage, even with the environment that
stem cells exposed [14, 15]. For this reason, tissue regeneration strategies
need another conceptualization about not only apply regenerative
potential materials that activate cells in host tissues-endogenous

regeneration but the structural support to volumetric tissue lesion.

6



Researchers have been exploring the use of 3D polymer scaffolds to
promote tissue regeneration, aiming to activate the host cells with
structural support [16]. Furthermore, the 3D scaffolds also introduced for
providing of cell binding basement as well as delivering of living
organisms and proteins in polymer networks rather than injecting
solution form or relying on unstable cell therapies with uncertain efficacy
and reproducibility [17, 18]. The 3D solid networks that maintain a three-
dimensional structure, offer structural stability similar to original tissue
and provide temporal encapsulation of various regeneration niche for cell

activity inducing comprehensive formal tissue formation.
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Figure 2.1 Commonly applied synthetic polymers to tissue engineering. Copy right (2009),
Royal Society of Chemicals

As mentioned earlier, biomaterials with three-dimensional structures

have various advantages in the field of tissue engineering. They offer

8



simple mechanisms while allowing for modification to enable diverse
applications. It is important to determine the appropriate materials and
crosslinking methods for the intended application, as well as define the
potential applications based on the unique characteristics of the chosen
materials. Among the kinds of bio-polymers, polyesters are widely
utilized in tissue engineering due to their versatile characteristics (Figure
2.1). Polyesters are particularly well-suited for conforming to irregular
tissue defects, and the chemical residues of these polymers can be
modified to control solubility in water and biodegradability within tissues
[19]. Polyesters such as poly e-caprolactone (PCL), polylactic acid (PLA),
polyglycolic acid (PGA), and poly lactic-co-glycolic acid (PLGA)
copolymer are commonly used in tissue engineering. The PGA is a highly
biodegradable polymer with hydrophilic characteristics, making it
suitable for cell experiments and animal studies [20]. On the other hand,
the PLA has a lower biodegradability compared to PGA due to the
presence of methyl groups, which makes it suitable for applications
requiring long-term tissue retention [21]. To regulate the degradation rate,
the copolymer PLGA was developed, allowing for construction of tissue
and mild biodegradation of three-dimensional structures by controlling

chemical moieties conjugation ratios with hydrophobicity on polymers

9



that made suitable for more various tissue engineering applications [22].
The PCL, in contrast, has been known to have a significantly lower
biodegradability compared to the other polyester polymers mentioned
earlier. The PCL is an FDA-approved biocompatible polymer that
possesses high strength and low biodegradability [23]. It is used as a
substitute for solid tissue replacement or as a reinforcing material for
support of other soft biodegradable polymers [24]. However, overall
polyester polymers, known for their high strength and plasticity, are not
suitable for replacing tissues having low mechanical property [25]. In
addition, there were decrease of cellular activity and migration corelated
with increased immune responses in tissues when the polyesters
degraded to monomers in wet environments [26-28]. For this reason, the
synthetic polymer polyester, even with high water affinity, hardly
appliable for soft tissue reconstruction which need functional cell
proliferation that requiring physiological specialty originated from cell

connectivity and signaling along with elastic tissue environments.

10
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The use of soft hydrophilic

three-dimensional
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has

achieved the unique tissue formation and supply of cell culturing

basements in various tissue engineering studies in the past [29]. The
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naturally derived polymers were fabricated to the three-dimensional
structure as tissue mimicking object that provided 3D tissue environme nt
for tissue regeneration and applied by their functional characteristics
(mechanical property, biochemical, cell binding) [30-32]. (Figure 2.2) To
address these issues, research has been conducted using naturally derived
polymers with high cell compatibility, such as gelatin, collagen, sulfated
glycosaminoglycan (SGAG), chitosan, and hyaluronic acid (HA), for
tissue regeneration showing mild immune response and tissue formation
[33, 34]. Studies involving the formulation of three-dimensional
networks with chemical modification of functional moieties in
polymers | like the SGAG and the HA, have been actively progressed with
carbon tubing and protein conjugation [35, 36]. However,
polysaccharide-based polymers have difficulty inducing complete cell
attachment, differentiation by own polymeric states without the
incorporation of other cell compatible chemical moieties or cell
attachment peptides [37]. To provide extremely cell compatible 3D
network, protein-based polymers were studied that can provide cell
reactive binding site. The Gelatin that fabricated with hydrolysis of
collagen, in particular, has been widely used as a tissue engineering

platform due to its easy modifying characteristics and innate cell binding

12



sites [38]. The collagen, as a major ECM component of tissues, has been
extensively utilized in various regenerative medicine fields including
vascular grafting and dermal tissue formations [39, 40]. It offers
advantages such as high cell attachment, cell and tissue compatibility,
and the ability to form stable three-dimensional structures like original
tissue network [39]. The researches about utilizing collagen in tissue
engineering have been actively ongoing to apply collagen as a base
material for complex tissue formation. In addition, the collagens were
also applied in combination with other polysaccharides or modification
of chemically reactive residues to promote additional biophysical
properties and more native tissue like complex ECM compositions [41,

42].

2.1.2 Decellularized ECM for tissue engineering

With development of natural polymer designing method, the
researchers have been able to achieve the specific formation of the
fundamental structure of tissues and organs, known as the extracellular
matrix (ECM), resulting in effective tissue regeneration outcomes. The

ECM serves as the base for tissue formation, which is the basic unit of

13



biological organization before cells come together to become organs [34].
The ECM provides physical and structural rigidity within tissues,
facilitates  multicellular  organism formation and individual cell
functionality through high cell attachment and topological capabilities,
and creates an environment that enables physiological and biophysical

signaling at the tissue level [43]. (Figure 2.3)

To replicate the composition, physical characteristics, and multi-
cellular reactivity of native tissue, natural-derived polymers have been
widely used as described above. However, artificially producing the
uniqgue microenvironment of primordial properties of tissues that
inherent in mammal organs and specific physical structure and
compositions are still challenging [44]. There were some trials to
establish specific tissue like ECM for clinical investigations about
activating of self-regeneration abilities of stem cells existing in host
tissues with material inherent cues like stiffness, structure, degradability
[45] and controlling of the immune system also with specific material
contact, sensing of immune cells evasion, and adaptability in a
comprehensive manner [46]. Artificially designed natural polymer

derived biomaterials showed considerable tissue regeneration activity.

74



However, the existing methods still hard to provide ideal tissue
environments in terms of controlling variables that contribute to specific
tissue area regeneration and developing as customized concept [47, 48].
The ultimate goal of all these trials from biomaterial fabrication to
regulation of cell physiology in tissue environments with extra material
modification is to achieve the regenerative scaffold that having original
tissue like physical structure and inducing endogenous regenration of
host tissues [49]. To address these challenges, a technique called
decellularization has emerged. This technique involves extracting
immunogenic generic material and preserving the polymers, protein
components within the original tissue in highly complex compositions to

create an ideal regenerative medicine for formal tissue regeneration.

The decellularizezd ECM (dECM) has known for one of the
regenerative biomaterials for their mammalian tissue originated proteins
and various structural polymeric molecules in one condensed batch [50].
In contrast to synthetic biomaterials, containing non-degradable
components that can provoke immunological response but difficult to
degrade by immune cells, the dECM is composed of collagens and

polysaccharides that were gradually degradable with acute immune

15



response. This immune responsive degradation of dECM not only
provided binding site for tissue interactive enzymes with uncover of
fibrillar surface of biopolymers but also supplying spare rooms for newly
generating tissues. The pro-inflammatory response derived dECM
degradation also induced release of tissue inherit proteins from dECM,
provoking regenerative cell activities in around tissues [51, 52].(Figure
2.4) The bulk implantation of dECM allow it to properly respond to the
inherent immune response of the host. It activates appropriate defense
mechanisms against foreign materials and promotes the release of
regenerative factors (ECM, growth factor, etc) by dECM degradation
that facilitate the regeneration process in the tissue, while simultaneously
creating a regenerative niche [53]. Moreover, its property of being
naturally degraded by the immune response in the body ensures that it
does not impede the initial defense mechanisms and prevents long-term
exposure of the tissue to the pro-inflammatory state, unlike synthetic

materials [54, 55].
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2.1.3 Application of decellularization technique to tissue engineering

The dECM is ready to use biomaterial for cell and tissue regeneration
as it contains beneficial biomolecules and a diverse array ofstructural
polymers derived from mammalian tissues [56]. Its unique native tissue
like properties make it highly suitable for use as a implantable
biomaterial. Its regenerative effects are a result of the integration of
various factors, such as tissue-specific regenerative molecules,
polymeric materials, matrix-based molecular adsorption, and affinity
which presented in complex polymeric environments [57]. Furthermore,
these compositional characteristics can be designed by their biological
sources that having different histological appearance and physiological
feature of mammalian tissue environments [56]. Although this tissue
dependent uniqueness of dECM limits its application tospecific area that
matched to the corresponding lost tissue type or similar origins[58, 59].
This tissue-to-tissue match strategy of using dECM has been set as a
guideline in dECM applications to maximize their regeneration ability

[60, 61].

The most commonly used form of dECM for biomaterial fabrication
is the hydrogel, which is fabricated by crosslinking of polymers in it[62].

Hydrogels have a semi-solid structure containing moisture, resembling
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the wet environments and properties of native tissues in the mammalian
body. They can be refined to encapsulate water-soluble factors and allow
free movement of cells and substances due to the fluidity of water[63].
When the dECM exposed to a specific temperature range, the dECM
undergoes a phase transition, where the internal polymer components
aggregate and physically crosslink to form a hydrogel state[64]. This
semi-solid polymer form can be stably maintained within the body,
enabling transplantation in fixed state. Moreover, during the
transplantation  process, it offers advantages such as ease of

manufacturing and handling due to its consistent shape and volume.

Hydrogels derived from dECM provide an advantageous platform
for tissue engineering and regenerative medicine as described above.
They can be modified to rearrange the tissue environment, providing
more hard structural support, promoting target cell adhesion and
proliferation, and facilitating the engulf state of bioactive factors for
proper tissue regeneration [65, 66]. Specifically, the dECM's ability to
transform from a dissolved liquid to a hydrogel form, along with its
hydrophilic nature, has led to ongoing efforts in processing and

engineering dECM to incorporate additional factors or other polymers
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needed for tissue regeneration process [67]. Various studies have focused
on introducing cell-binding peptides or mixing them to enhance the
regenerative effects. For example, cell adhesion moieties such as RGD
peptide have been coded to dECM [68]. And the GRGDSPC peptide
conjugated to decellularized tissue to promote the growth of endothelial
cells or employed the REDV sequence for the formation of artificial
micro vessels [69, 70]. To address the limited tensile strength and
structural stability of thermally crosslinked hydrogels, strategies such as
coating with gold (Au) nanoparticles or incorporating stiff materials like
PCL have been explored to enhance the properties and develop hard
tissue structures that could not be achieved with natural polymer-derived
dECM solely [71, 72]. These dECM designs editing with extra material
incorporation could provide selective tissue microenvironments that
easily tunable. Ongoing research in this field aims to optimize the
composition and newly added properties of dECM-based biohybrids for
a wide range of tissue engineering applications. Those newly fabricated
dECM based biomaterials should perform advanced regenerative
potential with dECM and precise controlling of newly edited

components in it.
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The use of dECM has shown great potential in various areas of
research and application, particularly in tissue engineering. Although the
dECM have known for ideal materials for regenerative medicine but still
need more investigations about fabricating method using dECM to
atypical tissue structuring. One notable application is in the fabrication
of unique 3D structures using a toolkit for processing dECM solutions to

having specific architectures.

To create thin sheet-like dECM structures with cell compatibility and
binding affinity, researchers have mixed dECM with materials such as
PCL (polycaprolactone) and PVA (polyvinyl alcohol), which are suitable
for electrospinning [73]. Electrospinning is a technique that uses an
electric field to draw polymer materials into thin fiber states, enabling
the production of thin films. By incorporating dECM into electrospun
materials, it becomes possible to create thin, cell-compatible structures
with specific alignment and mechanical properties [74]. The muscle
dECM has also been used alone to create aligned scaffolds for muscular
tissue formation [75, 76]. These scaffolds facilitate the bi-directional
extension of muscular cells, allowing for the development of functional

muscle tissue. This application is particularly valuable in tissue
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engineering approaches aimed at repairing or replacing damaged muscle
tissue. This fiber aligning method also applied to neural tissue
engineering for fabricating of neuron cell guidance platform using
dECM. This technique provided controllable cell outgrowth guiding
basement that produced high cell migration and tissue regeneration in

vivo [77].

Furthermore, dECM has been employed as a bioink in 3D printing
tech, in combination with sacrificial or support materials [78]. This
approach enables the structural and cellular reproduction of various
tissues and multiple organs. By utilizing dECM as a bioink, researchers
can recreate complex three-dimensional geometries and diverse cell
distributions in sole strucuture, aiming to replicate tissues at the organ
level [79, 80]. There was constructing results of cartilage tissue with
dECM and PCL, alginate matrix with increased mechanical strength and
fast 3D structuring of tissues [81]. Not only structural tissue, the
endocrinal and hepatic tissues that have functional role in physiology

also fabricated with 3D printing with dECM [82] [83].

The potential of dECM extends to the field of organ transplantation

and artificial organs. Instead of simply digesting dECM into a solution,
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researchers have developed methods to decellularize whole organs while
preserving their macro native tissue structure [84]. These decellularized
organs can then be transplanted intact into animals or recellularization
study, with the aim of assessing whether functional cell groups can
reform the tissues within the scaffold of the dECM. The perfusion-based
methods have been developed to utilize whole tissue structure as
regenerative biomaterials for organ replacements. These methods focus
on keep preserve the microstructure of vessels which supply nutrients to
tissue and organs and usually applied to highly vascularized tissues like
kidney [85] [86] and heart [87]. These trials highlight the versatility of
dECM as a biomaterial in regenerative medicine. Its ability to preserve
the native tissue structure and recreate complex 3D architectures makes
it a promising tool in tissue engineering, organ transplantation, and the
development of functional artificial organs. Ongoing research continues
to optimize dECM-based approaches and explore their potential for

clinical applications.(Figure 2.5)

23



Figure 2.5 dECM applications in various tissue engineering strategies.
(A) Standard process of decellularization and thermal crosslinking of
dECM. (B) Whole organ decellularization method ofextermities. (C)
Vascularization of dECM with endothelial cell 3D culture

(D) Utilization of dECM as bio ink for 3D printing method. (E) Organoid
platform development with dECM
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2.2 Decellularization principle and methods

2.2.1 Principle of decellularization process and traditional
decellularization methods

Decellularization has emerged as a promising approach for creating
acellular scaffolds that retain the native ECM architecture by removing
only cellular components from native tissues, decellularized scaffolds
provide an environment conducive to cell repopulation, tissue

regeneration, and transplantation.

The decellularization protocol varied by their purposes of
application and the characteristics of samples except one specific aim,
removing generic materials [88].(Table 2.1) The physical stress methods
including freeze-thaw cycle and direct physical agitation induced
unnormal conditions for cell membrane disruption in tissues [89]. This
repeated outer stress induces non-homeostasis of cell membrane and
physical disruption to cell membranes and ECM. Due to their easy to
control variables like temp and pressure, the decellularization with
physical parameters could make reproducible process to samples but
their harsh condition destroyed ECM structures [90]. The chemical based
decellularization method have been applied for animal tissue process

because of their convenience and fast removal of generic compound
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within tissue. The chemical-based method using SDS, Triton-X100 used
principle of surfactant that disrupting interactions among protein and
lipids [91, 92]. SDS, ionic detergents, has more strong action of

decellularization that made more quick process than other mild

detergents. However, SDS treatment to mammalian tissues provoke the
breakage of protein-protein interaction and dissolve of ECM components
with DNA materials in detergent solutions [93]. This degradation

procedure made lower dECM vyields, tissues structure demolition and
decreased matrisome in dECM [94]. Those tissue damages induced

weaken structural support of ECM and lower cell response integrity that
exert regeneration ability. For this reason, there were development of
new kind of detergent presented high decellularization affinity but highly
focus on lower tissue degradation. A sodium deoxycholates (SDC)

treatment showed higher ECM preservation than SDS but still need extra
enzymatic solution treatment to eliminate DNA fragments in tissues [95,
96]. Zwitterionic detergent have both characteristics of ionic and non-
ionic detergents. This amphoteric characteristic made the detergent more
stable and but still need additive DNA degradation treatments [97]. 3-
[(3-cholamidopropyl) (dimethylammonio]-1-propane sulfonate(CHAPS)

decellularizes tissues by disrupting lipid-protein and lipid-
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lipid interactions but due to their lower tissue permeability it still needs
further DNA degradation process after process also [98]. Sulfobetaine
10,16 (SB-10,16), one of the zwitterionic detergents were known for
their apoptosis activity inducing cell removal but still need further post
treatments for removal of DNA [99]. The chemical solution based
decellularization method have been used with proper kind of detergents
and concentrations depend on tissue types or sizes. The chemical based
decellularization method is easy and quick process and had high
reproducibility of product. However, the use of detergents in the
decellularization process still has some disadvantages, including
inefficient sequential solution exchange, tissue loss, and difficulties in
removing residual detergents after decellularization [100, 101]. As
described above, for now, the traditional decellularization methods using
physical stress and chemicals have their own limitations to fabricate ideal
biomaterial[102]. To minimize tissue degradation and non-homogeneo us
DNA removal in tissues, a newly programmed decellularization protocol
is needed. This protocol should focus on achieving high permeabilization
rate and mild conditions to decrease tissue damage during process.
Furthermore, it should aim to use of non-cytotoxic solvents and easy to

remove after decellularization process, to avoid potential side effects in
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host tissues.
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Table 2.1 Description about traditional decellularization methods. Chemical,
enzymatic, physical decellularization process were investigated by their types,
mechanisms and current limitations.

. Side Effects on the
Methods Types Mechanism ECM
Solubilizes Damages collagen
comcgézrq':zs(rjnilscru ts and GAG. Tends to
. ponents, disrup denaturalize proteins
SDS, Triton, nucleic acids, and mav induce
Chemicals SDC, CHAPS, Liquefies the internal y
Acid/ Base and external cell nuclear and
. cytoplasmic waste in
membranes, Disrupts the remainin
protein—protein ining
. . matrix
interactions
Can damage the
proteins in the ECM,
Pepsin, Breaks cell adhesion in particular laminin
Enzymes Trypsin, to matrix It targets and GAG. Causes
Collagenase peptide bounds high damage in the
ECM proteins if left
for too long
. The overall protein
Ms;:rt:at)rgze:]lo%re;stlére structure ofthe ECM
Force, . ght may be
. Thermal mdupe the lysis in compromised.
Physical shock, some tissuss, CIVSIEE | Limited totissues
Vacuum : with hard structures,
assisted f:jeezmg pr:oces"s as it can greatly
ex%traﬁge damage the ECM
structure
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2.2.2 Supercritical fluid-based decellularization

Supercritical  fluid-based technology is a cutting-edge field of
research and development that has gained significant attention in various
scientific disciplines. It offers a unique and versatile approach for
numerous applications, ranging from pharmaceuticals and materials

science to environmental and energy sectors [103].

At its core, supercritical fluids refer to substances that are heated and
pressurized to a state beyond their critical points, where they exhibit
exceptional properties that combine the characteristics of both liquids
and gases. This state occurs when the temperature and pressure reach a
specific threshold, resulting in a supercritical fluid that possesses a high

density, low viscosity, and remarkable solvating power.

Supercritical ~ fluid-based technology utilizes these distinctive
properties to perform a wide range of processes, such as extraction,
purification, particle formation, and synthesis [104]. The choice of the
supercritical flud depends on the targeted application, with carbon
dioxide (CO2)being the most commonly employed due to its low toxicity,

low cost, and environmentally friendly nature. However, other
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supercritical fluids like water, ethane, and propane can also be utilized

based on the specific requirements of the process [105].

One of the key advantages of supercritical fluid-based technology is
its ability to extract valuable compounds from natural sources with high
efficiency [106]. Supercritical fluid extraction (SFE) has been
extensively used in industries such as pharmaceuticals, nutraceuticals,
and food processing to extract essential oils, flavors, fragrances, and
bioactive compounds from various botanical sources [107, 108]. The
process offers several benefits over traditional methods, including
reduced solvent consumption, minimal thermal degradation, and the

ability to selectively extract specific components.

Moreover, supercritical fluid-based technology finds applications in
materials science, particularly in the fabrication of nanoparticles and
composite materials. Supercritical fluid technology allows precise
control over particle size, morphology, and composition, enabling the

production of advanced materials with enhanced properties [109, 110].

The supercritical process were designed to controllable with
regulation of various parameters during process. The temperature of

supercritical state solvents plays a critical role in the supercritical process.
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The substance must be heated above its critical temperature to transition
into the supercritical state. Higher temperatures generally increase the
solubility and diffusivity of substances, affecting extraction efficiency
and reaction rates [111]. Pressure is another crucial factor in the
supercritical process. The substance must be pressurized above its
critical pressure to reach the supercritical state. Increasing the pressure
enhances the density and solvating power of the supercritical fluid,
impacting its ability to dissolve and interact with other materials [112].
Supercritical fluid solvent should be considered depends on the materials
or target aim for their direct chemical reaction that trigger the extraction
and dissolving. Carbon dioxide (CO3) is the most commonly used raw
material for extraction as described above. And other supercritical fluids
like water, ethane, and propane may be selected based on their specific
properties and compatibility with the target compounds [113]. The flow
rate of the supercritical fluid through the system affects the efficiency of
the process. Appropriate flow rates ensure sufficient contact between the
supercritical fluid and the target substances, facilitating extraction,
reaction, or enough particle formation [114]. In some cases, co-solvents
can be added to the supercritical fluid to enhance solubility and improve

the extraction or reaction efficiency. These co-solvents can modify the
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properties of the supercritical fluid, such asits polarity and viscosity, to
better match the requirements of the process [115]. Not only depend on
machinery compartment, but properties of the target compounds also one
of the most important coefficients of super critical process, such as their
solubility, volatility, and stability, should be considered when designing
a supercritical process. Understanding the behavior of the target
compounds in supercritical conditions helps optimize the process

parameters for efficient extraction or reaction.
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Super critical fluid process has been used for decellularization
protocol to minimize protein degradation and extra ECM loss that
occurred when tissue decellularization were processed with detergent
based methods. The principle of decellularization with supercritical fluid
with CO2 quite simple to flush out generic material by using their
solubility. This technology incorporated supercritical state of CO2which
have both features of liquid and gas states. This multiple characteristics
of supercritical state CO2zenable to change the CO: features to having
high solubility like a liquid and deep infiltration to microstructure of
samples like a gas state [116]. Furthermore, the CO2have non polarized
characteristics which stand for having higher solubility to hydrophobic
molecules more than hydrophilic polymers. This selective solubility
makes the efficient decellularization process that can eliminate cell
membrane, phospholipid bilayer, and expose the generic material to
outer environments easily [117]. However, the cell membrane comprised
of many types of phosphor molecules and glycoproteins, giant polar
proteins, cholesterol that have complex polar characteristics also that
hard to dissolved in non-polar solvents [118]. These complex compounds
need other solutions that support supercritical fluid extraction process

which can solubilize polar materials that hardly soluble in CO.. For this
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reason, in supercritical decellularization process the ethanol, water like
polar reagents used as co solvent in process for more efficient elimination

of generic materials from tissues [119].

Supercritical process for decellularization can be amended with
solvent composition and pressure, temperature and even with treating
times like generic application conditions [120, 121]. The controllable
parameters should be increased depend on tissue state like wet/dry, size,
original mechanical property of samples. The higher mechanical strength
of tissue and larger size of tissue particles make the supercritical process
harsher and taking more time to proceed ideal decellularization protocol.
There were some experimental results that showed the efficiency of
supercritical process increased with common pre-treatment before
supercritical decellularization process with enzymatic solution, acid/base
solutions even with detergent chemicals [121, 122]. Those pre-
conditioning made tissues softer and easier to penetrate and accessible of
supercritical state of CO2 and co solvents for optimal decellularization
process. The wvarious conditions of supercritical fluid-based

decellularization proceeses were described (Table 2.2).
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Table 2.2 Supercritical fluid based decellularization with various parameter
conditions and tissue sources.

Tissue source

Solvent composition

Process time
(hours)

Pressure,
temperature/
Pre -treatment

condition

Optic nerve (bovine)

70%(v/v) ethanol, CO2

4hours

1071.8 psi,38-40 °C /
10 mM Tris, 0.5%
EDTA solution (pH 8)

Myocardium (bovine)

70%(v/v) ethanol, CO2

lhours

2500 psi, 37 °C/
1.5 M NaCl in0.05 M
Tris-HCI (pH 7.6)

Cartilage (porcine)

75%(v/v) ethanol, CO2

0.6hours

100-350bar/

Cornea, aorta (bovine)

70%(v/v) ethanol, CO2

lhours

2500, 4500 psi, 37 °C/
Isotonic saline solution
(Polifarma, Turkey)

Aortic leaf, wall
(ovine)

95%(v/v) ethanol, CO2

lhours, 3hours

10,15,25 MPa, 37 °C/
1 M NaOH, 0.8 M
Na2S04, 0.5%(W/v)

SDS, SD

Adipose tissue
(porcine)

co,

0.5hours

10 MPa-30 MPa, 30—
40 °C/
0.05% of Trypsin-
EDTA and 0.032 M of
Deoxycholic acid

Cartilage (bovine),
skin (human), tendon
(horse)

COo2

lhours

25MPa/

LS-54, 0.05% Trypsin-

EDTA, hypertonic
buffer solution

Bone (bovine)

co,

0.5hours

30 MPa, 50 °C/
EDTA 0.1%(v/v),
0.1%(W/V) SDS

Aorta (porcine)

CO», Pure ethanol,
water, Ls-54

lhours

10.3,27.6 MPa, 10~
37 °C/
0.1 %(v/v) SDS,
02 mg/ml DNase,
0.02 mg/ml RNase
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CHAPTER THREE:

FABRICATION OF NGF RELEASING CRYOGEL
WITH BRAIN DECELLULARIZED ECM FOR
TRAUMATIC BRAIN INJURY TREATMENT

3.1 Introduction

Traumatic brain injury (TBI) is adisruption in normal brain function
caused by sudden traumatic damage resulting in tissue destruction and
cerebral parenchymal damage [123]. TBI, arising from traumatic events
or external forces, leads to critical physiological dysfunction, including
acute contusions, hematoma, and axonal injury [124]. These severe
symptoms induce secondary brain damage, characterized by vascular
disruption and excitotoxicity, ultimately leading to tissue necrosis [125].
Regenerating neuronal tissue in the damaged area represents the most
challenging aspect of TBI treatment. Instead of the desired volumetric
regeneration of brain tissue, consisting of highly interconnected neuronal
and glial cells, TBI leadss to the formation of fibrotic scar tissue, which

impedes proper neuron cell growth. Fibrotic tissue formation in the
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central nervous system (CNS)is triggered by vessel disruption, allowing
infiltration of hemostasis-related proteins and other hematogenous cells
[126]. Hence, we hypothesize that implanting a three-dimensional (3D)
structure that mimics the extracellular matrix (ECM) composition of
brain tissue holds promise as a strategy to promote neural tissue
regeneration while preventing fibrotic tissue infiltration at the injury site.
This biomimetic 3D structure aims to facilitate the formation of
functional neural tissue by providing mechanical support, spatial
guidance, and biochemical cues that emulate the natural brain tissue

environment.

Recapitulating 3D microenvironments in traumatic brain injury (TBI)
has been implemented using brain-mimetic biomaterials in conjunction
with neuronal recruitment. These approaches have shown potential to
provide structural neuron binding moieties and reconstruct ECM
microenvironments. Recently, decellularization of native ECM (dECM)
has emerged as a promising strategy for regenerating damaged tissues.
The process of tissue decellularization eliminates cellular and genetic
components, such as cells, DNA, and RNA, using chemicals (acidic,

basic, detergents) or physical stimulation. This preserves the original
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ECM components and functional protein extracts derived from native
tissues [127]. The utilization of brain dECM has demonstrated
characteristics compatible with neuronal cells, promoting selective
differentiation of neuronal stem cells by providing cell binding ECM
basement and cell reactive proteins in dECM [128]. Furthermore,
extracted dECM materials have been applied in tissue and organ
regeneration using thermally cross-linked hydrogel forms to address
tissue loss and degenerative neuronal diseases [62, 129, 130]. However,
the current thermal cross-linking method for pure brain dECM still
requires further investigation to achieve a more practical state. This
involves improving structural strength, enhancing cell infiltration ratio,
and optimizing the concentration of biological supplements due to
limitations in ECM availability, preservation of functional protein ratios,
and inadequate structural enforcement and homogeneity for long-term

applications [131].

Cryogel, characterized by its high porosity and interconnectivity
resulting from chemical crosslinking, holds potential for achieving a high
cell infiltration ratio and providing robust reinforcement when implanted

in tissue environments [132]. The substantial cell infiltration
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into the porous structure can promote increased cellular activity and
facilitate cell-cell interactions, thereby accelerating tissue formation.
Moreover, the 3D high porous structure of cryogels lends itself to drug-
delivery strategies, allowing for the incorporation of drug-dissolved
liquid solutions to achieve controlled release profiles [133]. Heparin
sulfate, a member of the glycosaminoglycan family found in the ECM,
has been extensively employed in the fabrication of protein-releasing 3D
scaffolds due to its ability to bind proteins based on charge interactions,
enabling control over the release amount from the material [134]. In
practical applications, heparin-incorporated cryogels have been utilized
in drug sustain release applications involving neuron growth factor (NFG)
to induce neuronal re-connections. We hypothesize that brain dECM-
based cryogels incorporated with heparin sulfate can provide structural

and biochemical cues to regenerate functional volumetric brain tissue.

In this study, decellularized ECM and heparin sulfate based cryogels
were fabricated with NGF encapsulated form for regeneration of
neuronal tissues in the brain TBI model. The cryogels were capable of
sustain releasing of NGF and providing brain tissue like ECM for formal

neural tissue foramtions. The neuronal cell outgrowth was controlled
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with  NGF that released from cryogels by regulating heparin
concentrations and polymer network density. In animal model, the NGF
releasing cryogel showed host tissue reformation with accelerated
neuronal tissue regeneration in defect areas and increased neuronal cell

infiltration to cryogel scaffold.

3.2 Materials and method
3.2.1 Decellularization of brain tissue

Brains from bovine were purchased from domestic slaughterhouse.
The brain tissue was washed with deionized water and incubated for 24
hrs in 4°C. After that brain tissues were minced in 2x2x2 c¢cm? size and
incubated with trypsin-EDTA (0.025%) for 1h 30min in 37°C. after the
trypsin-EDTA solution treatment the brain tissues were incubated with
0.3%(w/Vv) sodium dodecyl sulfate (SDS) solutions for 48 hours in room
temperature. The SDS solution changed every 24 hours. Wash two times
with deionized water, the brain tissues were stirred in 0.1%(V/v)
peracetic acid in 4%(v/v) ethanol solutions. After that the decellularized

brain were freeze dried. The brain decellularized ECM (dECM) solutions
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were prepared by dissolving for 24hrs with pepsin(sigma) digestion as

10:1 weight ratio to the ECM.

3.2.2 Paraffin sectioning of brain tissues

Native brain tissues and decellularized tissues were fixed with
Paraformaldehyde (4 % wiv) at 4°C for 24 hrs. Fixed tissues were
transferred to ethanol solution (50 % v/v) at 25°C for 30min. The brain
tissues transferred to higher concentration of ethanol solutions for 20min
(70, 90, 100 %, 100% v/v). After that the brain tissues were transferred
to xylene solution twice for 1hrs. And the brain tissues were incubated

60 °C in paraffin solutions for 24 hrs. The paraffinized brain tissue blocks

were transferred into microtome ( Leica) and sectioned for 10 um

thickness.

3.2.2.1 H&E staining of brain tissues

Dehydrated brain tissues were rehydrated with two xylene solution
change and transferred to gradation of ethanol solution change (100%,
100%, 90%, 70%, 50% wv/v) for 10 min. After that tissue slices

transferred to deionized water. Washed tissue slides were incubated with

hematoxylin solution (Vector) for 1min 30s. The tissue slides were
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dipped in acidic ethanol (0.3% v/v HCI in ethanol solution) and washed
in running tap water for 20 min. Tissue slides were stained with eosin Y
(0.25% viV) in acetic acid (0.2% v/v). Stained tissue slides were
dehydrated with changes of different concentrations of alcohols (75%,
95%, 100 % viv) and xylene solutions. And dehydrated slides were

mounted with DPX mounting solutions.

3.2.2.2 Trichrome staining of brain tissues

Trichrome stain protocol followed by manufacturers protocol
(abcam, ab150686). Briefly, rehydrated brain tissues were immersed in
purified water 3 times for 5 minutes. The tissue slides were incubated in
preheated Bouin’s Fluid for 60min and cool for 10 min. After rinsing
with purified water, tissue slides were incubated in weigert’s Iron
solutions for 5min. Tissue slides were washed with purified water. And
incubated with Biebrich Scarlet/ Acid Fuchsin solutions for 15 min.
Tissue slides were washed with purified water. And tissue slides were
differentiated in phophomolybdic/ Phosphotungstic acid solution for 15
min. Without rinsing, tissue slides were incubated in Aniline Blue

solution for 5 min. After rinsing with purified water, tissue slides were
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incubated in acetic acid solution (1% v/v) for 5min. Stained tissue slides
were dehydrated with changes of alcohols (75%, 95%, 100 % v/v) and
xylene solutions. And dehydrated slides were mounted with DPX

mounting solutions.

3.2.2.3 Safranin-O staining

Rehydrated tissues were stained with hematoxylin for 1 min and
incubated in running tap water for 30min. and tissue slices were stained
0.05%(w/v) fast green solution for 5 min. After rinsed with 1% (v/v)
acetic acid the nerve slices were stained with 0.1% of safranin -O
solution for 5 min. Stained tissue slices were dehydrated with different
concentrations of alcohols (75%, 95%, 100 % v/v) and xylene solutions.

Slides were mounted with DPX solutions.

3.2.2.4 DNA guantification in brain tissues
Papain enzyme solutions (3% v/v, Worthington 3120) were prepared

with  PBE-cys buffer (100mM Phosphate, 10mM EDTA, 0.10M L-
cysteine, pH 6.5). Brain tissues were incubated at 60°C for 24hrs with
diluted papain enzyme solutions until tissues were fully digested. DNA
quantification of brain tissues were followed by manufactures protocol
Quant-iT Pico Green dsDNA Assay kits (Invitrogen). Briefly, Pico green

dyes were 20-fold diluted in TE buffer (10mM Tris-HCL, 1mM EDTA,
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pH 7.5) and mixed with digested tissue solution (1:1 volume ratios).
Fluorescence of dyes were measured with microplate reader (Tecan) at
excitation 480 nm, emission 520nm wavelength. Standard line for
calculation of relate DNA contents in brain tissue were made with Quant-
IT Pico Green dsDNA stock.
3.2.2.5 Hydroxy proline quantification in brain tissues

Papain enzyme solutions (3% w/v) were prepared with PBE-cys
buffer (L00mM Phosphate, 10mM EDTA, 0.10M L-cysteine, pH 6.5).
The prepared brain tissue solutions were hydrolyzed with 10N sodium
hydroxide in 100°C for 16hrs (total 1%(w/v) dECM). After that, 100l
of chloramine T solution (0.056M in 50% v/v isopropanol) were
transferred to 300ul of hydrolyzed sample and oxidation processes were
allowed for 25 min in room temperature. After that100ul of echrlich’s
aldehyde reagent (1M p-dimethylaminobenzal aldehyde in 30% HCI/70%
isopropanol) was added to each sample and incubated at 60°C for 20 min.
Absorbance were measured by microplate reader (Tecan) at 550nm
wavelength. Standard line for calculation of relate Hydroxy proline
contents in brain tissue were made with hydroxy proline. The hydroxy
proline solution samples were processed with same conditions of assay

protocols. All reagents of this protocol were diluted in acetate citrate
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buffer (0.5mM sodium acetate, 0.1mM citric acid, 0.1mM acetic acid,

0.5mM NacCl, pH 6.5).

3.2.2.6 DM MB assays forquantifications of SGAG

Papain enzyme solutions (3% w/v, Worthington 3120) were prepared
with  PBE-cys buffer (100mM Phosphate, 10mM EDTA, 0.10M L-
cysteine, pH 6.5). Brain tissues were digested at 60°C for 24hrs with
diluted papain enzyme solutions. And the tissue solutions were
transferred 96-well plate (SPL life sciences) after then DMMB solutio ns
(40.5 mM glycine, 40.5mM NaCl, 50uM DMMB, pH 3.5) were
transferred to well plate and mixed with tissue solutions (1:1 volume
ratios). Absorbance were measured by microplate reader (Tecan) at
525nm wavelength. Standard line for calculation of relate sGAG

contents in brain tissue were made with chondroitin sulfate sodium salt.
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3.2.3 Characterization of brain dECM and heparin derived
cryogels

3.2.3.1 Preparation of brain dECM and heparin derived cryogel
PDMS mold were prepared for cryogel fabrication by mixing pre-

PDMS solution and linker with 10 :1 weight ratio. After 4housr
crosslinking in 60°C, the PDMS mold were punched with 6mm diameter
biopsy punch. Brain derived decellularized ECM(B-dECM) pre-cryogel
solution were prepared by dissolving B-dECM in 0.1M hydrochloric acid
to 1%, 2% (w/v) concentration with 10:1 weight ratio of pepsin to tissue
mass. Heparin sulfate were dissolved to 0.2%. 0.6%, 1%(w/v)
concentration in deionized water. B-dECM solution and heparin sulfate
solution were mixed by 1:1 ratio. And DMTMM were also dissolved to
30mM concentration in pre-cryogel solution for cross-linking. Pre-

cryogel solution were cross-linked in -20°C for 24hrs.

3.2.3.2 Reaction efficiency calculation

The crosslinked cryogel incubated with 300ul deionized water. The
100ul of deionized water collected and the dECM contents and heparin
sulfate were measured with BCA (thermo fisher scientific kit. 23227) and

DMMB assay to calculate unreacted polymers after cross linking.
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3.2.3.3 FTIR analysis of cryogel

The cryogel were fabricated by 6mm diameter, 2mm height size with
PDMS mold and freeze dried before analysis. Chemical component of
cross-linking mechanism was characterized with FTIR (PerkinEImer
Frontier). All samples were scanned 64times with resolution of 8cmr! and
wavenumber range 500 to 4000 cmt. And brain dECM and heparin

sulfate were also characterized with same conditions for control.

3.2.3.4 Microstructure analysis of cryogel

For scanning electron microscopic (SEM) images, each cryogel was
freeze dried before imaging. The cryogels were fixed with carbon tape
onto the stubs and coated with platinum scatter. The microstructure of the
cryogels were imaged at 10 KV with a microscope (JSM-7800F Prime,

JEOL Ltd, Japan). The area of pores was quantified by ImageJ.

3.2.3.5 Swelling ratio calculation of cryogel

First, weight of lyophilized cryogels were weighed (Wd) and after
swelled for 24 hrs with deionized water the swelled cryogel were
weighed (WSs). The swelling ratios cryogels were calculated by the

following equation: Swelling ratio = (Ws — Wd)/Wd.
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3.2.4 Mechanical property characterization of cryogel
3.2.4.1 Compressive modulus measurements of cryogels

The cryogel were fabricated by 6mm diameter, 2mm height size with
PDMS mold. Elastic modulus was characterized with using a universal-
testing-machine (Shimadzu EZ-SX, Japan). Compression test were
performed with Imm/min velocity of zig and the elastic modulus were

calculated by slope measuring of strain-stress curve.

3.2.4.2 Rheological property characterization of crygoels

The rheological characteristics of cryogels were tested in anton parr
using rheometer (MCR 302, Measuring cell: P-PTD & H-PTD 200,
Measuring System: PP 25, Anton-Paar, Austria). Briefly, all the cryogels
were prepared in 8mm diameter and 2.5mm thickness. Amplitude sweep
test was conducted with 0.01~100% range of amplitude with constant
1Hz frequency. Frequency sweep test were conducted with 0.01~10Hz
with 0.2% constant strain. Continuous step strain tests were conducted
by alternating 0.2% and 25% of strain to cryogels for 50s each. This

experiment conducted for 250s total.
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3.2.4.3 Cryogel injectability test

All the cryogels were fabricated in 6mm diameter 2mm thickness.
The injection test of crygoels was proceeded by 17G needle injection to
60pi dish. The remaining weight of cryogles were calculated after

injection.

3.25 Heparin mediated protein sustain release kinetics
measurement.

For the observation of heparin-mediated sustained release of NGF,
30ul of 50 ng/mL NGF solutions (Sigma Aldrich, N2513) were
transferred to freeze dried cryogels. After 30 min, 300 pL of PBS was
added to the cryogels and the PBS was collected at each time point. The
amount of released NGF was measured by NGF Elisa kit assay (My bio
source). The BCA release Kinetics also characterized with 1mg/ml
solution with same volume and incubation time with BCA assay (thermo

fisher scientific).

3.2.6 PC12 cells culture and differentiation
3.2.6.1 PC12 differentiation with croygel encapsulated NGF
PC12 cells were proliferated in 100pi dish for 5days cultured with

growth medium (5% fetal bovine serum, 5% v/v horse serum, 1% viv
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penicillin streptomycin). And the PC12 cells transferred to 48 well plates
in 30,000 cells per well. The cryogels were fabricated with 8mm
diameter and 2mm thickness. 50ul of 50ng/ml NGF solutions were
treated and incubated for 30min. After that, cryogels were incubated with
PC12 differentiation medium (1% v/v horse serum, 1% v/v penicillin

streptomycin) for 3days (30000 cells per well).

3.2.6.2 PC12 culture on the cryogel

The cryogels were prepared in 6mm diameter and 2mm thickness.
50ul of 50ng/ml NGF solutions were treated to cryogel and incubated for
30min and the cryogels were freeze dried. The PC12 cells were seeded
to freeze dried cryogel in 250,0000 cells per ml densities for 20days.The
PC12 cultured on cryogels were imaged with confocal microscope (Zeiss
LSM 700).

3.2.6.3 R-3tubluin staining of PC12 cells

The PC12 cells were fixed with 4% (v/v) PFA for 15 min. after that
cells were permeabilized with triton X-100 0.3%(v/v). After that,
samples were incubated with 5%(v/v) normal goat serum in PBS. The

cells incubated with R-3tubluin 1%t antibody (abcam,300:1 ab18207) for
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24hrs overnight in 4°, The cells then incubated with 2" antibody (500:1
Alexa fluoro 488 ab150077). The cells were counter stain with DAPI and

imaged with confocal microscope (Zeiss LSM 700)

3.2.7 Regeneration of TBI animal model with cryogel
3.2.7.1 Brain defect model design and cryogel application in vivo

To remove soft tissue of brain cortex of mouse, the 4mm diameter
cranial defects were made before brain tissue removal with micro drill.
And 3mm diameter, 3mm depth cortex defects were made with 3mm
punch. The removed tissues were weighed to confirm reproducibility of
brain defect model. The Del.0HS0.3 cryogel groups were chosen to
apply to brain defect model and 3mm diameter and 3mm depth cryogels
were implanted to the brain defect. The 20ul of 50ng/ml NGF solutions
were treated to crygoels before apply to in vivo with same method
described above. And the samples were collected in 1week, 2weeks,

4weeks time points.

3.2.7.2 Fluorescence staining of brain tissues

The brain tissues were dehydrated with same method described
above and sectioned in 10um thickness. The samples were autoclaved in
97° with citrate buffer (pH 6.0) for 1min 30s to retrieve antigens and

permeabilized with triton X-100 0.3%(v/v). after that, samples were
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incubated with 5%(v/v) normal goat serum in triton X-100 0.1%(v/Vv).
the samples were incubated with 1% antbody for 24hrs in 4° and
incubated 2nd antibody for 1hrs. the tissue samples were mounted with
DAPI mount medium and imaged. 1% antibody : anti collagen III from
rabbit (abcam, 300:1, ab7778), anti collagen IV from rabbit (abcam,
300:1, ah6586) anti GLUT-1 from rabbit (abcam, 300:1,epr3915), anti
PDGFR-RB from rabbit(abcam, 300:1,Y92),anti-double cortin from rabbit
(@bcam,  300:1,ab18723), ant-rMAP-2 from rabbit (abcam,
10000:1,EPR19691), anti GFAP from mouse (abcam, 500:1, ab279289),
anti lbal from rabbit (abcam, 300:1, ab5076). 2" antibody (500:1 alexa

fluoro 488, 594 ab150077, ab150080).

3.2.8 Statistics analysis

All data were processed with Graph pad prism 5.0 and tow-tailed t-
test and one-way ANOVA statistics calculation were performed. P-value
= * < 0.05,** p<0.01, *** p<0.005. # p<0.05,#4 p < 0.01, ###

p < 0.005. * statistics symbol compared control group versus

experimental group. # statistics symbol compared scaffold only group
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versus scaffold + growth NGF group.
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3.3 Results
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Figure 3.1 ECM structure analysis and quantification in native and decellularized brain
tissues (dECM). (A) Hematoxylin & Eosin staining of native and dECM tissues. (B) DAPI
staining of native and dECM tissues to confirm DNA elimination after decellularization. (C)
Safranin-O staining of native and dECM tissues for staining of sGAG in tissues. (D) Collagen
type III fluorescence image of native and dECM tissues. (E) MCT staining of native and
dECM tissues. (F) Collagen type IV fluorescence image of native and dECM tissues (All

histologic images scale bar=100um). (G) DNA contents quantification in native and dECM

tissues. (H) DMMB assay for sGAG quantification of native and dECM tissues. (1) Hydroxy
proline quantification of native and dECM to quantify relative collagen contents in tissues
(), (K), (L) Proteomic analysis of native and dECM. Error bars indicate SD. P-value = *
p<0.05 **p<0.01, ***p<0.005 #p<0.05 ##p<0.01, ###p < 0.005.
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3.3.1 Decellularization of the brain tissue and
component characterization native tissue and brain dECM.

The structural characteristics and ECM composition of the
decellularized ECM were assessed using histological evaluation and
quantitative assays (Figure 3.1). The preservation of polysaccharides and
proteins in the decellularized tissue after the chemical process was
compared to native tissues. The effectiveness of the decellularization
protocol in removing cellular components was confirmed through H&E
staining and DAPI nucleus staining (Figure 3.1 A, B). Quantification of
DNA concentration revealed a significant reduction in DNA content after
the decellularization protocol (Figure 3.1 G; 23.55 + 12.08 ng/mg).
Measurement of SGAG content using the DMMB assay demonstrated a
50% decrease compared to native tissues (Figure 3.1 H). Safranin-O
staining indicated a reduction in red-stained SGAG areas in the
decellularized ECM tissues compared to native tissues (Figure 3.1 E).
Fluorescence staining of Col IIl and Col IV in brain tissues confirmed
the preservation of collagen components in the decellularized ECM
(Figure 3.1 D, F). Quantification of hydroxyproline, the main amino acid
in collagen, showed a relative increase in collagen content after

decellularization (native: 103.87 + 10.37; dECM: 136.24 + 18.26)
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(Figure 3.1 1). Proteomic analysis using LC-MS characterized the
remaining functional protein components in the dECM (Figure 3.1 J-L).
The results indicated the preservation of ECM components and the
presence of other cellular and growth factors in soluble form in the

dECM.

58



De0.5 cryogels

Del.0 cryogels

Sample name De0.5HS0.1 De0.5HS0.3 De0.5HS0.5 Del.0HSO.1 Del.0HSO.3 Del.0HSO.5
dECM %(w/v) 0.5 0.5 0.5 1 1 1
Heparan sulfate %(w/v) 0.1 0.3 0.5 0.1 0.3 0.5

Table 3.1 Decellularized ECM and heparin sulfate concentrations in each cryogel group

A - C %

De1.0HS 0.3 Del.0HS 0.3 Del.0HS 0.5
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Figure 3. 2 Characterization of cryogel scaffold about crosslinking and microstructure formations.
(A) Representative images of the cryogels with various polymer concentrations. (B) Remained dECM
quantification after crosslinking process to characterize reaction efficiency of crosslinking system. (C)
Remained heparin sulfate quantification after crosslinking process to characterize reaction efficiency of
crosslinking system. (D) Microstructure analysis with SEM images of cryogels (E)FT-IR transmittance
analysis of cryogels crosslinking. (F) Compressive modulus measurements of the cryogels (G) Porosity

charactrization of cryogels (H) Swelling ratio measurements of the cryogels. Error bars indicate SD. P-
value = *p <0.05, ** p < 0.01, *** p <0.005.
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3.3.2 Fabrication and characterization of brain
dECM based cryogel.

The brain dECM-based cryogel was fabricated using DMTMM
chemistry to facilitate the cross-linking of carboxyl acid in heparin
sulfate and amine in dECM polymers. A 300 MM DMTMM solution was
diluted to atotal concentration of 30 mM to achieve homogeneous cross-
linking networks in the dECM and heparin mixed solutions (Figure 3.2
A). The different compositions of cryogels were described in Table 3.1
The reaction efficiency of the cryogels was assessed by measuring the
unreacted heparin and dECM released from the cryogels after cross-
linking. The reaction efficiency of dECM was found to be above 85% in
all groups, with no significant difference observed among the six
different combinations (Figure 3.2 B; 88 * 11.23%). The reaction
efficiency of heparin sulfate gradually increased with higher
concentrations of heparin sulfate in the cryogel, indicating that the
DMTMM chemistry was more effective (Figure 3.2 C; De0.5HSO0.1: 67
+ 0.65%, De0.5HS0.3: 82 * 0.46%, De0.5HS0.5: 89 + 0.98%,
Del.0HSO0.1: 72 + 1.11%, Del.0HS0.3: 85 = 0.72%, Del.0HS0.5: 90 +

2.33%).
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The cross-linking of dECM and heparin was confirmed by FTIR
spectra measurements. The FTIR transmittance peaks ataround 1550 and
1650 cm-1 corresponded to amide Il for N-H bending and C=0O
stretching of amide |, respectively. These peaks in the cryogel FTIR data
confirmed that the two different polymers (dECM and heparin sulfate)
were fully cross-linked in the DMTMM cross-linking system. The
microstructure of the cryogels was characterized using SEM imaging,
and their porosity was calculated using ImageJ software (Figure 3.2 D,
G). The porosity of the cryogels decreased as the polymer content
increased in the cryogel solutions, indicating a higher density of polymer
network formation. This trend also influenced the compressive
mechanical properties of the cryogels, which increased with higher
polymer concentrations (Figure 3.2 F). The swelling ratio data showed
that the cryogel group containing HSO0.1 had lower swelling ratios
compared to cryogels with higher concentrations of heparin (Figure 3.2

H; De0.5HS0.1: 4.95 + 1.11, De0.5HS0.3: 9.23 + 1.53, De0.5HS0.5:

7.36 = 1.84, Del.OHS0.1: 4.98 + 0.32, Del.0OHS0.3: 6.58 + 0.82,
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Del.0HSO0.5: 5.33 + 1.48%).
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Figure 3.3 Rheological characteristics measurements of the cryogels. (A) Strain
sweep test results of the cryogels with 0.5% of dECM and 0.1, 0.3, 0.5 % of heparin sulfate
(B) Strain sweep test results of the cryogels with 1% of dECM and 0.1, 0.3, 0.5 %of
heparin sulfate (C) Frequency sweep testresults of the cryogels with 0.5% of dECM and
0.1, 0.3, 0.5 % of heparin sulfate. (D)Frequency sweep test results ofthe cryogels with 1%
of dECM and of 0.1, 0.3, 0.5 % heparin sulfate (E) Continuous step strain testresults of
crtyogels with 0.5% of dECM and 0.1, 0.3, 0.5 % of heparin sulfate. (F) Continuous step
strain test results of crtyogels with 1% of dECM and 0.1, 0.3, 0.5 % of heparin sulfate.
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3.3.3 Rheological property characterization of
fabricated brain dECM derived cryogel

The rheological properties of the cryogels were evaluated using
strain sweep, frequency sweep, and continuous strain sweep tests (Figure
3). The rheological moduli (G': storage modulus, G": loss modulus) were
measured during each test, with varying variables. The moduli of the
cryogels increased with higher concentrations of heparin sulfate in the
cryogels. The cryogels containing a total of 1% (w/v) dECM exhibited a
similar trend to the 0.5% dECM group, where the modulus increased
with increasing heparin polymer concentration. However, there was no
distinct increase in modulus observed among the 1% dECM groups, as
seen in the 0.5% dECM groups (Figure 3.3 B, D, F). The ultimate
strength of the cryogels was recorded at around 40% strain in the 0.5%
dECM groups (Figure 3.3 A). The crack points decreased to 25% in the
1% dECM group (Figure 3.3 B). Continuous step strain tests were
conducted for each cryogel group to assess their recovery efficiency from
consecutive strain changes. Both the 0.5% dECM and 1.0% dECM
groups showed changes in modulus without cryogel fractionation when

subjected to strain variations during the tests (Figure 3.3 E, F).
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3.3.4 Characterization of injectability of fabricated cyrogels.

The shape and micro-porous structure sustainability of the cryogels
were characterized using physical pressing and injection tests (Figure
3.4). The cryogels maintained their structure in wet environments and
under stress-inducing conditions in each group (Figure 3.4 A). The
remaining weight ratio after injection of the cryogels using a 17G needle
was calculated to assess material stability under shear-thinning stress
(Figure 3.4 C). The remaining weight ratios decreased with lower dECM
concentrations in the cryogels (De0.5HS0.5: 83.32 = 13.95%,
Del.0HSO0.5: 91.32 £ 6.37%). The concentration of heparin also affected
the weight loss in the injection test, but the injectability of the cryogels
decreased with increased dECM content (De0.5HS0.1: 76.25 + 22.11,
De0.5HS0.3: 82.77 + 0.93, Del.0HS0.1: 90.66 + 10.84, Del.0HSO0.3:

90.58 + 5.82%).
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Figure 34 Injectability characterization of the cryogels. (A) The representative images for
confirmation of shape sustainment of the cryogels versus outer stress. (B) The images of
injection capability of the cryogels through 17G needle. (C) The remaining weight ratio of

the cryogels after injection versus weight of crygoels before injection. Error bars indicateSD.
P-value =* p < 0.05, ** p <0.01, *** p < 0.005.
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To investigate the protein-releasing ability of the cryogels, BSA and
NGF were encapsulated in the cryogels respectively, and the release of
proteins over time was quantified. It was observed that the number of
released BSA from the cryogels was directly proportional to the
concentration of heparin sulfate (Figure 3.5 A). Additionally, the groups
containing 1% (w/v) dECM released more proteins compared to the
groups with lower dECM concentrations but the same heparin sulfate
concentrations. Based on these findings, the group using 1% (w/v) dECM,
which exhibited a higher protein release, was selected for the NGF
sustained release test. The results demonstrated that the amount of
released NGF increased with higher concentrations of heparin sulfate in

the cryogels (Figure 3.5 B).
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Figure 3.5 Sustain release profile of the proteins and characterization of neuronal
cell differentiation ability followed by releasing of NGF from cryogels. (A)Sustain
release of BSA amounts measurements for 12 days after cryogel encapsulation. (B)
Sustain release of NGF amounts measurements for 14 days after cryogel
encapsulation.(C) The representative images of PC12 cells culturing with NGF
encapsulated cyrogels (D)The B-3 tubulin signal measurements of PC12 cells after
differentiation. (E) Characterization of neurite numbers of PC12 cells after

differentiation. (scale bar= 100um). Error bars indicate SD. P-value = * p < 0.05, **p
<0.01, *** p <0.005. # p < 0.05, ##p < 0.01, ###p < 0.005.
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3.3.5 Heparin dependent protein loading efficiency of cyrogels

and NGF correlated PC12 cell differentiation ratio characterization

The sustained release of NGF from the cryogels directly influenced
the differentiation of PC12 cells cultured with the cryogels (Figure 3.5
C). The R-3tubulin signal and neurite outgrowth were enhanced with
higher heparin sulfate concentrations, which correlated with the quantity
of NGF delivered (Figure 3.5 D: NGF (-) 36.28+3.02, Del.0HSO.1
53.28+6.55, Del.0HS0.3 112.18+18.54, Del.0HS0.5 121.05+11.37%;
Figure 5E: Del.0HS0.1 67.11+6.25, Del.0HS0.3 65+5.18, Del.0HS0.5
116.42+6.37 ym; Figure 3.5 E: Del.0HS0.1 21.51+3.42, Del.0HS0.3

38.75+1.26, Del.0HS0.5 58.06+3.09 neurite numbers).

The sustained release ability of the cryogels, attributed to the
presence of heparin sulfate, increased proportionally with the
concentration of heparin. This indicates that precise control of protein
delivery can be achieved by regulating the heparin sulfate content in the
scaffolds. Furthermore, the encapsulated NGF in the cryogels maintained
its active state during the cell culture period, even after direct contact
with charged materials and dECM proteins in the cryogels. In order to

identify the most suitable combination for culturing adherent cells and
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achieving sustained release of NGF from the cryogels, PC12 cells were
cultured and differentiated in NGF-encapsulated cryogels. This
experiment focus about characterization of cell differentiation ratio
increase depends on NGF releasing and remaining amounts. In addition,
the charge derived neuronal outgrowth obstruction also reflected. The
results revealed that cells cultured in the Del.0HS0.3 group exhibited
better differentiation compared to the other two groups (Figure 3.6 A:
Del.0HSO0.1, Del.0HSO0.5). The Del.0HSO0.3 group showed the longest
neurites and strong R-3tubulin signals in the culture environment (Figure
3.6 F: Del.0HS0.1: 10.52+5.29 pm, Del.0HS0.3: 97.51+14.35 pum,

Del.0HS0.5: 47.22+8.06 pm).
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3.3.6 PC12 culture and differentiation on the NGF loaded cryogels
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Figure 3.6 3D culture of PC12 cells on NGF encapsulated cryogels for 21 days
(A) Representative images of differentiated PC12 cells with NGF encapsulated
cyrogels (B) Representative Z-stack images of PC12 cells on Del.0HS0.1 cryogel
(C) Representative Z-stack images of PC12 cells on Del.0HS0.3 cryogel (D)
Representative Z-stack images of PC12 cells on Del.0HS0.5 cryogel (E)The R-3
tubulin signal measurements of PC 12 cells on each cryogel groups (F)Axon length

measurements of PC12 cells on each cryogel groups. (scale bar = 100um) Error bars

indicate SD. P-value = * p < 0.05, ** p < 0.01, *** p < 0.005. # p < 0.05, ## p < 0.01, ###
p < 0.005.
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3.3.7 Invivo application of cryogel (Del.0HSO0.3)
and characterization of vessel formation

Subsequently, to confirm the neuronal tissue regeneration ability of
the cryogel, the fabricated cryogel was implanted into a mouse brain
model of traumatic brain injury (TBI). This in vivo characterization
procedure focused on maintaining the blood-brain barrier (BBB)
structure after stroke and activating the immune response in the early
phase of TBI. Furthermore, the formation of neuronal tissue in the tissue
defect and the infiltration of neuron cells into the cryogel area were
investigated over time following the release of NGF and direct supply of
porous ECM. Tissue defects with a diameter and depth of 3 mm were
created in the brain tissues, and a cryogel from the Del.0HS0.3 group
was transplanted into the defects (Figure 3.7 A). The cortical areas of the
brain tissue were removed, and the reproducibility of the removal
process was confirmed by weighing the removed tissue from the rodent

brain (Figure 3.7 B).
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Figure 3.7 In vivo brain defect model developement and assessments of
vascularization of brain tissues. (A) Brain defect model characterization with
macro images and staining. (B) Measurement of weight of removed brain
tissues. (C) Representative fluorescent images of GLUT-1 in brain tissues (D)
Representative fluorescent images of PDGFR in brain tissues. (E) Relative
GLUT-1 signal measurements on brain tissues (F) Relative PDGFR signal
measurements on brain tissues. (control : no treatment, Del.0HS0.3 : cyrogel

only Del.0HS0.3 + NGF : NGF encapsulated cyrogeltreatments, scale bar =

100um). Error bars indicate SD. P-value = * p < 0.05, ** p < 0.01, *** p < 0.005. #
p < 0.05, ## p <0.01, #4# p < 0.005.
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At first, we examined the response of immune cells in the brain to
the implanted Del.0HS0.3 using Iba-1 staining. We confirmed that Iba-
1 was highly expressed around the implanted Del.0HS0.3 in the early
phase of implantation. The Iba microglia signals decreased over time,
and no significant difference in signals was found with NGF
encapsulation in the scaffold (Sup Figure 3.2). (Iba-1 at 1 week:
Del.0HSO0.3: 38.33+15.22, Del.0HS0.3 +NGF: 32.3846.25). (Iba-1 at 4

weeks: Del.0HSO0.3: 15.13+4.12, De1.0HS0.3 +NGF: 13.28+6.85).

To determine whether the initial tissue regeneration was influe nced
by the NGF-releasing dECM scaffold, the expression of GLUT-1 and
PDGFR in the tissue was evaluated using fluorescent immunostaining.
The results showed that the expression of GLUT-1 increased in the group
where the NGF-releasing scaffolds were implanted compared to the
control group and the Del.0HS0.3-only group at week 1 (Figure 3.7 E:
con: 4.03+1.58, Del.0HS0.3: 3.88+1.82, Del.0HS0.3 +NGF:
5.75+£2.74). This trend was maintained after 4 weeks, and it was also
observed that vascular recovery occurred in the Del.0HS0.3 group
compared to the control group that did not receive any treatment (Figure

3.7 E: con: 3.23+2.28, Del.0HS0.3: 6.18+3.55, Del.0HS0.3 +NGF:
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7.78+3.04). Similarly, the expression of PDGFR increased in the same
manner at week 4 (Figure 3.7 F: con: 19.88+1.33, Del.0HSO0.3:

26.54+7.17,Del.0HS0.3 +NGF: 37.91+£11.42)as observed in the GLUT-

1 signal results.

control De1.0HS0.3 De1.0HS0.3+NGF B
15. £ 1week
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Figure 3.8 Neuronal tissue regeneration assessment post implantation of cryogels in infarct
area of host tisseus. (A) Representative fluorescent images of GFAP(Red), MAP-2(Green) and
DCX(Yellow) images. (B) Relative GFAP signal measurements. (C) Relative MAP-2 signal
measurements. (D) Relative DCX signal measurements. (control: no treatment, Del.0HSO0.3:

cyrogel only De1.0HS0.3 + NGF: NGF encapsulated cyrogel treatments, scale bar = 100um).

Error bars indicate SD. P-value = * p<0.05, ** p <0.01, *** p<0.005. # p<0.05, ## p <0.01, ###
p < 0.005.
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3.3.8 In vivo application of

cryogel (Del.0HS0.3) and
characterization of neuronal cell migration in host
tissues

It was confirmed that NGF and dECM are effective in vascular tissue
regeneration in the brain infarct areas. Additionally, the nerve
regeneration effects of the NGF-releasing cryogels were investigated
using nerve cell-related proteins and nerve cell-supporting astrocyte
markers in brain tissue (GFAP, MAP-2, DCX). It was observed that NGF
had asignificant effect on GFAP expression in the first week (Figure 3.8
B: con: 3.03+0.88, Del.0HS0.3: 4.74+2.08, Del.0HS0.3 +NGF:
12.31+£7.35). However, as time passed, there was not a significant
increase in GFAP signal in the tissue defect areas. Nonetheless, in the
group where NGF was encapsulated, a slightly higher level of expression
was observed compared to the other two groups at each time point
(Figure 3.8 B: con: 3.25+1.02, Del.0HSO0.3: 4.45+1.27, Del.0HSO0.3
+NGF: 6.41+2.15 / con: 2.68£0.48, Del.0HS0.3: 3.14+1.20,
Del.0HS0.3 +NGF: 4.88+£1.97). In the first week, the results of MAP-2
staining showed that the nerves did not progress into the defect area, but
from the second week, some nerve expression was observed in the

Del.0HS0.3 and Del.0HS0.3 +NGF groups (Figure 3.8 C: Del.0HSO0.3:
/5



26.34+9.28, Del.0OHS0.3 +NGF: 37.21+11.85). After 4 weeks of
implantation, the group with NGF showed a significant increase in MAP-
2 expression compared to the other two groups (Figure 3.8 C: control
13.35+0.88, Del.0HS0.3:  34.84+6.05, Del.0HS0.3  +NGF:
51.01+16.15). DCX, which is involved in the migration of nerve cells in
neural tissue and the connection between neurons, was observed to
significantly increase due to NGF after 4 weeks. The dECM also showed
its neuronal cell regeneration ability by relatively increased DCX signals
in infarct areas after 4 weeks post-implantation (Del.0HS0.3 group), but
the NGF-releasing group showed approximately twice the level of DCX
signals compared to the Del.0HSO0.3-only applied group in the tissue
infarct area (Figure 3.8 D: control 3.13+0.18, Del.0HSO0.3: 13.24+5.05,

Del.0HS0.3 +NGF: 22.06+6.85).
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Figure 3.9 Neuronal tissue regeneration assessment post implantation in implanted
crygel areas. (A) Representative fluorescent images of GFAP(Red), MAP- 2(Green) and
DCX(Yellow) images infiltrated to implanted Del.0HS0.3 cryogels. (B) Relative GFAP
signal measurements. (C) Relative MAP-2 signal measurements. (D) Relative DCX
signal measurements. (Del.0HS0.3: cyrogel only DelOHS0.3 + NGF: NGF

encapsulated cyrogel treatments, scale bar =100um. Error bars indicate SD. P-value
= *p < 0.05,**p <0.01, *** p < 0.005. # p < 0.05, ## p < 0.01, ## p < 0.005.
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3.3.9 In vivo application of
cryogel (Del.0HS0.3) and
characterization of neuronal cell recruitment in to the
cryogel network

To investigate whether neural tissue can grow within the
Del.0HSO0.3 scaffold, we examined the migration of neural and glial
cells within the Del.0HSO0.3 scaffold. In the first week, there was no
significant activity of astrocytes and neural cells that infiltrated the
scaffolds. In the second week, although DCX signals increased
compared to the first week, the signal expression level remained around
3%. After the fourth week, higher DCX, MAP2, and neural cell markers
were observed in the Del.0HS0.3 scaffold network (Figure 3.9 C :
MAP2: Del.0HS0.3: 12.11+2.45, Del.0HS0.3 +NGF: 9.16+3.82),
(Figure 3.9 D : DCX: Del.0HS0.3: 13.92+6.25, Del.0HS0.3 +NGF:

18.26+4.66).
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3.4 Discussion

In the brain tissue, the extracellular matrix (ECM) plays a crucial
role in providing a physicochemical structure, promoting neuronal
connectivity, and maintaining brain function. The brain ECM consists
of hyaluronan in the core, with the lectican family, which includes
chondroitin sulfate proteoglycans (CSPGs), attached to the side of the
hyaluronan backbone. It has been demonstrated that this lectican family
maintains synaptic plasticity and affects axonal guidance, which is
essential for neuronal connectivity. However, following traumatic brain
injury (TBI), the composition of the brain ECM undergoes significant
changes, even after tissue remodeling processes with fibrotic tissue
formation. For example, CSPGs are overexpressed at the injury site,
inhibiting neuronal migration and axonal growth, leading to malfunction
of regenerated brain tissue. To address this challenge in TBI, it is
important to recapitulate the brain ECM to reconstruct normal
physiological brain tissue. In this study, we used decellularized brain
ECM to mimic the brain ECM environment and synthesized NGF-
incorporated dECM-based porous cryogels to promote neuronal

migration at the injury site and regenerate brain tissue.
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The decellularization process is widely used in tissue reconstruction
to obtain biomaterials by removing DNA within the original tissue,
preserving only the tissue ECM and structural molecules [92]. We
employed decellularization protocols using bovine brains and surfactants
such as sodium dodecyl sulfate (SDS). The main objective of tissue
decellularization is to remove cellular components such as DNA while
preserving ECM and structural molecules. Following SDS-based
decellularization, we successfully eliminated DNA to below 50 ng/mg,
which indicates the avoidance of adverse immune responses. The amount
of sulfated glycosaminoglycan (sGAG) in the dECM decreased compared
to native tissue. Previous studies have shown that most detergents can
cause the removal of SGAG in dECM, which may lead toa decrease in the
viscoelastic properties of the dECM-based scaffold [135]. To address this,
we incorporated heparin sulfate in the dECM- based cryogels to
supplement the sGAG components and increase the rheological
properties. Collagen is the main component of animal tissues, providing a
cell binding base and 3D structural support. Collagen components were
still found in brain dECM, with an increased concentration compared to
native tissues [136]. This suggests that the relative decrease in tissue

mass resulting from the decellularization
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process led to a higher proportion of collagen remaining in the
decellularized brain tissues. Furthermore, the proteomic analysis showed
that the types and scoring of ECM-related proteins were upregulated in
the dECM compared to native tissues (Figure 3.1 L). These results are
expected to promote higher neuron cell migration to fabricated cryogels

with increased collagen and SGAG degradation in the dECM [137, 138] .

When designing ascaffold for traumatic brain injury (TBI) models,
it is crucial to ensure that it possesses asuitable porous structure capable
of attracting endogenous cells. Cryogels based on biomaterials have been
extensively studied as scaffolds in TBI models because they provide an
environment that supports endogenous neurons, promotes neuronal
connectivity, —and facilitates  tissue  remodeling.  Furthermore,
incorporating biological cues such as growth factors into the scaffold can
enhance neuronal migration. In this study, we developed cryogels based
on decellularized extracellular matrix (dECM) and heparin sulfate, with
the inclusion of nerve growth factor (NGF) factors within the cross-
linking networks. The DMTMM crosslinking system was chosen for
fabricating these cryogels due to its simplicity and high yields. By

utilizing the DMTMM chemistry, we successfully crosslinked the brain
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dECM with heparin sulfates to form a three-dimensional (3D) structure,
facilitated by the amide bonds formed between the amine groups of
dECM and the carboxyl groups of heparin sulfate (Figure 3.2 A). The use
of DMTMM chemistry not only enabled the formation of a structurally
sound brain dECM-based cryogel but also endowed it with the ability to
swell [139, 140]. The higher concentration of heparin sulfate usedduring
the reaction resulted in a higher cross-linking density, as evidenced by
the lower levels of unreacted heparin sulfate detected in the cryogel after

cross-linking (Figure 3.1 C).

To assess the rheological properties of the cross-linked cryogels,
three different rheological analyses were conducted for each group. It
was observed that the modulus of fully cross-linked cryogels increased
as the polymer concentration in each cryogel increased. The results
indicated that the modulus characteristics were enhanced with higher
concentrations of heparin sulfate under external forces such as frequency
and strain sweeps. Notably, it was found that the properties increased in
proportion not only to the heparin sulfate concentration but also to the
dECM content in the cryogels. The rheology data for the groups using 1%

(w/v) dECM demonstrated a tendency of low modulus increase with
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higher heparin sulfate concentration. This suggests that dECM has a
greater impact on changes in physical properties compared to the

influence of heparin sulfate (Figure 3.3).

Various tests were performed to evaluate the physical properties of
the cross-linking networks under different external force conditions. The
results revealed that dECM played a more significant role in property
changes within the cross-linking systems compared to heparin.
Subsequently, injectability was assessed to determine whether the
chemically cross-linked scaffold could maintain its shape and structure
under shear-thinning stress conditions [141]. When the cryogel was
injected wusing a 17G needle, the group with a higher heparin
concentration exhibited greater resistance to shear thinning stress in the
0.5% (w/v) dECM groups. Inthe 1.0% (w/v) dECM group, the remaining
weight ratio increased compared to the 0.5% dECM groups during the
shear thinning injection process. This result indicated that the structural
stability, which contributed to the formation of the 3D structure,

increased with dECM and heparin concentrations.

The binding and release properties of heparin sulfate, which can

induce sustained protein release, were investigated by varying the
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concentration of heparin sulfate in the cryogel. Heparin sulfate is
commonly used in protein release systems due to its negative charge,
which allows for temporary attachment or fixation with positively
charged protein components[142, 143]. In the sustained release
experiment using bovine serum albumin (BSA), it was observed that the
amount of released BSA increased with the concentration of heparin
sulfate and cross-linking density (Figure 3.5 A). This phenomenon is
believed to occur because the higher density of the cross-linking network
with heparin sulfate provides a more stable protein binding environment
and enhances the binding efficiency of a larger amount of proteins.
Therefore, only the groups containing higher concentrations of dECM
were selected for the NGF release kinetics experiments. The profiles of
NGF release were found to be influenced by the amount of heparin
sulfate in the cryogels (Figure 3.5 B). Even under the same protein
loading conditions in the release experiments, there were differences in
the encapsulation efficiency between BSA and NGF. These differences
arise from the distinct net charge of proteins, which can be altered by pH,

amino acid compositions, and 3D structural characteristics [144, 145].

NGF in the cryogels serves two distinct biological functions. The
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first function is the recruitment of endogenous neuronal cells near the
cryogels through the controlled release of NGF. The second function is
the promotion of proliferation and neuronal connectivity of migrated
cells within the cryogels. To evaluate the first hypothesis, PC12 cells
were cultured with NGF-incorporated cryogels. The released NGF
successfully differentiated PC12 cells, indicating that NGF in the
cryogels maintains its biological activity without deformation even when
encapsulated (Figure 3.5 C). The differentiation efficiency was
characterized by the ratio of B-tubulin signal and neurite outgrowth. The
B-tubulin signal and neurite length increased with heparin concentration,
indicating a higher quantity of NGF released in the cell culture
environment and the maintenance of an active state of NGF release in all

cryogel groups.

Next, we conducted experiments where PC12 cells were
encapsulated in NGF-incorporated cryogels. In the Del.0HSO0.1 group,
short neurite formation was observed in the 3D cell culture systems,
suggesting that the cells did not fully differentiate due to limited NGF
binding in the initial binding states. This is likely due to an insufficient

concentration of NGF, possibly caused by the low concentration of
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heparin sulfate, which was unable to provide an adequate NGF
concentration for differentiation in the 3D environment compared to 2D
cultures. On the other hand, the Del.0HSO0.3 group exhibited better
neurite formation compared to the Del.0HS0.5 group, despite the latter
having a higher heparin concentration and thus more NGF content. This
can be attributed to the De1.0HS0.3 group containing a sufficient amount
of NGF to support PC12 differentiation in the 3D culture conditions,
while the presence of heparin components did not interfere with the
behavior orattachment of nerve cells. In contrast, in the group containing
0.5% (w/v) heparin sulfate, NGF was adequately contained and released
to promote neurite outgrowth, but excessive heparin sulfates hindered the
full growth and extension of neurites in the 3D culture systems (Figure
3.6 A). Although cryogels capable of sustained protein release were
successfully fabricated using negatively charged materials, it is known
that these charge characteristics can act as negative factors that
potentially impede cell migration and adhesion[146, 147]. Through in
vitro studies, it was demonstrated that dECM-based cryogels can provide
the necessary structure and biochemical cues to support the proliferation
of PC12 cells. Furthermore, the controlled release of NGF by heparin

sulfate can induce neuronal migration and differentiation both within and
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outside PC12 cells within the cryogels.

Based on in vitro experiments, the Del.0HS0.3 group was identified
as the most suitable for neuronal regeneration, as it resulted in neuronal
cell differentiation states with a sufficient amount of NGF release and
proper heparin sulfate concentrations that inhibited neurite growth. To
validate brain tissue regeneration in an in vivo setting, we implanted
cryogels in a mouse model of traumatic brain injury (TBI) induced by
cortex defects created with a biopsy punch. We evaluated functional
brain tissue regeneration from four perspectives: (1) the host response to
dECM-based cryogels by endogenous glial cells to assess any immune
response evoked by dECM, (2) the reconstruction of an effective blood-
brain barrier (BBB) and neo-vascularization near the defect area, (3) the
recruitment of endogenous neuronal cells through the sustained release
of NGF, and (4) neuronal migration and connectivity within the cryogels.
The immune cell response following biomaterial implantation in brain
tissue defects was characterized using the Iba-1 marker, which represents
microglial cells in the brain [148]. Microglia cells have a role in
downregulating neuronal cell function under normal conditions, but they

can adopt a neuroprotective phenotype in response to specific cytokines
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or signals [149]. In the results, the presence of lba-1 markers was barely
observed in the infarct area of the brain, but their signals increased in the
vicinity of the implanted Del.0HS0.3 scaffold (Sup Figure 3.2, 3.3).
Upon initial implantation of the Del.0HS0.3 material, an increased
population of microglia was observed in the surrounding tissue at the one-
week time point. However, as time elapsed, the microglia population
gradually decreased. The activation and infiltration of microglia toward
the biomaterial can be attributed to their role in defending the tissue
environment. [150]. This cellular activation and infiltration likely occur
in response to the degradation of the dECM cryogel, which may trigger
the release of regenerative molecules from the dECM, thereby promoting
tissue remodeling processes [151]. Overall, these findings indicate that
microglia play a dynamic role in the response to biomaterial implantation,
initially responding to the presence of the material and subsequently
contributing to the tissue remodeling process by interacting with the
degraded dECM and facilitating the release of regenerative molecules

[152, 153].

Next, we employed immunostaining techniques to investigate the

formation of vascular tissue by detecting markers such as GLUT-1 and
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PDGFR. GLUT-1 is a member of the glucose transporter family that is
selectively expressed in brain tissue, particularly in the blood-brain
barrier (BBB), facilitating the transfer of glucose to the brain tissue
environment [154]. GLUT-1 is abundantly expressed in endothelial cells
of the BBB, enabling the transfer of glucose from blood vessels to
neuronal and glial cells by overcoming tight junction barriers [155]. This
endothelial cell marker is highly associated with neurogenesis in the
surrounding tissues and can be upregulated by BDNF protein
supplementation, which is an archetype of neurotrophins derived from
the same pro-neurotrophin family as NGF but undergoes different
cleavage mechanisms to mature [156-158]. Regarding GLUT-1, we
observed an increase in signaling in the infarct area during the first week
due to NGF treatment. After 4 weeks post-implantation of Del.0HSO0.3,
the Del.0HS0.3 + NGF group still exhibited modest improvements in
regeneration compared to the control and Del.0HSO0.3-only treated
groups. However, there was no significant improvement in the
population of GLUT-1 positive tissue compared to the early timepoints
in each group (Figure 3.7F). These results suggest that GLUT-1 is
expressed in the early stages, and the temporal maturation of the BBB is

facilitated by Del.0HS0.3 + NGF treatment. However, further
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investigation is needed to understand the latency of these effects and their
development in a hypoxic state, along with other related markers of
cellular response [159]. PDGFR, a marker for pericytes, interacts with
microvascular tissues in the brain and correlates with GLUT-1
expression on endothelial cells [160]. PDGFR is predominantly
expressed in pericytes and is known to induce vascular leakage and brain
tissue deformations when downregulated [161, 162]. The results of
PDGFR signaling showed that both dECM and NGF treatments
exhibited advanced regenerative effects compared to the control group,
and this effect significantly increased over time. Even in the control
group, there was an increase in PDGFR signaling at 4 weeks compared
to the early phase of defect creation, likely due to feedback physiology
in a hypoxic environment [163]. As the results demonstrated, both
GLUT-1 and PDGFR were increased with NGF encapsulation in the
cryogel, even in the absence of NGF. This could be attributed to the
charge-receptor interaction of heparin sulfate, which binds to
angiogenesis  inhibitors and pro-angiogenic  receptors, inducing
angiogenic signals through material-receptor interactions [164, 165]
Moreover, the dECM derived from the brain, which contains various

cytokines and growth factors in soluble form, may also contribute to this
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effective therapeutic approach [166, 167]. Furthermore, studies on NGF-
related vascular regeneration have been conducted on brain endothelial
cells and the peripheral bone vascularization system, providing insights
into NGF-mediated vascular tissue regeneration in brain defects [168,

169].

Then, we proceeded to analyze the recruitment of endogenous
neuronal cells using NGF-incorporated cryogels. MAP-2 is a molecule
involved in the reconstruction of neuronal networks and the recovery of
brain tissue function. Its expression is downregulated in the ischemic
state of the brain but increases upon treatment in clinical trials [170].
NGF has been utilized in repair strategies for the central nervous system
(CNS), ranging from recombinant proteins to cellular vesicles, and has
been shown to promote neuronal cell recovery [171, 172]. NGF
treatment has been found to delay the degradation of MAP-2, an
elongation protein in neuronal axons, in brain tissue ischemia [173]. In
our results, MAP-2 signals increased with cryogel treatment alone and
further advanced with NGF treatments, indicating the regenerative
capabilities of the biopolymer and growth factor combination (Figure 8).

Similarly, the neuroregenerative factor doublecortin (DCX) also
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exhibited an increasing trend with cryogel and NGF treatments [174].
DCX expression is closely associated with NGF, and it increases with
NGF treatment in hypoxic-ischemic brain injury [175]. In a brain stroke
model, DCX also increased with dECM treatment in the absence of NGF,
and in vivo results demonstrated that other axonal markers of neuronal
cells also increased with DCX [176, 177]. These findings support the
notion that the dECM, a complex mixture of biopolymers and proteins,
can promote tissue-specific regeneration in the brain, and when
engineered with growth factors, it can significantly induce the
recruitment of neuronal cells near the site of defects. Neuronal cells
infiltrated the tissue defect area through the dECM polymers and the
regeneration process mediated by NGF. The presence of highly
populated neuronal markers and signals related to neuron cell migration
was observed in the tissue defect area treated with the Del.0HSO0.3

scaffold and NGF additions.

Furthermore, the markers MAP-2 and DCX showed increased
expression in the De1.0HSO0.3 scaffold area, indicating the infiltration of
neuronal cells into the 3D porous structure, promoting the formation of

brain tissues. However, the ratio of neuronal cell infiltration was not
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significantly higher in the Del.0HS0.3 + NGF group compared to the
group treated with the scaffold alone and the host tissues under the same
in vivo conditions. It appears that as immune cells and fibroblasts also
migrated to the scaffold structure, the higher density of neuronal and glial
cells on the surface of the host tissues treated with Del.0HS0.3 + NGF
had a competitive advantage in migrating to the scaffold area compared
to the NGF-absent group [178]. These findings indicate that after the
tissue remodeling process, endogenous neuronal cells could effectively
migrate into the cryogels, supported by the upregulation of DCX

expression.

3.5 Conclusion

The brain-decellularized ECM-based cryogel, with its 3D porous
structure, exhibited improved efficiency in releasing NGF, particularly
when combined with heparin. This combination enhanced the sustained
release of NGF, which is advantageous for promoting brain regeneration
and providing a supportive 3D structure. The manuscript further
investigated the effect of heparin concentration on the inhibition of

neuronal cell migration. By studying the inhibitory effect of charge on
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neuronal cell outgrowth, an optimal heparin concentration for neural cell
culture was determined. In the context of traumatic brain injury (TBI),
the brain-decellularized ECM-based cryogel was applied, resulting in the
stabilization of the blood-brain barrier (BBB) and the formation of neural
tissue in the defect area. This demonstrates the potential of the cryogel
for TBI treatment and brain tissue repair through the recruitment of
neural cells. The migration of neural cells within the cryogel scaffold was
also observed. However, it was observed that the incorporation of
immune cells and fibroblasts within the scaffold hindered the migration
of neuronal cells into the interconnected network. Therefore, further
investigation is recommended to understand this phenomenon, including
studying the impact of immune cell-derived scaffold degradation or
employing immune regulation strategies to create more favorable

environments for neuronal cell migration.

In summary, this study highlights the promising potential of the
brain-decellularized ECM-based cryogel combined with heparin sulfate
and NGF for brain regeneration. However, it also emphasizes the need
for further research to address challenges related to the incorporation of

immune cells and fibroblasts and their impact on neuronal cell migration
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within the 3D scaffold.
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3.6 Supplementary figure
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Figure S3.1 Zeta potential of heparin sulfate and decellularized brain ECM
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Figure S3.2 Figure. S3.2 Immune cell population of infarct area after surgery A)
Representative images of Iba-1 images in infarct area of hosttissues. (B) Relative Iba-
1 signal measurements at 1 week. (C) Relative Iba-1 signal measurements at 2 weeks.
(D) Relative Iba-1 signal measurements at 4 weeks. (control: no treatment, De1.0HSO.3:
cyrogel only De1.0HS0.3 + NGF: NGF encapsulated cyrogel treatments, scale bar =

100um). Error bars indicate SD. P-value = * p < 0.05, **p < 0.01, *** p < 0.005. # p < 0.05, ##
p < 0.01, ### p < 0.005.
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Figure S3.3 Immune cell populationin implanted cryogel area. A) Representative
images of Iba-1 images interacted with cryogels post implantation. (B) Relative Iba-1
signalmeasurements at 1 week. (C) Relative Iba-1 signal measurements at 2 weeks. (D)
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Del.0HS0.3 +NGF: NGF encapsulated cyrogeltreatments, scale bar = 100um). Error

bars indicate SD. P-value = * p < 0.05, ** p < 0.01, *** p < 0.005. # p < 0.05, ## p < 0.01, ###
p < 0.005.
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CHAPTER FOUR:

COMPARATIVE STUDY OF CHEMICAL
AND SUPER-CRITICAL FLUID
DECELLULARIZATION FOR FABRICATION
OF PERIPHERAL NERVE SCAFFOLD

4.1 Introduction

Peripheral nerve injury (PNI) is a traumatic disease that can occur in
all parts of the nervous system, except the brain and spinal cord.
Traumatic PNI casualties were recorded over 80% of all nerve injuries
in upper extremities category [179]. The cost of PNI treatments is
estimated to be about 50,000 USD, and over 0.5 million casualties were

reported for traumatic PNI cases in the USA [180].

To treat PNI, stem cell therapies have been actively investigated for
peripheral nerve regeneration, given their intrinsic growth function of
peripheral neurons in response to injuries, different from central nervous
system [181]. Studies have reported that mesenchymal stem cells can

transdifferentiate into Schwann cells and assist neuronal tissue
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regeneration and remyelination of injury sites in vivo [182, 183].
However, these cell-based therapies were hard to maintain their self-
renewal and differentiation ability in injected or implanted sites [184].
Implanted stem cells are expected to contribute partial neuro
regeneration by promoting Schwann cell function and axon growth but
it is difficult to recapitulate the cylindrical nerve structure to bridge the

distal and proximal ends of the injured gap [185].

To bridge neuronal tissue, polymeric scaffolds were fabricated with
biocompatible materials with high mechanical properties. Polyester
family of polymers (PVA, PGA, PLGA, PCL and their copolymers) has
been used for nerve conduit fabrication because of their easy handling
and hydrolyzing affinity, which degrade easily in specific circumstances
[186, 187]. But these synthetic materials lack cell binding moieties or
cell compatible polysaccharide and proteins which are essential to attract
cell migration as the first step of tissue formation. To overcome these
limitations, simple blending of synthetic materials with native tissue-
derived collagen or cell binding arginyl-glycyl-aspartic acid (RGD)
peptide have been implemented in nerve tissue regeneration studies [188,

189]. However, the polymeric material mixture and cell responsive
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protein conjugation strategies which commonly introduced were not
enough to replace complex living tissue compositions comprised of

proteins and extracellular matrix (ECM).

For this reason, autologous nerve transplantation is the most
preferable treatment of nerve defects, which shows good regenerative
potential without host rejection, but is limited by tissue-dependent
neuroma and size variation of donated tissues in same body [190]. To
alleviate issues related to nerve tissue surgery, the U.S. Food and Drug
Administration (FDA) has approved the use of hollow polymeric
scaffold as nerve conduits for clinical application [191], however, these
simple bridging shapes are hard to replace 3D tissue structure and
volumetric tissue formation in implanted sites [192, 193]. To fabricate
biocompatible, nerve tissue responsive, volumetric bridging available
nerve conduit, chemical decellularization technology using Triton X-
100.200, sodium deoxycholate (SDS), or sulfo betaine (SB) was
developed to fabricate decellularized ECM (dECM) from native animal

tissues [194, 195].

Chemical decellularization technology extracts ECM from specific

tissue with detergents to eliminate immunogenic genetic materials (ie.
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DNA and RNA) from native tissue ECM while preserving cell
responsive polysaccharides and proteins [52, 127]. For this controllable
elimination process, the decellularized tissues were applied to
biomedical applications and clinical research works offering ideal tissue
microenvironment without risk of immune rejection or inflammation
between the native tissue and implanted biomaterial [196]. However,
chemical decellularization technique also has its limitation, including
material loss and damage to structural integrity as a result of harsh
chemical processing. Common detergents used in decellularization
process have been reported to degrade ECM in tissues, which
consequently decreases biological response and regenerative potential of

decellularized tissues [197].

To decrease ECM material loss during the decellularization process,
stable and non-ionic solvents, such as supercritical COg, are utilized in
tissue decellularization process [198]. Supercritical CO2 sustains mild
operating conditions (10.3 to 27.6 MPa, 10 to 37 °C) during process and
also have low reactivity with polar proteins and ECM materials in tissues
[199]. Supercritical phase CO2 has liquid and gas-like characteristics that

make the supercritical state CO2 diffuse instantaneously into solid
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structures and solubilize chemicals efficiently [200]. Thus, supercritical
fluid-based decellularization method is expected to eliminate DNA
materials more selectively and better preserve ECM components in the

native tissue than chemical-based methods.

In this study, we have conducted detergent(chemical)-based and
supercritical state CO2-based decellularization methods on nerve tissues,
comparing their decellularization efficiency, tissue-cell response and
therapeutic potential. We hypothesized that supercritical method can
maintain ECM components and structural, mechanical characteristics of
tissues after decellularization more stable than detergent-based method.
The polymeric components degradation were characterized with
biochemical assays. Mechanical and structural changes were quantified
via measuring modulus of ECM. ECM distribution change and their
effect on cellular microenvironment were evaluated via in vitro neuronal

outgrowth tests and in vivo sciatic nerve injury recovery.

4.2 Material & methods

Reagents

Sodium Dodecyl sulfate (Biorad, USA, 1610302), papain
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(Worthington, USA, 9001-73-4), sGAG (Biosynth Carbosynth, England,
YC31458), 4% paraformaldehyde (PFA; Biosesang, Republic of korea,
BP031a), chloramine T (MP, USA, 7080-50-4), p-dimethylaminobenzal
aldehyde (MP, USA, 100-10-7), Bovine serum albumin (Gen depot, USA,

A0100-005), Triton X-100 (Sigma Aldrich, USA, 9036-19-5).

Phosphate buffered saline (PBS, Thermo fisher scientific, USA,
10010023), Trypsin-EDTA (Thermo fisher scientific, USA, 27250018),
Normal goat serum (Thermo fisher, USA, 31872), RIPA lysis buffer
(Thermo fisher, USA, 89901) were purchased from Thermo fisher

scientific.

sucrose (Sigma Aldrich, USA, S0389), DMMB (Sigma Aldrich,
USA, 341088), cysteine (Sigma Aldrich, USA, C7352), hydroxy-proline
(Sigma Aldrich, USA, 51-35-4), Canada balsam (Sigma Aldrich, USA,
8007-47-4), Proteinase K (Sigma Aldrich, USA, 3115887001) were

purchased from Thermo fisher scientific.

4.2.1 Isolation and decellularization of sciatic nerve tissues

Sciatic nerves were isolated from porcine biceps femoris after
elimination of fat and skin. Isolated sciatic nerves were cleaned with PBS

and treated with different concentrations of detergent solution (0.1, 0.5,
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1% wiv of sodium dodecyl sulphate, SDS) at 37°C for 36 h with gentle
mixing. The nerve tissues were collected and stored at -80°C until further
use. The native porcine nerve tissues were prepared as described above.
Tissues were then transferred to medical container in supercritical fluid
devices. 50 ml of pure ethanol was added to container as co-solvents.
CO2fluid was injected into medical container at 200-400 bar. After 3 h
of treatment, decellularized tissue was washed with PBS and stored in -
80°C freezer. DOF Inc, Korea conducted the supercritical fluid-based

decellularization process and provided the processed samples.

4.2.2 Histological assessment of sciatic nerve tissues.
4.2.2.1 Paraffin sectioning of nerve tissues

Native nerve tissues and decellularized tissues were fixed with PFA
(4% viv) at 4°C for 24 h. Fixed tissues were then moved to ethanol
solution (50% v/v) and incubated at 25°C for 30 min. From the first
dehydration step with ethanol the nerve tissues transferred to higher
concentration of ethanol solutions for 30 min (70, 90, 100, 100% V/V).
After that the nerve tissues were immersed in Xylene solution twice for

1 h. And the nerve tissues were incubated 60°C in paraffin solutions for

24 h. Nerve tissue paraffin blocks were sectioned at 10 pymthickness using
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microtome (Leica).

4.2.2.2 H&E staining of nerve tissues

Nerve tissue sections were deparaffinized and rehydrated with two
changes of xylene and transferred to consecutive ethanol change (100,
100, 90, 70, 50% v/v) for 5 min. After that tissue slices transferred to
deionized water. Deparaffinized nerve tissues were immersed in purified
water 2 times for 5 minutes. Washed tissue slides were incubated with
hematoxylin solution (Vector) for 1min. And tissue slides were washes
in running tap water for 30 min. Tissue slides were stained with eosin Y
(0.25% wv/v) in acetic acid (0.2% v/v). Stained tissue slides were
dehydrated with changes of different concentrations of alcohols (75, 95,
100 % v/v) and xylene solutions. And dehydrated slides were mounted
with Canada balsam mounting solutions.

4.2.2.3 Trichrome staining of nerve tissues

Trichrome stain protocol followed by manufacturers protocol
(abcam, ab150686). Briefly, rehydrated nerve tissues were immersed in
purified water 3 times for 5 minutes. The tissue slides were incubated in
preheated Bouin’s Fluid for 60min and cool for 10 min. After rinsing
with purified water, tissue slides were incubated in weigert’s Iron
solutions for 5min. Tissue slides were washed with purified water. And
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incubated with Biebrich Scarlet/ Acid Fuchsin solutions for 15 min.
Tissue slides were washed with purified water. And tissue slides were
differentiated in phophomolybdic/ Phosphotungstic acid solution for 15
min. Without rinsing, tissue slides were incubated in Aniline Blue
solution for 5 min. After rinsing with purified water, tissue slides were
incubated in acetic acid solution (1% v/v) for 5 min. Stained tissue slides
were dehydrated with changes of different concentrations of alcohols (75,
95, 100% v/v) and xylene solutions. And dehydrated slides were mounted

with Canada balsam mounting solutions.

4.2.2.4 Safranin-O staining

Deparaffinized nerve slice samples were washed with deionized
water two times for 5 min each. And tissues were stained hematoxylin
for 1 min and incubated in running tap water for 30 min. and tissue slices
were stained fast green solution (0.05% wi/v) for 5min. after rinsed with
1% (v/v) acetic acid the nerve slices were stained with safranin -O
solution (0.1% wi/v) for 5 min. Stained tissue slices were dehydrated with
different concentrations of alcohols (75, 95, 100 % v/v) and xylene

solutions. Slides were mounted with Canada balsam solution.
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4.2.3 ECM characterization in nerve tissues
4.2.3.1 DMMB assay forquantifications of SGAG
Papain enzyme solutions (3% v/v) were prepared with PBE-cys

buffer (100mM Phosphate, 10mM EDTA, 0.10M L-cysteine, pH 6.5).
Nerve tissues were incubated at 60°C for 24h with diluted papain enzyme
solutions until tissues were fully digested. And the tissue solutions were
transferred 96-well plate (SPL life sciences) after then DMMB solutio ns
(40.5 mM glycine, 40.5mM NaCl, 50uM DMMB, pH 3.5) were
transferred to well plate and mixed with tissue solutions (1:1 volume
ratios). Absorbance were measured by microplate reader (Tecan,
Switzerland, Infinite 200) at 525nm wavelength. Standard line for
calculation of relate SGAG contents in nerve tissue were made with

chondroitin sulfate sodium salt.

4.2.3.2 DNA quantification in nerve tissues

Papain enzyme solution (3% v/v) was prepared with PBE-cysteine
buffer (100 mM phosphate, 10 mM EDTA, 0.10 M L-cysteine, pH 6.5).
Nerve tissues were incubated at 60°C for 24 h with diluted papain
enzyme solutions until tissues were fully digested. DNA quantification
of nerve tissues were followed by manufactures protocol Quant-iT Pico

Green dsDNA Assay kits (Invitrogen, P7589). Briefly, Pico green dyes
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were 20-fold diluted in TE buffer (10 mM Tris-HCL, 1mM EDTA, pH7.5)
and mixed with digested tissue solution (1:1 volume ratio). Fluorescence
of dyes were measured with microplate reader (Tecan) at excitation 480
nm, emission 520nm wavelength. Standard line for calculation of relate
DNA contents in nerve tissue were made with Quant-iT Pico Green
dsDNA stock.
4.2.3.3 Hydroxyproline quantification innerve tissues

Papain enzyme solution (3% wi/v) was prepared with PBE-cys buffer
(100mM Phosphate, 10mM EDTA, 0.10M L-cysteine, pH 6.5). Nerve
tissues were incubated at 60°C for 24h with diluted papain enzyme
solutions until tissues were fully digested. 100yl of samples were
hydrolyzed with 5N sodium hydroxide in 100°C for 16 h. After that,
100l of chloramine T solution (0.056M in 50% v/v isopropanol) were
transferred to hydrolyzed sample and oxidation processes were allowed
for 25 min in room temperature. 100 ul of echrlich’s aldehyde reagent
(IM p-dimethylaminobenzal aldehyde in 30% HCI / 70% isopropanol)
was added to each sample and incubated at 60°C for 20 min. Absorbance
were measured by microplate reader (Tecan) at 550 nm wavelength.
Standard line for calculation of relate hydroxyproline contents in nerve

tissue were made with hydroxyproline. Hydroxyproline solution samples
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were processed with same conditions of assay protocols. All reagents of
this protocol were diluted in acetate citrate buffer (0.5 mM sodium

acetate, 0.1 mM citric acid, 0.1 mM acetic acid, 0.5 mM NaCl, pH 6.5)

4.2.3.4 Proteomic evaluation of tissue samples

The nerve tissues were incubated in RIPA buffer for 10 min in 4°C.
and tissues were mechanically dissociated with tissue pestle. After
quantification of protein contents with BCA assay kit (Pierce BCA assay
kit, Thermo fisher), sample solutions were purified with consecutive 8M
urea wash with filter centrifuge (14,0009 for 60min). And 100 yl 0.05M
iodoacetamide in 8M urea were treated to purified protein solution for
25 min at room temperature. And 50mM ammonium bicarbonate (pH 8.0)
were added to protein samples and centrifuged (14,000 for 20 min) for
three times. After trypsin digestion (20 ng/ml) at 37°C overnight and the
samples were vacuum dried. The dried samples were dissolved in
trichloro acetic acid and transferred to LC/MS (Orbitrap Exploris 240,
Thermo fisher scientific) the proteomic data were processed by National
Instrumentation  Center for  Environment  Management  mass
spectrometer research department. Total protein contents, Coverage,
Unique peptides, Proteomic scoring raw data were extracted and used for

characterization of proteomic analysis.
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4.2.4 Mechanical property characterization of nerve tissues
4.2.4.1 Extension force testof nerve tissues

Nerve tissues were thawed in 4°C for 1 h and incubated in PBS
solutions until measurements. 1.5cm length, 4mm thickness of nerve
tissues were fixed in universal tensile machine (Shidmazu, Japan, Ez-sx)
and extended with Imm/min velocity until nerve tissues were separated
from machine zig. Compressive stress and critical strength were

calculated.

4.2.4.2 Compression force test

Nerve tissues were thawed in 4°C for 1h and incubated in PBS
solutions until measurements. 0.5cm length, 4mm thickness of nerve
tissues were fixed at bottom plate of universal tensile machine zg.
Consecutive compression was applied to nerve tissues (10 cycles,
Imm/min velocity). Compressive modulus was calculated in loading and
unloading sites at each cycle. Blunt tip (22G) were used for cyclic
compression test tip.

4.2.5 Neuronal cell culture

PC12 cell cultures for proliferation and differentiation

PC12 cells were cultured with growth medium (5% horse serum, 5%
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FBS, 1% penicillin streptomycin v/v) for proliferation in 100 pi dish.
PC12 cells were differentiated with differentiation medium (1% horse
serum, 1% penicillin streptomycin, 100ng/ml Nerve growth factor). Cell
culture medium were changed with every other day.

4.2.5.2 PC12 cell differentiation on nerve tissues

4-mm diameter of nerve tissue slices were prepared with vibratome

(series 3000, Sectioning system) as 300 um thickness. The PC12 cells

were cultured for 3, 7, 21 days on nerve tissue slices with 30,000 cells
per slices and differentiated with nerve growth factor-containing (NGF;

100 ng/ml) differentiation medium as described above.

4.2.5.3 PC12 cell imaging with confocal microscopy

The PC12 cells on ECM slices were fixed with paraformalde hyde
4%(vIv) for 24hin 4°C. And tissue slices were incubated with proteinase
K for 20 min. after that tissues were incubated with 5% (w/v) normal
goat serum for 2 h in room temperature. Tissue slices were washed twice
and incubated with primary antibody staining for Class Il f-
tubulin(300:1, abcam ab75810). Primary antibody solution washed with
buffer and incubated with 2" antibody (500:1 alexa fluoro 488). The

stained tissue slices were imaged with Zeiss 700 (Zeiss, Germany,
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LSM780)

4.2.6 Surface image of decellularizezd ECM with SEM

The decellularized nerve tissues were fixed with 2.5% (w/v)
glutaraldehyde and 2% perform aldehyde for 16 h. and fixed samples
were transferred to 1% (v/v) osmium tetroxide solution and incubated for
1h in 4°C. After washing with deionized water 3 times for 5 min each
dehydrated with different concentration of ethanol (50%, 70%, 80%,
90%, 100%, 100% w/v) and specimens were dried with critical-point
dryer (Thermo) and stored in vacuum state until imaging with SEM.
Dried tissue samples were fixed with carbon tape on the SEM mount and
coated with Pt sputter for 1min. the coated samples were imaged with

Mini SEM(JCM-6000)

4.2.7 In vivo experiment and characterization of regeneration of
tissues

4.2.7.1 Nerve tissue implants to subcutaneous area for immune
reaction characterization

The sciatic nerve tissues and dECM, decellularized with SDS and
supercritical flow-based method, were implanted in subcutaneous area

of mouse for 4weeks. The immune cells infiltrated to sciatic nerves were
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stained with CD68 antibody (300:1, abcam ab283654) and imaged with

microscopy (EVOS 3000).

4.2.7.2 dECM implantation in sciatic nerve defect model

The animal study was approved by IACUC of Seoul National
University (SNU-210604-3-1), 8 weeks old CD (Sprague Dawley) rats
(Raon bio, Republic of Korea) were prepared for sciatic nerve defect
injury model. The rats were anesthetized with isoflurane, after hair
remove, the skin of left biceps and biceps femoris were incised to
exposure sciatic nerves. The 1 cm of nerve defects were made in sciatic
nerve tissues of rats by dissecting 1lcm of sciatic nerves. After rid of
dissected nerve tissues, the dECM materials (decellularized with 0.5%
SDS and supercritical fluid CO?2)were directly sutured to distal, proximal
site of host nerve tissues with 8-0 suture. Negative control groups were
not treated after nerve dissection. The incised skins and muscle tissues
were sutured with 6-0 needle.

4.2.7.3 Gait analysis of sciatic nerve defect model

Sciatic functional index was calculated with following equation (1).

SFI=-38.3(EPL-NPL)/NPL  + 109.5(ETS-NTS)/NTS+13.3(EIT-

NIT)/NIT)-8.8 Eq. (1)

175



(PL= print length, TS=toe spread, IT= intermediary toe spread/ E is

experimental, N is normal)

The variables were measured with ImageJ analysis measure tools by

recording video of stride pattern of each rat for 8 weeks.

4.2.7.4 Evaluation of muscular tissue regeneration

Muscular tissues regeneration was evaluated with muscle weight and
histological methods. Wet weights of gastrocnemius muscular tissue
from experimental group and non-treated normal side of muscles were

measured for calculation of muscle weight ratio with following equation
@)
Muscle weight ratio = (weight of (E)/ weight of (N)) E Eq. (2)
(E is experimental, N is normal)

And muscular  tissues  (gastrocnemius) were stained with
Hematoxylin & Eosin to measure muscle fiber diameter and muscle fiber

areas (whole 2D area of fibers). The quantification was performed with

ImageJ software.

4.2.7.5 Histological assessment of sciatic nerve tissues

Paraffinized tissue were rehydrated as described above. And nerve
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tissue slices were incubated with proteinase K for 20 min. after that
tissues were incubated with 5% (w/v) normal goat serum for 2h in room
temperature. Tissue slices were washed twice and incubated with 1%
antibody stanning for GAP-43 (500:1, abcam ab75810) and S 100 (500:1,
abcam ab52642) for 16 hin 4°C. 1%t antibody solution washed with buffer
and incubated with 2" antibody (500:1 alexa fluoro 488, 594 ab150077,
ab150080). The stained tissue slices were imaged with Ti2 Eclipse
microscope (Nikon, Japan, Eclipse Ti2)
4.2.7.6 Luxol fast blue staining of regenerated nerve tissues

After deparaffinization of tissue slices with incubation in two steps
of xylene and two steps of 100 % (v/v) ethanol, 90 %(v/v),70(v/v), 50%
(v/v) for 10 min each. The tissue samples were incubated in 0.1% (w/v)
of luxol fast blue (Sigma Aldrich, USA, S3382) staining solution for 16h
in 65°C. after that tissues were rinsed with 95% (v/v) ethanol solution
for 5second and transferred to deionized water. Tissue samples were
differentiated with 0.05% (w/v) lithium carbonate solution and 70% (v/v)
ethanol consecutively. After wash with deionized water the tissue
samples were dehydrated and mounted with DPX solutions.

4.2.8 Statistics analysis

All data were processed with Graph pad prism 5.0 and tow-tailed t-

177



test and one-way ANOVA statistics calculation were performed. P-value
=*p<0.05** p<0.01, *** p<0.005. # p<0.05,## p <0.01, ###
p < 0.005. * statistics symbol compared control group versus SDS 0.5,

SC groups. # statistics symbol compared SDS0.5 group versus SCgroups.
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Figure 4.1 Composition analysis of native tissue and decellularized tissues processed with
different decellularization methods. (A) Representative images of native and decellularized nerve
tissues. (B) Swelling ratio, (C) H&E staining, (D) DNA content, (E) MTC staining, (F)
Hydroxyproline content, (G) Safranin-O staining, (H) SGAG content, and (I) total protein content
of native tissue and decellularized nerve tissues. (J-L) Proteomic analysis data of proteins in
native and decellularized tissues. (Scale bar = 200 um). Error bars indicate SD. n = 3.

*p <0.05, **p <0.01, ***p < 0.005
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4.3.1. Decellularized ECM scaffold fabrication and
characterization of ECM

We have produced decellularized ECM scaffolds using two different
decellularization methods to remove genetic elements from animal
tissues that may trigger immune reactions upon transplantation. We
compared a conventional decellularization technique using a chemical
(SDS) and a novel technique using a supercritical fluid (CO32), in terms
of effective  DNA removal while preserving protein and ECM contents
of native tissues. To determine optimal SDS concentration, porcine nerve
tissues were treated with different concentrations of SDS solutions.
Tissue deformation occurred from the outer surface of nerve tissues
(Figure 4.1A) and the extent of deformation increased with SDS
concentration (Sup Figure 4.1A). The swelling ratio stand for higher
water contents in polymeric network with lower crosslinking density
were characterized to describe about tissue deformation and increased
swelling ratio that occurred by SDS treatments. The swelling ratio of
tissues were increased with SDS treatment as compared with native
tissues and SC samples (Figure 4.1B). In SDS-based decellularization

process, we confirmed that the concentration of immunogenic DNA in
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the tissue decreased to less than 50 ng/mg when SDS concentration was
maintained at or above 0.5% (w/v) (Figure 1D). DNAremnants were not
observed in H&E staining in for groups treated with over 0.5% SDS
(Figure 4.1C). Tissue structure degradation and deformation were further
characterized with MTC, Safranin-O staining and ECM-quantifying
assays (Hydroxyproline : SDS 0.5 : 52.21+3.32, SC 67.39 14.23),
(sGAG: SDS 0.5 :68.33+6.03 , SC :82.09+8.11 %), (Figure 1E,F,G,H).
It seems the ECM content generally decreased with increase in SDS
concentration, while ECM content of SC group remained relatively intact
corelated with surface image of nerve tissues (Figure 4.1A).Therefore,
we optimized the SDS concentration to 0.5% (w/v), which can fulfill
both requirements of <50 ng/ml DNA content and >50% of native tissue
ECM content. So, in further experiments, the 0.5% (w/v) SDS-treated
group were directly compared with SC group. Total protein content
quantification and proteomic analysis were conducted. While total
protein contents decreased in both decellularization method compared to
Native (1098+£125.12), SC group (345+48.23) showed higher
preservation of protein contents after decellularization than SDS group
(103+£22.38) (Figure 4.11). Even same kind of proteins in tissues were

decreased in decellularized tissues (Figure 4.1J-L). ECM-related
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proteins were most abundant protein type in decellularized nerve tissues,
followed by cytoskeletal proteins. Other cell-responsive and neuronal,
glial cell related proteins were also observed. Proteomic scoring recorded
that both decellularizing method recorded decreased protein contents
than native tissues, post-process (Figure 4.1L). But still higher portion of

proteins were preserved in SC samples.
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Figure 4.2 Mechanical characterization of native and decellularized tissues. (A) Representative
image of extension test method of wet tissue. (B) Young’s modulus and (C) Critical strength of native
and decellularized tissues. (D-1) Cyclic compression testand elastic modulus of (D,G) native tissues,
(E,H) 0.5% SDS-decellularized tissues,and (F,I) decellularized tissues with supercritical fluid. . Error
bars indicate SD. P-value = * p<0.05, **p <0.01, *** p< 0.005. # p<0.05, ## p<0.01, ###p

< 0.005.

4.3.2 Mechanical characterization of decellularized tissue samples

It has been previously confirmed that the surface and microstructure

of tissue can be damaged by SDS treatment, which affects its mechanical

property. To measure mechanical property of decellularized and native
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tissues, extension test was performed with bidirectional extension
method (Figure 4.2A). The mechanical property of decellularized tissues
was characterized with Young’s modulus and critical tension strength
(Figure 4.2 B-C). The SC group had relatively higher modulus compared
to the SDS 0.5 group (SDS 0.5: 42+3.5, SC: 57+5.3 MPa). The critical
strength of SC group was higher than that of SDS 0.5 group (SDS 0.5:
3.64+0.89, SC: 4.13+0.46 N). To investigate repeated external forces-
derived tissue deformation, a repeated indentation test was conducted
following the extension test. The strain-stress curve showed that SDS
group has significantly lower properties than the native or SC groups
(Figure 2D-F). As the number of cycles increased, the sequentially
measured modulus gradually decreased in the tissues. There was a larger
modulus decrease in native tissue than that of the SC group as indentation
cycle increased. The sequential modulus data of SC group showed that it

can maintain stable modulus even with repeated indentation procedure.
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Figure 4. 3 PC12 cell culture and differentiation on nerve tissue slices. (A-B) Class Il B-tubulin
and actin staining of PC12 cell cultured on native and decellularized tissues on (A) day 3 and (B)
day 7. (C-D) Relative fluorescence dataof (C) Class Il B-tubulin and (D) actin staining. (scale bar
= 50um). Error bars indicate SD. P-value =* p <0.05, ** p < 0.01, *** p < 0.005. #p < 0.05, ##p < 0.01, ###p
< 0.005.
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4.3.3 PC12 differentiation on native and decellularized tissue slice
samples

In order to investigate the cellular reactivity of decellularized tissues,
PC12 cells were cultured on the tissue slices. After PC12 differentiation,
the amount of microfilament attachment to the tissue and the degree of
differentiation were assessed through Class Il B-tubulin and actin
staining (Figure 4.3A-B). The value of Class III B-tubulin signal, which
stands for neuronal microtubule formation, was significantly increased
in the supercritical decellularized tissue compared to the SDS-treated
tissue (SDS 0.5: 28+1.56, SC: 37+£2.33%). But the microtubule signal of
SC group was lower than that of native group (native: 48+6.92, SC:
37+2.33%) (Figure 4.3C). The actin signals were also measured after
PC12 differentiation on nerve tissue slices. Higher actin signal was
observed in the SC group than in SDS 0.5 and native groups (native:
2+4.32, SDS 05: 37+9.88, SC. 72+20.65 %) (Figure 4.3D). To measure
the neurite extension and outgrowth of differentiated PC12 cells, long-
term cell culture was conducted on the tissue slices for 21 days using the
same culture conditions of short-term culture (Figure 4.4A). As a result,

the signal of Class Il B-tubulinwas highest in the SC group (native:
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175+21.71, SDS 0.5: 183+ 7.36, SC: 224+37.65 %) (Figure 4.4B).
Neurite length of PC12 cells measured to confirm the most efficient
microenvironment conditions for neuronal cell culture (Figure 4.4C). As
anticipated, the native group showed the longest neurites after neural
differentiation of PC12 cells. SC group exhibited neurites slightly shorter
than the native group, but longer than SDS 0.5 group (native: 84+11.28,

SDS 0.5: 43+ 3.36, SC: 74+18.35 %).
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Figure 4.4 PC12 cell culture and differentiation on nerve tissue slices for a
long-term period. (A) PC12 cell differentiation on nerve tissues for 21 days (B)
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Figure 4.5 Immune cell infiltration ratio characterization of native tissues and
dECM after implantation to skin area. (A) CD68 marker images of tissue implanted
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4.3.4 Immune cell infiltration of implanted tissue samples

The decellularized and native tissue samples were subcutaneously
implanted to verify decrease of host immune reaction to implanted
decellularized tissue compared to native one (Figure 4.5). In the first
week, the ratio of immune cells was much higher in the native tissue
group than other decellularized samples (native: 103.36 15.28, SDS
0.5 48.29+ 3.36, SC: 31.65+8.12 %) (Figure 4.5B). At week 2 of
implantation, the immune reactions were decreased all experimental
groups than one-week time point of implantation. The highest population
of immune cells was found in native tissue implanted group (native:
34.65. 11+2.15, SDS 0.5 :23.75+ 8.26, SC: 8.65+3.95 %) (Figure 4.5C).
After 4 weeks of implantation of tissues, immune reaction was
maintained at a similarly high level as week 2 for the native group
(native : 32.13+4.32 %), while increased in SDS 0.5 group and SC group
(SDS 0.5 : 33.65+11.36, SC : 16.29 + 4.60 %). The lowest immune

response was recorded in SC group at week 4.
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4.3.5 Motor function and muscular tissue regeneration after
implantation invivo

To assess regenerative potential of nerve tissue in animals, each
decellularized tissue samples (SDS 0.5, SC) were transplanted into rat
nerve defect model for 8 weeks. The decellularized tissues were
transplanted and directly sutured to host nerve tissues after 1cm medial
nerve elimination of rats. No graft group (control) was made with same
defect of above experimental groups without any treatments. Motor
function recovery was characterized with sciatic functional index test
(Figure 4.6B). The index was increased in all groups until 4 weeks. But
the functional recovery ratio was decreased in no graft group at 6, 8weeks.
Motor functional recovery was occurred in SC group more efficiently
than in SDS 0.5 group at 8 weeks (SDS 0.5: -70.69 + 3.36, SC: -66.79 =
5.33). The muscle size of surgery leg(left) were decreased and the
opposite muscle (right), in same anatomical area, were increased (Figure
4.6C). The muscle volume of SDS 0.5 group and SC group were restored
more than No graft groups. the muscle weight ratios were calculated to
characterize muscle restoration after surgery. The muscle weight ratio of

surgery legs was recorded higher in SC groups than SDS
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0.5 and control at 8 weeks after implantation (No graft: 16.36+ 4.88, SDS
0.5: 25.33+1.32,SC:31.11+4.33 %) (Figure 4.6D). Muscle fiber diameter
and area was quantified using histological images (Figure 4.6E- G).
Muscle fiber diameter was the highest in SC group at 4 weeks after

implantation  (No graft:  10.124¢1.33, SDS 0.5: 11.39+1.32,

SC:14.11+4.33 um)(Figure 4.6F). Muscle fiber diameter of no graft group

were decreased in 8 weeks compared to 4 weeks. The muscle diameter

was increased as time elapsed in SDS 0.5 and SC group (No graft:

6.80+2.36, SDS 0.5: 16.11+5.31, SC:22.09+3.98 um) (Figure 4.6F).

Muscle fiber area were highest in SC group at 4 weeks after implantation
(Figure 4. 6G). There was no significant difference between SDS 0.5

group and control at 4 weeks (No graft : 388.59+73.67, SDS 0.5:

423+62.20, SC: 796+106.66 um?) (Figure 4.6F). Muscle fiber area was

also highest in SC group at 8 weeks after implantation (No graft :

313+68.36, SDS 0.5 : 815+121.22, SC:1496 +134.52 um?) (Figure 6G).
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Figure 4. 7 Gap-43 and S-100 fluorescence staining of sciatic nerves post-implantation
at 4,8 weeks (P: proximal, D: distal). (A) Gap-43 and S-100 fluorescence staining of sciatic
nerves after regeneration after 4 weeks. (B) Gap-43 and S-100 fluorescence staining of
sciatic nerves after regeneration after 8 weeks. (C) S-100 intensities characterization of
regenerated sciatic nerves. (D) Gap-43 intensities characterization of regenerated sciatic
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4.3.6

Nerve tissue regeneration assessmentafter tissue implantation

invivo

To evaluate whether the neural tissue was properly connected and
regenerated, fluorescence staining was performed to confirm the
presence of Schwan cell marker (S100) and neuronal synaptic marker
(GAP-43). Staining and analysis were performed by dividing the
transplant site into distal and proximal sections to determine whether
both sides of the neural junction were properly connected with implanted
tissue after defect were made. The S-100 intensity of nerve implanted
area were recorded with no significant difference at 4 weeks after
implantation  (No graft: 27.58+ 3.88, SDS 0.5: 22.62+5.32,
SC:28.11+4.03 %) (Figure 4.7C). At 8 weeks, the S-100 expression was
decreased in No graft group and SDS 0.5 group but sustained in SC group
compared to that of week 4 (No graft: 5.21+1.38, SDS 0.5: 8.69+3.09,
SC:28.55+6.83 %) (Figure 4.7B). The Gap 43 intensity was the highest
in SC group at 4 weeks (No graft: 36.79+9.31, SDS 0.5: 41.64+2.71,
SC53.85+£13.23 %) (Figure 4.7D). The Gap 43 were decreased at 8
weeks in all groups compared to 4-week time point but intensity trend

was not changed. The highest intensity was observed in SC group and
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still notable intensity of Gap 43 were also observed in SDS 0.54 group
also (No graft: 11.01+2.11, SDS 0.5: 16.26+4.44, SC:24.92+4.13 %)

(Figure 7D).
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Figure 4. 8 Luxol fast blue staining of cross sectioned regenerated nerves after 8weeks.

(A) Luxol blue staining of regenerated nerves (no material implant / proximal, medial,
distal areas) (B) Luxol blue staining of regenerated nerves (SDS 0.5% decellularized ECM
implant / proximal, medial, distal areas) (C) ) Luxol blue staining of regenerated nerves
(SC decellularized ECM implant/ proximal, medial, distal areas) (D) G-ratio calculation of
proximal area of experimental groups.. (scale bar = 50um) Error bars indicate SD. n =3
3.*p <0.05 **p <0.01, ***p < 0.005.*indicates statistical analysis about comparing no
graft group versus SDS 0.5 and SC

To confirm whether the transplanted decellularized tissues were
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connected to the host nerves and form the myelinated nerve fibers in the
scaffolds, luxol fast blue staining was performed (Figure 4.8). In the
control group, bulk fibrotic tissue was observed around the nerve, and
weak myelin staining were observed in the medial and distal area (Figure
4.8A). In the SDS group, nerve bundles were well observed up to the
medial part, but non-myelinated nerves were observed in the distal part
of the transplanted scaffold (Figure 4.8B). In the SC group, well-formed
neural tissue was observed in all three anatomical sections of the nerves
(Figure 4.8C). The axons in proximal area were quantified for a G-ratio
calculation. The G- ratio of control (no defect) were not significantly
different with SDS 0.5 and SC group. But the No graft group were
recorded higher G-ratio calculation versus other groups (No graft:

0.42+0.05, SDS 0.5: 0.47+0.03, SC: 0.49+0.03) (Figure 8D).

4.4 Discussion

ECM components and DNA quantity have been quantified since
preservation of major ECM components and effective removal of genetic

component are important criteria for decellularization. The polymeric
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material contents of native and decellularized nerve tissues were
characterized by histological assessment and biochemical assays (Figure
4.1). The elimination process of genetic components was performed on
sciatic nerve tissues to extract ECM selectively from native tissues. DNA
concentration is a standard parameter of decellularization used to
optimize decellularization processes. Successful decellularization is
considered to contain 50 ng/ml of DNA [201]. Sciatic nerve tissues were
treated with various concentrations of chemical solution to find out the
decellularization conditions at which DNA is effectively eliminated and
biological activity is preserved. DNA concentration of below 50 ng/ml
was recorded in 0.5%, 1% (w/v) SDS conditions (SDS 0.5: 26.26 £10.06,
SDS 1.0: 18.15+7.81, SC:38.07+16.88). However, considerable tissue
surface degradation and polymeric content loss was also observed in 1%
SDS condition, which is why we chose SDS concentration (0.5% wi/v) as
the optimal concentration for chemical decellularization using harsh
jonic detergent protocol inducing partial degradation of tissues [202].
Although both decellularization process (SDS, supercritical CO2-based)
process cannot completely preserve all protein found in native tissues,
supercritical-based decellularization group showed higher preservation

of proteins than chemical-based decellularization group (Figure 1I). The
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total protein decreasing tendency in the decreasing order of native, SC,
SDSO0.5 groups seem corelated with protein scorings in proteomic data

(Figure 4.1 J-L).

Both SDS and supercritical fluid-based decellularization processes
can remove genetic material from the native tissues, accompanied by an
inevitable loss in protein and the ECM contents. However, the extent of
decrease was greater in the group treated with SDS compared to the
group decellularized using supercritical fluid. The reduction in these
components affected tissue mechanical properties, asshown byrelative ly
higher compressive and tensile properties of SC group compared to SDS
0.5 group (Figure 4.2B-C). During the repeated indentation experiment,
after 10 cycles, SDS 0.5 group recorded approximately 10 times weaker
elastic modulus than the native tissue and SC groups. These results
demonstrate that the decrease in tissue mechanical properties is
proportional to the amount of tissue loss, suggesting that the
decellularization method that best preserves ECM content helps maintain

compositional and structural integrity of processed tissues.

Next, biological activity of dECM were investigated by culturing
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PC12 cells in vitro on tissue slices to assess nerve cell migration,
enlogation capacity. Until day 3, relatively high levels of actin and Class
I11 B-tubulin were detected in PC12 cells cultured on native group (Figure
4.3). However, in the SDS 0.5 group, the cells were found to notadhere
as much as in the other groups (native, SC), possibly due to the loss of
proteins during decellularization. Although the expression level of Class
III B-tubulin was found to be higher in the native group than in both
decellularized groups on Day 3 and Day 7, the signal of actin actually
increased in the decellularized group on Day 7 compared to the native
group (Figure 4.3D). It was reported that the expression of actin at the
neurite tip relatively increased on growth cones of sprouting neurons
[203], and even during differentiation portion of actin proteins moved to
neurite tips from cytoplasm areas [204]. This implied a correlation
between the expression level increase of Class III B-tubulin and actin
level decrease in cytoplasm of differentiating PC12 cells in native group,

where the same tendency was observed in the SC group (Figure 4.3C-D).

Differentiation of PC12 cells was observed in the outgrowth of

neurites in long term culture conditions (Day 21). In 3D culture system,
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the fully differentiated PC12 cells were hardly found in short term culture
period (~Day7) which were set as standard differentiation condition with
2D culture method (Sup Figure 4.3). Specifically, properoutgrowth of
neurites was not observed in the 3D culture by day 7, potentially due to
the unique culture conditions associated with 3D scaffolds and ECM
surface that are different from those used in 2D TCPculture [205, 206].
In addition, a minimum cell density required for cell- cell interaction is
increased in 3D platform due to the formation of a volume, rather than
simply along single z-axis like 2D system [207-209]. Additionally, the
three-dimensional nature of the scaffold may slow cell migration and
tubulin formation because of their structural turbulences [210]. Analysis
of Class 11l B-tubulin signaling over a prolonged culture period(~Day21)
revealed that the SC group exhibited the strongest signal of 33-tubulin,
with no significant difference observed between native andSDS groups.
However, the longest neurites were observed in the native tisseus,
followed by the SC and then SDS 0.5 groups. This may be attributed to
the preservation of the ECM components and cell responsive proteins in
the native and SC groups, providing an environment conducive to
neuronal growth [211]. The SDS 0.5 group still exhibited high Class 111

B-tubulin signals but showed relatively
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lower neurite outgrowth than other groups. The SDS group exhibited
tubulin signals primarily concentrated around the cell nucleus, and the
increased cytoplasm size compared to the other two groups cultured in
same conditions (Figure 4.4A). This means the tubulin proteins were still
synthesized i cells by NGF signals but couldn’t progress to designated
directions and captured in cytoplasm. The condensed tubulin signals in
nucleus made high internal Class III B-tubulin which present relatively
higher tubulin portions in cell cytoplasm not in neurites. This is
hypothesized to be due to the inability of neurites to extend, resulting in
clustering around the nucleus and increased signal intensity of tubulin

proteins [212].

In order to achieve the ultimate goal of neural regeneration, it is
necessary to transplant decellularized tissue with minimal host immune
response in implanted area. Immune reactions that occur during material
transplantation are mainly mediated by monocytes and macrophages,
unlike B and T cells that are mediated by adaptive immunity [213, 214].
Appropriate immune responses play a role in defense against external
substances and in preventing fibrosis, but excessive immune reactions

associated with foreign materials can potentially accelerate the
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disintegration of transplanted tissues and provide a non-homogeneo us
environment for surrounding normal tissues, which can hinder tissue
formation [215, 216]. The data presented here shows that excessive
immune reactions were induced at 1 week after transplantation of native
tissues, higher than immune response of SDS and SC group implantation.
This indicates that tissue fragments such as DNA and damaged ECM
fragments that originated from SDS-treated tissue degradation, induced
increased immune reactions compared to the SC group during tissue
transplantation [217-219]. After 4 weeks of transplantation, the native
group maintained a lower level of immune response compared to the 1-
week time point, but still showed higher than that of the other two groups.
The SDS and SC groups showed increased immune cell infiltration
compared to 2 weeks. This is expected to be due to tissue disintegration
and increased immune cell infiltration, with the SC group showing a
relatively lower level of immune cell infiltration, as demonstrated in the
earlier mechanical evaluation, due to their ability to maintain strong

stiffness even after cell removal process [218, 219]

Based on the evaluation of protein preservation, mechanical strength,
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and cell reactivity, as well as immunogenicity, supercritical-based
decellularization was shown to be the more biocompatible method of
decellularizing native nerve tissues. Next, we conducted nerve gap defect
transplantation experiment to evaluate the treatment potential of
decellularized tissues. The gait analysis results showed that the SC group
exhibited better recovery of motor function compared to the SDS 0.5
group, and the volume and weight of the gastrocnemius were also greater
compared to the no graft and SDS 0.5 groups (Figure 4.6C-D). It was
confirmed through muscle images of the gastrocnemius where nerve gap
defect made did not function properly, while the gastrocnemius of the
normal leg (opposite limb) was particularly over developed to
compensate for reduced motor function, and these differences were
reflected in the relative muscle weight ratio data showing dramatic

difference (Figure 4.6D).

After 2 months following nerve dECM transplantation, the nerve
tissues were collected and stained with S-100 and Gap-43 antibody. The
Gap-43 is known to activate the signaling system that regulates neuron
sprouting and connectivity during development in nerve tissues [220,

221]. The results obtained 4 weeks after nerve transection showed no
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significant differences in Gap-43 between the no graft group, SDS 0.5
group, and SC group. It seems that host nerve cells were still active even
with intervention made and this expectation was also deduced from
muscle in vivo data collected at 4 week time point that still sustain
volumetric state of muscle (Figure 4.6). Strong Gap-43 signals in the two
groups (SDS 0.5 and SC) at 4 weeks post-implantation was expected to
have growing and migration of neuronal, glial cells towards the
transplanted decellularized tissues (Figure 4.7A). At 8-week time point,
the control group showed decreased Gap-43 signals, and the degenerated
morphology in proximal and distal area both in nerve gap. It might be
derived immune cell related tissue degradation and fibrotic scar
formation after injury [222]. In SDS 0.5 groups, the Gap-43 signals were
found in the surface area of elongated gap junctions which means
neuronal cell infiltration may happen but not correct direction and depth
in transplanted tissues because of neuronal cell binding protein loss after
process [223, 224]. The SC group showed the evenly concentrated Gap-
43 signals in transplanted areas which stand for formal neuronal tissue

formation in implanted biomaterials.

The S-100is a marker for Schwann cells in peripheral nerves that
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known to be involved in nerve metabolism, bundle formation, and nerve
tissue atrophy [225, 226]. Therefore, the formation of Schwann cells
during nerve regeneration is an important factor in evaluating healthy
neuron elongation and formal neural tissue formations in peripheral
nervous systems [227]. The results for S-100 were very similar to the
expression pattern of Gap-43 at both time points (4, 8 weeks). However,
At 4 weeks, SDS 0.5 showed a lower S-100 signal ratio compared to the
no graft group. It was expected because of low proteins and ECM
contents in SDS 0.5 group that could hinder the migration of Schwann
cells, expressing S-100, and the proliferation of migrated cells in

adhesion site of transplanted dECM [228].

To confirm whether the neural tissue was properly formed in
transplanted  decellularized tissues, luxol fast blue staining was
performed on cross-sections of tissues to visualize myelin sheath formed
by schwann cells, rather than sagittal sections that were previously used
to confirm the expression of Gap-43 and S-100 [229]. In the No graft
group (Figure 4.8A), myelin was still present in the proximal area that
connected to the spinal cord, but very lightly observed in the neural

tissues in the intact nerve defect areas (medial, distal). In the SDS 0.5
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group, myelin sheath was found in proximal area and medial area which
bridged to proximal, but no certain myelin sheaths were found in the
distal area (Figure 4.8B). Therefore, it was expected that myelin would
be more easily maintained or repaired in the proximal area near the spinal
cord and peripheral nerve entry points where the fast transmission of
nerve regeneration materials occurring and stronger regeneration signal
can be activated for increase of Schwann cell migration and proliferation
[230]. In the SC group, condensed myelin tissues were observed in whole
anatomical area in newly regenerated axon including the distal area. This
result indicating that myelinated axons from the proximal origin had
grown into the grafted tissue (SC)and that the microenvironment formed
by the grafted tissues had helped to maintain the activity of the

surrounding myelinated axons in distal area also.

4.5 Conclusion

Supercritical-based decellularization and SDS-based
decellularization two different approaches used in the decellularization
of the sciatic nerves with the aim of enhancing its regeneration ability.

The supercritical based method showed higher preservation of ECM in
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processed tissue compared to SDS-based method. By preserving the
natve ECM architecture, supercritical-based decellularized nerve
scaffolds retain their mechanical integrity like native tissue. In contrast,
SDS-based decellularized scaffolds may experience a decrease in
mechanical strength due to the potential damage to the ECM structure
during the decellularization process. This structural stability was crucial
for surgical handling and implantation, as well as for withstanding
physiological loading, cellular reactivity and facilitating the regeneration
process. The higher ECM and protein preservation of supercritical-based
method resulted in providing of more proper neuronal cell culture
basements that supported outgrowth of axons in culture conditions. In
terms of advanced regeneration ability, the supercritical-based
decellularization method had shown promising results of neural tissue
regeneration. Studies have demonstrated that the supercritical-based
decellularized  sciatic  nerve scaffolds exhibited a favorable
microenvironment for neuronal cell growth and Schwan cell

proliferation in tissues.
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Figure S4. 6 Polymeric composition analysis and contents measurements of
decellularized tissues processed with various decellularization methods. (A) Representative
1% wi/v). (B) Swelling
decellularized nerve tissues (SDS 0.1%, 1% w/v). (C) Hematoxylin and eosin staining of
decellularized nerve tissues (SDS 0.1%, 1% wi/v). (D) DNA contents of native and
decellularized tissues (E) MTC staining decellularized nerve tissues (SDS 0.1%, 1% w/v).

images decellularized nerve tissues (SDS 0.1%,
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(F) Hydroxyproline contents of decellularized nerve tissues (SDS 0.1%,

(G)Safranin-O staining of decellularized nerve tissues (SDS 0.1%, 1% w/v) (H) Sulfated gag

contents decellularized nerve tissues (SDS 0.1%, 1% wi/v). (scale bar = 50um)
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Figure S4. 7 SEM image of native tissues and decellularized tissues (A) SEM image of
native tissues (B) SEM image of decellularized tissue with SDS chemical. (C) SEM image of
decellularized tissue with supercritical fluids.
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Figure S4. 8 PC12 differentiation cultured on TCP plates with/without NGF. (A)
Representative images of differentiated and non-differentiated PC12 cells. (B)Neurite
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CHAPTER FIVE: CONCLUDING

REMARKS

In conclusion, the brain dECM cryogel fabrication and super critical
decellularization method both showed overcome of current limitation of
dECM fabrication and application to tissue engineering major. The use
of brain-derived extracellular matrix (brain dECM) based cryogel as a
scaffold for neuronal cell recruitment in brain tissue shows great
potential for neuro regeneration. The brain dECM based cryogel serves
as a three-dimensional scaffold that mimics the natural environment of
brain tissue. It provides a supportive structure for the adhesion, growth,
and migration of neuronal cells, facilitating their integration into the
existing brain tissue. The unique composition of brain dECM, which
includes various growth factors, cytokines, and other bioactive
molecules, further enhances the recrutment and differentiation of
neuronal cells. In addition, the chemical crosslinking of heparin sulfate
that added to control growth factor loading ability of cryogel enhanced

neuron specific regeneration in TBI model also.

Supercritical decellularization of the sciatic nerve offers several
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advantages as biomaterial perspectives. Supercritical decellularization
effectively removes cellular components from the nerve while preserving
the natve ECM architecture and biochemical cues necessary for
regeneration.  Furthermore, the scaffold provides a favorable
microenvironment for cell adhesion and differentiation, thus promoting
nerve regeneration. Moreover, the enhanced ECM retention achieved
through this approach plays a crucial role in guiding cell behavior and
tissue regeneration. The retained ECM components serve as signaling
cues, regulating neuron cell differentiation and supportive structure,
providing 3D cell binding network in vivo. This contributes to the

successful regeneration of damaged nerve tissues.

Overall, the utilization of brain dECM based cryogel fabrication and
supercritical decellularization represents a promising strategy for nerve
tissue regeneration. By leveraging the inherent properties of the brain
ECM and combining them with advanced tissue engineering techniques,
this approach has the potential to address the challenges associated with
nerve injuries and neurodegenerative diseases. Further research and
optimization of this methodology are warranted to harness its full

therapeutic potential and facilitate clinical translation in the future.
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