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ABSTRACT

This bachelor’s thesis deals with the preparation and characterization of composite collagenous
scaffolds for possible applications in both bone and skin tissue engineering with an emphasis
on their chemico-physical properties. In the theoretical part, the selected components for
fabrication of the scaffolds are described and later were used to fabricate 3D porous composite
scaffolds in the experimental part.

Altogether, four different composite collagenous scaffold types and a reference pure
collagen scaffold type were prepared using the freeze-drying fabrication technique. Two
scaffold types were made by combining collagen with either oxidised cellulose (OC) or
carboxymethyl cellulose (CMC). The other two types of scaffolds had the same biopolymeric
origin enhanced with the addition of bioceramics based on the hydroxyapatite and tricalcium
phosphates.

The microstructure, porosity and pore size were assessed by the scanning electron
microscopy. The highest porosity and pore size were achieved by the reference purely
collagenous scaffolds, followed by the collagen composites with OC and CMC. Scaffolds with
the content of bioceramics had the lowest porosity and pore size, especially those containing
CMC. Swelling behaviour analysis and enzymatic degradation in vitro showed, that the
hydrophilicity and mass loss in the degradation process correlate with each other. The scaffolds
without bioceramics were more hydrophilic and achieved greater mass loss than the scaffolds
containing bioceramics. The pure collagen was in the between the two groups. Scaffolds
containing CMC achieved greater mass loss and hydrophilicity than their OC counterparts. In
terms of mechanical properties, scaffolds with bioceramics achieved higher compressive
strength in the wet state than the other three scaffold types. The mechanical properties were
generally better for scaffolds with lower porosity and lower hydrophilicity.

KEYWORDS
Composite porous scaffolds, collagen, oxidised cellulose, carboxymethyl cellulose,
hydroxyapatite, tricalcium phosphate, tissue engineering, enzymatic degradation, porosity.



ABSTRAKT

Tato bakalatska prace se zabyva piipravou a charakterizaci kompozitnich kolagenovych nosict,
s darazem na jejich chemicko-fyzikalni vlastnosti pro mozné aplikace jak v tkanovém
inzenyrstvi kosti, tak i kize. V teoretické ¢asti jsou popsany vybrané komponenty pro piipravu
tkanovych nosicu, které byly pozdéji pouzity k ptipravé 3D poréznich vzorkl v experimentalni
casti.

Celkem byly piipraveny ¢tyfi typy kompozitnich nosi¢t a jeden referencni typ z Cistého
kolagenu za pouziti techniky lyofilizace. Dva typy vzorki sestavaly z kombinace kolagenu a
oxidované celuldzy (OC) nebo kolagenu a karboxymethyl celulozy (CMC). Dalsi dva typy byly
zaloZeny na stejné kombinaci jak ptfedchozi dva typy (kolagen s derivaty celuldézy) navic S
piidavkem biokeramiky na bazi hydroxyapatitu a fosfore¢nanu vapenatého.

Mikrostruktura, porozita a velikost pora byly vyhodnoceny pomoci skenovaci elektronové
mikroskopie. Nejvyssi porozity a velikosti pora dosahly referen¢ni skafoldy s Cistym
a velikost pord mély skafoldy s biokeramikou, zejména pak ty obsahujici i CMC. Pii analyze
botnani a enzymatické degradaci in vitro bylo zjisténo, ze hydrofilita a ibytek hmotnosti vzorka
v procesu degradace spolu koreluji. Nosi¢e bez biokeramiky byly hydrofilnéjsi a dosahly vétsi
ztraty hmotnosti nez vzorky s biokeramikou. Cisty kolagen byl svymi vysledky mezi témito
dvéma skupinami. Vzorky s CMC byly hydrofilngjsi a degradabilngjsi nez jejich protéjsky
obsahujici OC. Co se tykd mechanickych vlastnosti, skafoldy s biokeramikou dosahly vyssi
pevnosti v tlaku v mokrém stavu nez skafoldy bez biokeramiky. Mechanické vlastnosti byly
obecné lepsi u vzorkd se snizujici se porozitou a hydrofilitou.

KLICOVA SLOVA

Kompozitni porézni nosice, kolagen, oxidovana celuldéza, karboxymethyl celuldza,
hydroxyapatit, fosfore¢nan vapenaty, tkanové inzenyrstvi, enzymaticka degradace, porozita.
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1 INTRODUCTION

Tissues and organs have the function to repair themselves when they sustain damage. Their
autoregenerating abilities, however, are limited and do not suffice when they suffer a more
severe damage to their structure. Therefore, a surgery must take place. Transplanting tissue and
organ substitutes from other individual have proven to be a satisfactory solution. However, the
availability of the substitutes is poor due to the number of patients exceeding the number of
donors. Artificial transplants could be also used, but they cannot replace the living organs to
the full extent of their functions.

These limitations gave rise to the emergence of an interdisciplinary field of tissue
engineering. Though tissue engineering is still in its developmental stage, it shows great
promise in the area of tissue regeneration. It allows to develop fully functional tissue and organ
substitutes by processing biomaterials into three-dimensional (3D) structures and using them
as a suitable environment for living cells which can create the new tissue. Tissue engineering
would ensure availability of the substitutes and replacement of the tissue in all its functions, but
it still requires more research to be done. The tissue formation is extremely complex and
requires an excellent knowledge of the composition and function of individual tissues in order
to be implemented in common applications.

The 3D structures used for tissue mimicking are called scaffolds. Scaffolds have a porous
internal microstructure which can mimic the features of the extracellular matrix and act as its
substitution in the new tissue creation. They support the living cells in the tissue formation
process which is why they are desired in tissue engineering. Scaffolds are fabricated from
biomaterials, which include natural polymers, synthetic polymers and bioceramics. The most
commonly used natural polymer in tissue engineering is collagen, which has excellent
biological but poor mechanical properties. The properties of collagen can be enhanced by
making composite scaffolds. The cellulose derivatives (oxidised cellulose, carboxymethyl
cellulose) and bioceramics (hydroxyapatite, a and B-tricalcium phosphates) have proven to be
adequate components for making composite collagenous scaffolds for skin and bone tissue
engineering. This thesis describes the characteristics of these substances and how their
combinations influence the end properties of the composite scaffolds.



2 CURRENT STATE OF ART
2.1 Tissue Engineering

Tissue engineering (TE) is a field of science which adopts the knowledge of engineering, life
and material sciences and mathematical modelling [1, 2]. Its aim is development of functional
tissue and organ substitutes that maintain, restore or enhance function of the tissue that has been
injured or is entirely missing [3]. TE uses biomaterials to surpass the body’s limited ability to
autoregenerate its damaged tissues.

The common approach to achieve the new tissue creation dwells in cultivation of multipotent
cells ex vivo, seeding them into a three-dimensional (3D) biodegradable matrix and
transplantation of the matrix into the body’s damaged areas. This biomaterial-cell complex
provides the appropriate environment for the growth of the new cells and tissue regeneration
while maintaining its architecture and integrity [4]. The success of new tissue creation in TE
immensely relies on individual properties as well as the interactions (as shown in Figure 1)
between three main components: living cells, biomaterial matrix and regulatory signals. These
are also called the tissue engineering triad [5].

Biomaterials

Cells attach and migrate into Facilitate growth
scaffold which supports cel Ceramics, Synthetic Polymers, factor delivery
growth, proliferation and Natural Polymers
matrix deposition

Requlatory
ﬂgn_al_

o 0\ e}
.} (]
Autologous, Allogeneic, Cell Lines,
Growth Factors, Chemical Compounds,

Primary Cells, Progenitor Cells '
s | Mechanical Stimulus

Induce cell differentiation and
tissue formation

Figure 1 — The components making up tissue engineering triad and connections between them — The
delivery of growth factors (signalling molecules) is eased by the 3D structure of biomaterials, Growth
factors induce cellular migration, adhesion, proliferation and differentiation to form a tissue, Cells
migrate into scaffold pores, adhere to the matrix and proliferate [5].



Biomaterials’ role in tissue engineering is to form a scaffold which simulates the
extracellular matrix (ECM) before it reforms in the damaged tissue. Two important factors must
be taken into account when designing a scaffold: biocompatibility and biodegradability.
Biocompatibility refers to aiding tissue formation without causing adverse antigenic and
immunogenic response, which could compromise the patient’s health. Biodegradability
represents dematerialisation of the scaffold’s structure after a certain time period, so it does not
concur with the newly formed tissue. This also means there is no need for additional surgery to
remove it from the affected area. Biomaterials employed in TE are mainly natural polymers,
bioceramics and synthetic biodegradable polymers such as PLA or PGA [5].

2.2 Tissue Composition

Knowing the individual tissue components and understanding the interplay between them plays
an important role when designing a suitable material for tissue regeneration. Materials used in
TE are chosen according to the tissue composition. Since this thesis is focused on tissue
engineering of skin and bones, these two tissue types are described in more detail in the
following chapters.

2.2.1 Extracellular Matrix

The Extracellular matrix (ECM) is a cell-surrounding structure of a non-cellular character
which is present across all tissues and organs. The ECM is created and helped to assemble by
the cells themselves. The cells do not cancel their communication with the ECM after its
formation and connect to its surface via matrix receptors (e. g. integrins or syndecans) in non-
covalent interactions (as in Figure 2) [6, 7].

Fibronectin

Glycosaminoglycan  or laminin Hyaluronic Proteoglycan
acid\

Extracellular
matrix
Interaction
X Ceeces0ceecee,, O]
% Rece tor% . Cytoplasmic
- membrane

Figure 2 — Extracellular matrix interacting with the cell’s surface [8].
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Apart from being a physical support for cells, the ECM directly affects tissue morphogenesis
and cell differentiation by triggering biochemical and biophysical signals. It binds growth
factors which can then interact with the receptors on the cells surface, initiating a signal to
regulate gene transcription. The extracellular matrix, thanks to the divergence in its producers,
is differs in its composition and properties not only from tissue to tissue, but in some specific
cases even in within a single tissue. In the progression of time, it undergoes enzymatic and non-
enzymatic remodelling processes that directly impact biochemical and biomechanical
properties of the given tissue or organ.

If we unimagine the molecules that pass through the matrix in order to interact with cells,
the ECM structure comprises two types of macromolecules: fibrous proteins and proteoglycans.
The latter mentioned are macromolecules of high complexity consisting of a core protein and
glycosaminoglycan chains. These chains are polymers of disaccharide units which are
substituted with amino and carboxy or sulphate ester groups. Proteoglycans contribute to ECM
with their influence on hydration which plays a role in binding growth factors.

Being the most abundant fibrous protein of the ECM, collagen has a structural role as well
as numerous physiological and developmental functions. It provides tensile strength, is
responsible for cell adhesion to the matrix, aids chemotaxis and cell migration and is to a certain
extent promoting differentiation. Elastin, which conjoins with collagen, is responsible for ECM
resiliency, providing recoil to stretching tissue thanks to its high crosslinking. The last
important member of the ECM fibrous protein family is fibronectin with its ability to control
ECM organisation and mediate cell attachment by its integrin-binding sites [6, 7].

2.2.2 SKkin Structure

Accounting for 15-20 % of a human adult’s body mass, the skin is the largest organ. It serves
as a protective barrier, shielding our body insides from surrounding environment, UV radiation,
microorganisms and agents of biological, chemical or physical character [9]. Furthermore, the
skin helps to regulate body temperature, prevents dehydration, controls substance exchange
between the body and its surroundings, generates immune responses and is one of the sensory
systems that ensures perception of the outer world [9, 10].

The skin is divided into three layers: epidermis, dermis and hypodermis. The outer layer,
epidermis, consists of 4 further layers. Epidermis is formed mostly by keratinocytes, which are
born in the innermost layer by differentiation from stem cells [9]. Keratinocytes progress to the
epidermis surface and keratinisation gradually occurs, i.e. the cells flatten, lose their organelles
including the nucleus and transform into corneocytes with high keratin content. The
corneocytes, cells of the outermost epidermis layer, secrete lipids (mostly aramids, cholesterol
and free fatty acids) through their lamellar bodies, which are also formed during the
keratinisation. This results in a lipid enriched ECM, which plays an essential role in the barrier
function of this layer [10].

The second skin layer is the dermis, the thickest layer of the skin, which is attached to
epidermis via basal lamina (collagen 1V, VII and laminins). It functions as a nutritional and
structural support, provides elasticity and strength to the skin and mediates biochemical
signalling to the epidermis. The largest dermal cell population are the fibroblasts which produce
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fibrillar collagen (mainly types I and I11). Other elements of the dermis include immune cells,
hair follicles, sweat and sebaceous glands, blood vessels or nerve networks.

The third layer, called the hypodermis, is formed of adipocytes and serves to store
subcutaneous fat for energy, heat and mechanical protection purposes. It also contains
lymphatic and blood vessels that are larger in size [9, 10]. Other than that, collagen and elastin
fibres are also present [11]. All three skin layers and the elements running through them are
depicted in Figure 3.
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Hair follicle X)) V4 Dermis
Hair root ’ “ {
Blood supply x}
REnE = Hypodermis
Nerveiending Y ‘, | (subcutaneous
Adipose tissue — fatty tissue)

Figure 3 — The layers of the skin and their components [8].

2.2.3 Bone Structure

Bones, as parts of human skeleton, carry several significant functions in the body. While
mechanical support for the body and movement of muscles may seem as the primary purposes,
bones also protect the internal organs, form the blood cells and maintain mineral and pH
homeostasis [12, 13]. Every bone is constantly remodelled, regenerated and repaired due to the
damage caused by the repeated stress and aging [14]. Although the shape, structure and function
vary across the bone types, what all bones have in common is that they form mineralised
collagen fibrils. These are a part of what is called the bone extracellular matrix [15].

The bone ECM contains collagen (predominantly type | with traces of types Il and 1V),
a fibrous protein that makes more than 85 % of the protein present in the bone. The remaining
protein of non-collagenous character involves serum albumin, a2-HS-glycoprotein or growth
factors to name a few. The bone extracellular matrix stiffness is ensured by mineralization.
Bone minerals form 50 to 70 % of the bone weight. The most abundant bone mineral is
hydroxyapatite [Cai0(PO4)s(OH)2], which occurs in very small crystals with the broadest
dimension averaging 200 A. The small size of crystals helps in mineral metabolism thanks to
their better solubility.

Mineralisation is crucial for the bone’s strength and mechanical stiffness, with the minerals
filling the empty spaces in between the collagen fibrils which provide the elastic resistance. The
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mineralisation is aided by the non-collagenous proteins that promote nucleation of crystals,
bind to their surfaces and determine their size, shape and quantity.

There are two bone types from the point of the structure: cortical and trabecular bone.
Cortical bone is dense, with porosity lesser than 5 % and makes around 80 % of an adult’s
skeleton. It forms the outer shell of the bone and is thinner around trabecular bone. Trabecular
bone forms honeycomb-like network of plates and fibres which are intersecting with the bone
marrow. Both bone types, despite taking different shapes, constitute of osteons — a formation
of concentric lamellae of the mineralised collagen fibrils. Osteons have circular cross section
in cortical bone (broken down in Figure 4) and semilunar cross section in trabecular bone [13].

Whole bone Osteonal microstructure Lamellae Extrafibrillar matrix Fibril
~100's mm ~100s um ~1um ~100's nm ~10s nm

Osteocyte

. Lamellae
Haversian

canal

Extrafibrillar

Cement
mineral Type | collagen

Fibril

Cortical
bone

Hydroxyapatite
nanocrystals

}- d-spacing

. 67nm

ntrafibrillar
matrix

Twisted plywood
amangement Extrafibrillar
matrix

Figure 4 — The hierarchy of cortical bone. Collagen fibrils mineralised with hydroxyapatite assemble

into lamellae that arrange concentrically into osteons [16].

2.3 Scaffolds

Role of biomaterial scaffolds was briefly described in the chapter 2.1. They are needed to
simulate natural environment of the ECM to provide cells with appropriate mechanical support
and encourage their biological function. Cells need to adhere to scaffold’s inner surface in order
to differentiate and proliferate. This is possible only for scaffolds with a defined pore structure
and size.

A scaffold needs to have pore size with a range that corresponds with the cell size. When the
pores are too small, cells cannot migrate easily through the scaffold. On the other hand, larger
pores take away too much of the surface area and by that also the necessary binding sites for
cell adhesion. For effective cell migration and nutrient transport, the pores of a scaffold also
must be highly interconnected. The pore size range of scaffolds for skin and bone tissue
engineering are noted in Table 1. To achieve better mechanical properties of the resulting tissue,
it is preferable to have a uniform pore structure in the scaffold [17, 18].

Table 1 — Skin and bone scaffold pore size range [17]

Repaired Tissue Pore size range (um)
Skin 20-150
Bone 100-500
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Another important parameter of a scaffold is its biodegradability. The proliferating cells
residing in the scaffold create their own ECM which, over time, replaces the artificial one. The
balance between the rate of new ECM deposition and scaffold degradation should be
approximately the same. The degradation occurs either enzymatically or through resorption
(depending on the used material) and its rate is hidden in the scaffold’s design.

Apart from pore architecture and biodegradability, there are several other properties that
must be considered when choosing the material to create a scaffold from. These include
biocompatibility, non-toxicity of the scaffold’s degradation products, presence of cell binding
sites and enough mechanical integrity to remain in the desired shape. The biomaterials used for
scaffold fabrication can be divided into three categories: natural polymers, synthetic polymers
and bioceramics [17].

Natural polymers are macromolecular substances that could be obtained from animal or plant
sources. The representatives include collagen (a collagenous scaffold and its morphology are
shown in Figure 5), gelatine, glycosaminoglycans (GAGS), chitosan or alginate. The advantage
of some natural polymers dwells in the cell binding sites which are present and do not have to
be added artificially as in the case of synthetic polymers. The most notable synthetic polymers
are polyesters, namely polylactic acid (PLA), polyglycolic acid (PGA) and their copolymer
poly-DL-lactic-co-glycolic acid (PLGA). Scaffolds can be also prepared as hydrogels which
are considered a subcategory of synthetic polymers and could be fabricated from polyethylene
glycol (PEG), polyvinyl alcohol (PVAI) or polyacrylic acid (PAA). Hydrogels are made by
crosslinking water-soluble polymers resulting in a formation of an insoluble network that is
then coated with an adhesive protein to create binding sites for cells. The last group of
biomaterials, bioceramics, is common in bone tissue engineering (BTE) and comprises three
primarily used compounds: Hydroxyapatite (HAp), which exists in human body as a bone
mineral, and a and f modifications of tricalcium phosphate (a-TCP and -TCP). These non-
metallic crystalline compounds are biocompatible, osteoconductive and have different
solubility in aqueous environment. The different solubilities of these three minerals are mainly
utilized in the preparation of suitable carriers for BTE [5, 17].
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Figure 5 — (A) Porous collagen scaffold as seen by a normal eye. (B) Morphology of the scaffold
depicted by SEM image. (C) Confocal image of Fluorescein diacetate (FDA) staining and (D) SEM
image, both of the scaffold seeded with neural progenitor cells (NPCs) after 7 days of culturing [19].

2.3.1 Scaffold Fabrication by Freeze-drying

Nowadays, freeze-drying is the most frequently used technique for 3D scaffold fabrication in
tissue engineering. Freeze-drying (FD) is a method which uses sublimation of a frozen phase
to dispose of the solvent. Its extensive use in TE comes from the fact it works in lower
temperatures and does not apply heat impactfully. This suits heat sensitive compounds like
natural polymers to retain their biological properties after processing. FD avoids evaporation
curve in the phase diagram of the solvent, utilizing the freezing and sublimation (drying)
processes. This also helps to retain the pore morphology in a scaffold where the structure could
be disrupted by the vapour pressure, making it less uniform.

Scaffolds created by FD can achieve porosity surpassing 90 % and pore size in the range
between 20 and 400 um, making them suitable for use in skin and bone tissue engineering. The
properties of the resulting scaffolds are tailored through freeze-drying settings (e.g. temperature
decrease rate, pressure of the chamber) and solution parameters (e.g. viscosity, polymer
concentration, type of the solvent and polymer) [20].

2.4 Scaffold Materials

2.4.1 Collagen

Collagen is the human body’s most abundant protein as it forms 30 to 35 % of its total protein
mass. Collagen occurs in every connective tissue and its fibrillar form is a major constituent of
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the ECM, where it provides cells with structural and mechanical support while also regulating
their biological functions when they adhere to its surface [22, 23].

Structurally, collagen is composed out of collagenous and non-collagenous domains. The
primary structure of collagenous domains are repeating peptide triplets consisting of the amino
acid template Gly-X-Y [22]. The X and Y positions are most often occupied by proline and its
hydroxylated form 4-hydroxyproline [23, 24]. Domains of this composition then fold into left-
handed a-helix with 18 amino acids per turn, able to expose their glycine residues towards
a fixed axis. The 4-hydroxyproline residues are crucial for this secondary structural motif as
they form intramolecular hydrogen bonds, thermally stabilising the structure. Three of these a-
chains conjoin around a central axis into supramolecular structure called triple helix [24]. The
triple helix is a right-handed coil where the glycine residues of all three molecules are closely
packed together across the axis [23]. Non-collagenous domains differ from the collagenous in
the amino acid sequence. They do not follow the Gly-X-Y template and therefore even their
spatial organisation is diverging from the collagenous. If it were not for their existence, all
collagen in the human body would be fibrillar. The structure and functions of these domains
are diverse and their combination with collagenous domains in varying manners leads to the
existence of 30 currently known collagen types [24].

Collagen types are marked with Roman numerals from | to XXX according to occurrence
frequency and order of their discovery [25]. They are divided into various separate families that
correspond with their structure and function. Collagens can be categorised as fibril-forming,
Fibril-associated collagens with interrupted triple helices (FACITs), FACIT-like collagens,
network-forming, transmembrane, multiple triple-helix domains and interruptions
(Multiplexins) or other collagens, that do not fit with the previous groups [25, 26]. The fibril-
forming collagens (types I, I, 1lI, V, XI, XXIV, XXVII) are commonly used in tissue
engineering for the preparation of 3D scaffolds, because they are the basic building block of
the extracellular matrix, which the biopolymer scaffolds desire to imitate. [27].

First steps of the collagen fibre synthesis are taken within the cell walls. At first, a pro-o
chain is translated from mRNA in rough endoplasmic reticulum. Afterwards, post-translational
modifications, namely hydroxylation of proline and lysine and glycosylation of the
hydroxylated lysine, are performed. Modified chain groups up with two more chains and forms
a procollagen triple helix with loose ends. Procollagen is transported into the Golgi apparatus,
encapsulated into excretory vesicles and secreted into the extracellular space where the loose
ends of procollagen are cleaved, forming tropocollagen. To connect tropocollagens into fibrils,
lysine and hydroxylysine residue chains are modified with the enzyme lysyloxidase which
enriches them with carbonyl groups. These carbonyls bond covalently with other lysine and
hydroxylysine chains of bordering tropocollagens. Crosslinked tropocollagens provide fibrils
10 to 300 nm long which agglomerate to form 0,5 to 3 um long fibres [23, 24]. Structural
hierarchy of fibrillar collagen beginning from pro-a chains is depicted on a tendon in Figure 6.
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Figure 6 — Hierarchy of collagen ranging from a pro-a chain to a full tendon [28].

Fibrillar collagen does not bear any non-collagenous domains and for this reason its triple
helical structure stays uninterrupted [22, 25]. Although some collagen types are more frequent
than the other, they do not stay separate and form heterofibrils which are a mixture of two or
more fibrillar collagen types. Type |, which appears in skin, bones or tendons and is the most
common collagen type, conjoins with types I1l and V. Type 11, that could be found in cornea or
cartilage, associates with type XI [25, 27].

Due to the fact collagen is a protein, it is degradable enzymatically. Enzymes used in the
degradation process are called collagenases. The whole process begins on the surface, where
the first triple helices are damaged and unravelled. This exposes other tropocollagen molecules
and allows the enzyme to penetrate further into the fibril. The damaged collagen molecules are
vulnerable and can be broken down further by non-specific enzymes which accelerate the
degradation process. Crosslinking is used to stabilise the collagen-based scaffolds in tissue
engineering as crosslinked substrates endure longer time periods when exposed to collagenase
[27, 29].

Crosslinking of collagenous biomaterials can be either physical or chemical. Physical
methods, for example UV and gamma irradiation or dehydrothermal treatment, enhance
mechanical stability of the scaffold and reduce collagen’s water solubility while causing no
toxicity issues. Chemical crosslinking provides the stronger covalent bonding but may induce
adverse biological response. That is the case of glutaraldehyde which although it creates
relatively dense crosslinking, its leftovers pose a toxicity threat. Other important chemical
crosslinkers include 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC)
and N-hydroxysuccinimide (NHS). NHS may or may not be included and is used to
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control/slow the reaction rate. EDC mediates the formation of amide between the amine and
carboxylic groups in the amino acid side chains but itself it does not enter the newly formed
structure, which makes it a so-called zero-length crosslinking agent [29]. Additional
possibilities could be seen in using chitosan. Chitosan is a polysaccharide, which, thanks to its
amine groups, remains protonated even in acidic solutions and therefore bears a positive electric
charge. Collagen is drawn to the polycationic chitosan because of its negatively charged
residues which results in ionic (non-covalent) bonding. Although this chitosan-collagen
complex is stable, other crosslinking agents could be incorporated to enhance its properties.
However, the main advantage of this connection is the fact that chitosan does not induce
immunogenic response [29, 30].

Type | collagen became common in tissue engineering, as it is the most easily extractable
type. The sources of collagen in TE are mostly from bovine, porcine, sheep and rat species. It
is isolated from collagen-rich tissues such as dermis, tendon or bone. While tendons from rat
tails, bovine Achilles tendons or its skin are already used for collagen solutions, fish collagen
came into spotlight in recent years for its easy extraction and purification from fish skin and
bones. The problem with xenogeneic collagen dwells in antigenicity and immunogenicity
because certain sequences in the molecule can induce immune response and synthesis of more
antibodies. This effect can be suppressed by removing these sequences by pepsin or by cross-
linking which shields or modifies them [27, 29, 31].

A large portion of collagen is water insoluble. To extract collagen into a solvent, solution of
a neutral salt or dilute acetic acid are used. A strong base or an enzyme employment then helps
to break the crosslinking even more [29]. The mechanical load collagen fibres can take is
dependent on their structural parameters. The main ones are the diameter and orientation of the
fibres. Thick fibres in tendon withstand higher stresses than thinner fibres in lungs. Also, fibres
oriented more unidirectionally can bear more load in their direction. Collagen’s thermal
stability depends on its organization level. Denaturation temperature increases with the
hydroxyproline residue content (which provides hydrogen bonding) and with the density of
crosslinking. However, water soluble collagen in fully hydrated state denatures around the body
temperature of mammals which has to be kept in mind when preparing collagenous scaffolds
and selecting fabrication methods [32].

Scaffolds made purely out of collagen, even though they have remarkable biological
properties (biocompatibility, biodegradability as well as regulation of cell migration, adhesion
and differentiation to name a few), do not suffice in their mechanical strength, especially in the
hydrated state. Mechanical and structural properties can be enhanced by crosslinking or
preparing composite scaffolds. Blending collagen with natural polymers is one possibility,
because the biocompatibility does not differ much from the pure collagen and the mechanical
properties increase. Examples of natural polymers used in TE are chitosan (described earlier),
silk fibroin, alginate, GAGs or hyaluronic acid. In composites with synthetic polymers, such as
PLA, PGA, PEG, PVAI or PLGA, the surface collagen uses its binding sites to interact with
cells while the synthetic polymer ensures structural stability and optimal mechanical support.
Synthetic polymers used in TE are bioresorbable and do not release toxic degradation products,
although these products could shift the pH balance locally given their acidic nature [29].
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2.4.2 Cellulose Derivatives

Cellulose is the most available biopolymeric renewable resource on earth. It can be extracted
from woody plants and cotton linters in higher quantities for industrial use or from bacteria as
bacterial cellulose with higher purity and more favourable properties in terms of medicinal
applications [33]. No matter the source, cellulose in its pure form, even though it is highly
hydrophilic, is known for its poor solubility in water and common organic solvents. This comes
from its strong intra and intermolecular hydrogen bonding and high crystallinity degree which
results in its bad processability. Turning cellulose into a water soluble derivative is a good
alternative [34, 35].

Cellulose is a polysaccharide consisting of glucose units linked via pB-(1—4) glycosidic
bonding. Structurally, cellobiose is declared as elementary repeating unit, because it
incorporates the glycosidic bond into the structure. From a more chemical approach,
anhydroglucose unit (AGU) fits into the role of repeating unit better, having three hydroxyl
groups that can be substituted with polymer-analogue reactions. The hydroxyl groups, two
being secondary (C2, C3) and one being primary (C6), are responsible for the insolubility of
cellulose which can be eliminated by their substitution. The units at the chain’s ends may
structurally differ from the AGU, but their selective reaction possibilities (e.g. reductive
amination of the reducing end) are inconsequential in the perspective of the macromolecule
because the main point of making cellulose derivatives dwells in substituting the hydroxyls
[33]. Structural units of cellulose are shown in Figure 7-A.
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Figure 7 — Structure of cellulose and its derivatives. A — cellulose and its structural units [36]. B —
Sodium salt of carboxymethyl cellulose [37]. C — Oxidised cellulose [38].

Prior to derivatisation, cellulose is activated (pre-treated) to access hydroxyl groups hidden
within crystalline parts of and achieve homogenous reaction throughout the chain. Most
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common pre-treatment is swelling in aqueous solution of alkali. Cellulose derivatives can be
organic or inorganic. The major representatives are esters (e.g. cellulose acetate or acetate
phthalate) and ethers (e.g. methyl, carboxymethyl or ethyl cellulose) for organic and cellulose
nitrate and cellulose sulphate in the inorganic group [33 — 35]. In tissue engineering, for various
reasons, there has been an extensive use of carboxymethyl cellulose (Figure 7-B) and oxidised
cellulose (Figure 7-C) which will be the derivatives described further.

24.2.1 Carboxymethyl cellulose

In carboxymethyl cellulose (CMC) synthesis, raw cellulose is immersed in aqueous solution of
sodium hydroxide to activate it, creating alkali cellulose. The product extracted from the
activation step is reacted with monochloroacetic acid or its sodium salt [34]. The hydroxyl
groups are generally etherified in C6 > C3 > C2 order and C2 =~ C6 > C3 order when preparing
CMC in heterogenous slurry (activation with a mixture of NaOH and isopropanol). However,
full substitution cannot be achieved because of the increasing electrostatic repulsion between
the reagent and the chain during the reaction. Degree of substitution (DS) indicates ratio of
substituted hydroxyls to AGUs in the chain and affects the properties of the CMC product.
CMC needs to be synthesised with DS above 0.4 to be soluble in water. Commercial CMC
products have DS in the range of 0.5-1.4. DS can be increased above 1.4 but for that a multi-
step reaction is required [33, 39].

CMC finds its extensive use in tissue engineering thanks to its low production costs and
excellent biological properties including biodegradability, biocompatibility, non-existent
toxicity and insignificant immunogenicity [34]. CMC has polyanionic nature thanks to the
carboxyanionic groups which unlock ionic interactions with cations. This can be utilized in
combination with bioceramics (HAp, TCPs) where the ion-dipole interaction between COO~
and Ca?* as well as hydrogen bonding between CMC and bioceramics ensure good
compatibility This combination is useful for example in composite biodegradable membranes
for removal of bisphenol-A from water [39]. CMC combined with collagen can be crosslinked
by EDC, creating a bi-molecular template with more reaction sites for binding bioceramics into
the matrix, increasing osteoconductivity, osteoinductivity and mechanical strength of the
scaffold for bone tissue engineering [40].

2422 Oxidised cellulose

Oxidised cellulose (OC) differs from most of the cellulose derivatives in its structure. It has
a carboxy group created by oxidation of the primary hydroxyl on C6. This group cannot be
formed on C2 and C3 because secondary hydroxyls can oxidise only into carbonyl groups. It
can be synthesised by reaction of swollen cellulose with nitrogen dioxide in tetrachloromethane
or other non-polar solvents [33]. Properties of the product depend on whether the substrate is
natural, regenerated or bacterial cellulose. Products that contain 3-25 % of oxidised (6-
carboxyl) groups are considered biocompatible and bioresorbable in human body [38].
However, this lower degree of substitution results in limited solubility of OC.

Majority of the applications of OC in pure form are used as haemostatic agents thanks to its
favourable biological properties, although sometimes its swelling and acidity may cause
adverse effects [38]. In tissue engineering OC joins collagen in composite scaffolds to slow
down its rather fast degradation and enhance the mechanical properties with retention of the
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original biocompatibility and hydrophilicity. Example of potential applications of this
composite scaffold could be repair of the peripheral nerve using Schwann cells [41].

2.4.3 Bioceramics

Bioceramic compounds have been applied in tissue engineering for their bone structure
mimicking abilities. It is a group of inorganic non-metallic crystalline compounds, often called
calcium phosphates and labelled CaPOs [5, 42]. They are parts of calcified (biomineralized)
tissues (bones, teeth) and are desired in TE for their biocompatibility, osteoconductivity
(support of cell adhesion, differentiation, proliferation and ECM formation) and
osteoinductivity (promoting formation of a new bone using signalling and progenitor cell
recruitment) [43].

The key parameters of bioceramic components in relation with their properties are the ionic
Ca/P molar ratio, acidity/basicity and solubility (particularly in aqueous environment). These
three parameters are interconnected as with lower Ca/P ratio the acidity and solubility of CaPO4
increases. Apart from that, calcium phosphates could be characterized by their crystallinity,
phase composition or shape of particles [42].

In bone tissue engineering, bioceramics are used in combination with collagen to form
hybrid organic/inorganic scaffolds for bone repair. The three main bioceramic substrates are
a and B-tricalcium phosphates and hydroxyapatite. Various possibilities have been explored in
bone TE such as deposition of HAp onto and throughout freeze-dried collagenous scaffolds in
simulated body fluid. This technique ensured surface bonding on the phase interface between
the bone and the graft and by that fixation of the graft. However, SEM micrographs have shown
that the HAp distribution was not uniform [44]. Other study has shown on collagen/HAp
composite, that it is possible to control porosity without changing the composition of the
mixture by using air-drying in combination with freeze-drying [45]. Elsewhere,
collagen/HAp/B-TCP scaffolds fabricated by cold isostatic method displayed close attachment
and Ca?* ion diffusion between the artificial substrate and newly formed bone [46]. A study
focusing on freeze-dried collagen/a-TCP/B-TCP scaffolds has proven that by altering the a-
TCP/B-TCP ratio it is possible to control porosity, compressive modulus and other properties
[47]. These three bioceramic compounds show great promise for the development of bone tissue
engineering and for that reason they will be further described.

24.3.1 Hydroxyapatite

Hydroxyapatite (HAp), on a structural level, greatly differs from TCPs with its crystalline unit
(Ca1o(PO4)s(OH)2), which consists of two molecules. Its Ca/P ratio of 1.67 indicates worse
solubility and greater basicity compared to TCPs. In fact, it is the second least soluble and most
stable calcium phosphate after fluorapatite. Consequently, its insolubility opens a possibility of
its preparation by precipitation from aqueous solutions. Techniques for HAp creation are either
reactions in solid state or wet methods (such as hydrolysis of other CaPO4 or hydrothermal
synthesis). It is deemed to be osteoconductive but not osteoinductive, which could be solved by
ion substitutions (for example carbonate for phosphate) [42, 48].

HAp is the main inorganic part of biological bone and for that reason it has been the most
researched bioceramic compound. Though collagen and HAp alone are not outstanding in terms
of mechanical properties, their structural arrangement (Figure 4) in bone makes it mechanically
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strong nanocomposite. HAp also helps to deal with ion deficiency in body fluids as a source of
calcium and phosphorus when resorbed by osteoclasts. However, biological HAp is not pure
because it is often calcium deficient (CDHAp) and involves various other cations (Na, Mg, K,
Sr) as substitutes of Ca. That said, artificial HAp still shows high similarity to the inorganic
bone phase, hence its frequent use in TE [50].

2.4.3.2 p-tricalcium phosphate

B-tricalcium phosphate (B-Cas(POa4)2), shortened as B-TCP, does not appear in calcified tissues
unless it is in an ion-substituted form p-tricalcium magnesium phosphate (-TCMP). It could
be prepared by thermal decomposition of CDHAp (calcium-deficient hydroxyapatite) above
800 °C or by precipitation in ethylene glycol at roughly 150 °C. It cannot be precipitated from
aqueous solutions because of its partial solubility [42].

Together with hydroxyapatite, 3-TCP forms majority of bone grafts, preferably in mix with
type | bovine collagen. Though it has remarkable biocompatibility and bio-resorbability its
structural stability is poor (partially due to its solubility) [49]. Its mixture with HAp is known
as BCP (biphasic calcium phosphate) [43]. Apart from bone grafts, B-TCP together with a-TCP
are used in bone cements because of their non-exothermic setting reaction, which creates
a possibility of mixing it with temperature-sensitive drugs and other biomolecules [42, 50].

2.4.3.3 a-tricalcium phosphate

a-tricalcium phosphate (a-Cas(POs)2), shortened as a-TCP is a modification of tricalcium
phosphate that forms from B-TCP by phase transfer at 1125 °C. a-TCP is similar to B-TCP in
many ways (e.g. same chemical structure, Ca/P ratio) and is prepared by same techniques. The
calcination is executed at 1200 °C, however, its preparation is achievable even at lower
temperatures than its polymorphic transition (e.g. as silica stabilised a-TCP at 800-1000 °C or
by decomposition of low temperature amorphous calcium phosphates at 700 °C).

a-TCP has the same Ca/P ratio as B-TCP (1.5) which would imply it also has the same
solubility. However, its crystal structure is different from B-TCP (a-TCP has a less stable crystal
lattice). As a result, a-TCP is more soluble and more reactive in aqueous environment [42]. The
reactivity enables the possibility of cementic reaction to form CDHAp and harden the
bioceramic phase in aqueous conditions [51]. o-TCP is remarkably bioactive and
osteoconductive, but it has a disadvantage of its high resorption rate, which exceeds the rate of
formation of a new bone. For this reason, it must be employed in biphasic composite as silica
stabilized a-TCP with hydroxyapatite, which has been commercialized for bioceramic porous
scaffolds [42, 51].
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3 MAIN GOALS OF THE WORK

This bachelor’s thesis aimed to complete the following objectives:

To fabricate 3D porous collagenous composite scaffolds for skin and bone tissue
engineering,

To determine the influence of organic (cellulose derivatives) and inorganic
(bioceramics) additives on the physical and chemical properties of the composite
scaffolds with the analysis of the:

Morphology evaluated by scanning electron microscopy — the microstructure,
porosity and pore size,

Swelling behaviour,

Enzymatic degradation in vitro,

Mechanical properties in wet state — plateau stress and energy absorption
efficiency.
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4 EXPERIMENTAL PART
4.1 Chemicals

Collagen type | — bovine skin derived 100% collagen (Collado spol. sr.0., Czech
Republic)

Hydroxyapatite (HAp), calcined at 1000°C for 3 h of mean particle size 130 nm, (Riedel
de Haén, Germany)

a-tricalcium phosphate (a-TCP) of mean particle size 11.01 um, containing 92 wt% of
a-TCP and 8 wt% of HAp, (Premier Biomaterials, Ireland)

B-tricalcium phosphate (B-TCP) of mean particle size 4.21 pum, containing 89 wt% of -
TCP and 11 wt% of calcium pyrophosphate, (Fluka Chemie GmbH, Switzerland)
Oxidised cellulose, calcium salt (Synthesia a.s., Czech Republic)

Carboxymethyl cellulose, sodium salt, M ca. 250 000 (Acros Organics B.V.B.A.,
Belgium)

N-Hydroxysuccinimide (NHS), diluted to obtain 0.01M solution in 98% ethanol (w/w)
(Sigma-Aldrich s.r.o., Germany)

N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), diluted to
obtain 0.02M solution in 98% ethanol (w/w) (Sigma-Aldrich s.r.0., Germany)
Ultrapure water, type |, prepared on Direct-Q® 3UV Water Purification System (Merck
spol. s.r.o., Germany)

Ethanol 98% p.a. (PENTA s.r.o., Czech Republic)

Sodium phosphate dibasic, for molecular biology, w > 98.5 % (Sigma-Aldrich s.r.o.,
Germany)

Collagenase from Clostridium histolyticum for general use, Type I, 0.25-1.0 FALGPA
units/mg solid, >125 CDU/mg solid (Sigma-Aldrich s.r.0., Germany)

Sodium chloride (Lach-Ner s.r.0., Czech Republic)

Potassium chloride (Lach-Ner s.r.0., Czech Republic)

Potassium dihydrogen phosphate (Lach-Ner s.r.0., Czech Republic)

4.2 Equipment

Disintegrator — Ultra Turrax T18 digital (IKA®, Germany)

VACUBOY, vacuum hand operator (INTEGRA Biosciences AG, Switzerland)
Freeze-dryer — Epsilon 2-10D LSCplus (Martin Christ Gefriertrocknungsanlagen
GmbH, Germany)

Automatic pipette, labopette®, variable, single channel (Hirschmann Laborgerite
GmbH & Co., Germany)

High-resolution Scanning Electron Microscope FEI VERIOS 460L (Thermo Fisher
Scientific Inc., USA)

RSA-G2 Solids Analyzer (TA Instruments Inc., USA)
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4.3 Scaffold fabrication

4.3.1 Fabrication of Collagen/Cellulose Derivatives Scaffolds

3D porous scaffolds were fabricated according to Slovikova et al. [52]. At first, pure bovine
collagen was sheared and diluted in pre-refrigerated ultrapure water to form a 0.5% aqueous
solution of collagen. The collagen solution was transferred into a 48 well-plate freeze-dried.

To prepare samples with cellulose derivatives, the solution of collagen was split between
two beakers and corresponding amounts of OC and CMC were added into the beakers. Both
mixtures were homogenised by disintegrator and pipetted into the well-plate. The well-plate
was then freeze-dried.

4.3.2 Fabrication of Collagen/Cellulose Derivatives Scaffolds with Bioceramics

The samples for bone tissue engineering were made by adding a mixture of bioceramic
components (HAp, a-TCP and B-TCP) into the two solutions (collagen + OC; collagen + CMC).
The ratio between the bioceramic components was chosen according previous study by
Kliestikova [53]. Both mixtures were homogenised with disintegrator, pipetted into a well-plate
and freeze-dried.

Overall, 3 well-plates were filled, preparing a total of 144 cylindrical scaffold samples. The
samples differed in chemical composition as well as in the height of the samples. 2 well-plates
with the average sample height of 5 mm and 1 well-plate with the sample height of 10 mm were
prepared. Types of the samples made are shown in Table 2, where Coll represents collagen, OC
oxidised cellulose, CMC carboxymethyl cellulose and BC bioceramics.

Table 2 — Types of fabricated samples and their composition. Coll represents collagen, OC oxidised
cellulose, CMC carboxymethyl cellulose and BC bioceramics.

Sample Collagen [wt%] CMC/OC [wt%]  HAp/a-TCp/B-TCP [wit%]
Coll 100 - -
Coll/OC 50 50/0 -
Coll/ICMC 50 0/50 -
Coll/OC/BC 25 25/0 25/22.5/2.5
Coll/CMC/BC 25 0/25 25/22.5/2.5

4.3.3 Crosslinking of the Scaffolds

After the freeze-drying, all the scaffolds were crosslinked by using the crosslinking agent
with carbodiimides. The solution of N-(3-Dimethylaminopropyl)-N’'-ethylcarbo-diimide
hydrochloride (EDC) and N-Hydroxysuccinimide (NHS) in the ratio of 2:1 was prepared in
98% ethanol according to Slovikova et al. [52]. The solution was then deployed into the well-
plates in a manner it covered the whole scaffold. Ethanol was periodically replenished because
of evaporation which could have caused uncovering of the scaffold.

Two hours later, the samples were washed twice in 0.1 mol-dm™ aqueous solution of
Na;HPO4 and subsequently three times in distilled water. Finally, well-plates were filled with
ultrapure water, put into a freezer and freeze-dried for the second time to obtain the scaffolds
in their final form.
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Out of the total 144 fabricated samples across 5 scaffold types, 3 samples from each type
were used for swelling behaviour analysis, other 3 for enzymatic degradation, 8 for the
measuring of mechanical properties to ensure representative results and obtain standard
deviation values. One scaffold of each type was used for SEM imaging.

4.4 Morphology and Porosity

The structural features of each scaffold were analysed in the scanning electron microscopy
(SEM). At first, to prepare the samples for the analysis, each scaffold was put in liquid nitrogen
for approximately 5 minutes. This was done to eliminate the scaffold resiliency and facilitate
cutting of the scaffold with a razor blade for a more homogenous surface. After cutting each of
the samples into slices 2-3 mm of height, they were attached to aluminium pin stubs using
a carbon tape (Figure 8) in a manner that the surface formed by the cut was sticking upwards.
Before the SEM analysis took place, the samples were coated with 20 nm gold layer on Coater
Leica EM ACE600 for conductivity. The Images were taken on High-resolution Scanning
Electron Microscope FEI VERIOS 460L with accelerating voltage of 5 kV and current of
25 pA.

To determine the pore size and porosity of the scaffolds, images with the 100x magnification
and resolution of 500 um of each sample were used to establish uniform conditions. The
measurements were undertaken in the software ImageJ, using the thresholding function for
porosity and line measuring in accordance to the resolution for pore size. The minimum of 30
pore diameters were measured in either horizontal of vertical axis.

., |

Figure 8 — A scaffold sample attached to an aluminium pin stub with the carbon tape.

4.5 Swelling Behaviour

The swelling behaviour of scaffold samples was determined by swelling ratio. The
measurement was conducted in phosphate-buffered saline (PBS), prepared according to Cold
Spring Harbor Protocols [54]. Three samples were chosen from each sample type. Prior to the
measurements, the samples were weighed in dry state. After that, they were immersed in glass
vials with PBS solution (Figure 9). The data was obtained by weighing the samples in defined
time periods. After 3, 5, 10, 15, 20, 30, 45, 60, 90 and 120 minutes each sample was removed
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from the solution, carefully dried with filtration paper to remove physically non-bound water
and weighed. The swelling ratio for each time interval was calculated from the data according
to Equation (1)

Sp=—t—2, ©

where Sr is swelling ratio, my is mass of the wet sample after corresponding time period and
mp is mass of the dry scaffold.

Figure 9 — A scaffold sample before (left) and after (right) immersion in PBS solution in the swelling
behaviour and enzymatic degradation analyses.

4.6 Enzymatic Degradation

The enzymatic degradation was realised in vitro by a solution of collagenase in PBS at 37 °C.
Corresponding amount of collagenase from Clostridium histolyticum was dissolved in PBS to
obtain a solution with collagenase concentration of 2,2 mg-dm=. The solution was then
tempered at 37 °C for 1 hour. Scaffold samples were immersed in PBS for 30 minutes
(according to the swelling behaviour results) at 37 °C, deprived of the excess water and weighed
in wet state. Afterwards, the PBS solution in the glass vials was replaced by the collagenase
solution. Samples were inserted into the vials and put into incubator (37 °C) to simulate the
physiological conditions. Each sample was removed from the solution, dried with filtration
paper and weighed in the 1, 2, 4, 8, 24, 48 and 72 h intervals from the first immersion. To
calculate the mass loss of each sample, the obtained data were put into Equation (2)
m; —my

M, =—-, 2
L= @)
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where M. indicates the mass loss, mj the initial mass of a wet scaffold after PBS swelling and
my mass of that scaffold after corresponding elapsed time period.

4.7 Mechanical Properties

Dynamic mechanical analysis (DMA) was performed using the RSA-G2 Solid Analyzer.
Measurements were conducted in compression mode with samples in wet state immersed in
PBS at 37 °C to simulate physiological conditions. Samples with the average height of 10 mm
were used. The strain was applied in constant linear rate 0.05 mm-s™ with an axial force of
0.01 N. Upon achieving a strain of 50 %, the measurement was stopped. The requirement for
the data were three correlating measurements with exponential-esque strain-stress curve.

For the quantification of mechanical properties according to ISO 13314 standard, plateau
stress and energy absorption efficiency were calculated [55]. Plateau stress (op1) was determined
as an arithmetical mean of stresses corresponding to compressive strains in the range of
20 to 30 %. Energy absorption efficiency was calculated according to Equation (3)

w
We=—- 3)

Omax * €max

where We represents energy absorption efficiency, W is energy absorption, calculated as area
under the stress-strain curve from 0 to 50 % of compressive strain, &,,4, and o,,,, are strain
and stress maximums in the same strain range.
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5 RESULTS AND DISCUSSION
5.1 Microstructure

The internal architecture of each scaffold, which was revealed on the cut-formed cross-section,
was assessed by closer examination of SEM micrographs. The Micrographs of all scaffolds
with the magnification of 100x are shown in Figure 10.
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Figure 10 — SEM images of the scaffolds: Coll (A), Coll/OC (B), Coll/CMC (C), Coll/OC/BC (D) and
Coll/CMC/BC (E).

A big portion of the purely collagenous scaffold had a fibrous structure, which resulted in
bigger pore volume. Fibres were also frequently present in the Coll/OC scaffold and increased
its pore size. The proportion of CMC in the Coll/CMC scaffold suppressed the fibrous structure
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in its formation and formed plate-like units instead. These plates, present in both types of
collagen/cellulose derivative scaffolds, contained circular-shaped cavities that were connecting
the neighbouring pores. Both Coll/OC and Coll/CMC scaffolds had a rough surface unlike the
pure collagen (Coll) scaffold. This is an important factor for applications in TE as cells adhere
better to rougher surfaces.

The addition of bioceramics suppressed the fibre formation even more. The Coll/OC/BC
scaffold had more plates than Coll/OC and the plates were also larger in size. The plates
grouped closer together than fibres, making the pores smaller. Coll/CMC/BC scaffold achieved
the smallest pores and the pores also looked more regular than Coll/CMC scaffold pores.
Overall, bioceramics lowered the pore volume and made the scaffold surface even rougher.

The adhesion between the bioceramic particles and biopolymers is important for the
functionality of the bone tissue engineering scaffolds. Bioceramics was very well adhered on
the surface of both scaffolds, which could be seen in Figure 11. Coll/CMC/BC, though, had the
bioceramics adhesion and roughness of the surface slightly better. This may be a result of
a stronger ionic attraction between bioceramics and CMC, which is more anionic than OC.

Figure 11 — SEM images of Coll/OC/BC (left) and Coll/CMC/BC scaffolds with a higher
magnification to portray the adhesion of bioceramic particles.

5.2 Porosity and Pore Size

Porosity and pore size were determined with the help of the software ImageJ. Both are important
parameters of a scaffold, as they affect cell migration, mechanical properties, wet state
behaviour and other important factors for the use of scaffolds in TE. Purely collagenous
scaffolds achieved the highest porosity with almost 90 % of the structure being the pore
network. The collagenous composite scaffolds, however, have reached significantly lower
porosity. The collagen composites with cellulose derivatives achieved similar results compared
to each other, being only 2 percent apart. Yet the Coll/OC scaffolds which came out more
porous than Coll/CMC, have fallen almost 10 % behind the pure collagen scaffolds.

The use of bioceramics lowered the porosity even further. The Coll/OC/BC scaffolds were
only 4 % less porous than their non-bioceramic counterparts which is a negligible difference.
In the case of CMC containing scaffolds, the difference in porosity was even higher. The
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porosity of the Coll/CMC/BC samples was more than 10 % lower than the Coll/CMC
combination. This could be the consequence of ionic attraction between positive bioceramics
and negative biopolymers which in the case of the last sample resulted in closer clustering, and
with that, in lower porosity. The results of the porosity analysis are graphically presented in
Figure 12.
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Figure 12 — Porosity of the collagenous and composite scaffolds.

The pore size distribution (shown in Figure 13) was quite similar across the different
scaffold types. Pore sizes of scaffolds made only out of biopolymers ranged from 100 to 230
um while the bioceramics addition decreased the lower limit of this range to 80 um. The widest
distribution of pore sizes was noted with samples containing OC which may be due to uneven
distribution of the hydrophilic substituted groups in OC.

800

700 H

(o]

o

o
1

(S}

o

o
1

Pore size [um]

100 -
[

0 T T T T
Coll Coll/OC Coll/CMC Coll/OC/BC  Coll/CMC/BC

Sample

Figure 13 — Pore size distribution displayed from first to third quantile. The line separating the boxes
indicates median, the error bars represent minimal and maximal pore size value.
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The differences in average size of pores correlated with the differences in porosity as the
decreasing trend between the samples appeared similar. The pure collagen samples had the
highest average pore size out of all scaffolds, followed by Coll/OC and Coll/CMC samples with
results almost identical to each other. Scaffolds with bioceramic particles had the average even
lower. Overall, the gaps between the pure Coll, Coll/cellulose derivative, Coll/OC/BC and
Coll/OC/BC samples were almost the same. The standard deviation remained between 80 and
100 um for all samples. Average pore size as well as average porosity of each sample type are
displayed in Table 3.

The results relate to same conditions in fabrication of each sample. The ideal pore sizes are
20-150 pum for skin scaffolds and 100-500 um for bone scaffolds (Table 1). The average
collagen/cellulose derivatives scaffold pores were slightly larger than the ideal pore size for
skin scaffolds. The average pores of scaffolds with bioceramics were in the lower values of the
ideal bone scaffold pore interval. However, the pore network can be influenced by adjusting
the conditions (such as concentration, freeze-drying parameters) to obtain scaffolds with
porosity and pore sizes suitable for the desired grafts.

Table 3 — Average porosity and pore size of each scaffold sample.

Sample Average porosity [%] Average pore size [um]
Coll 88.7+0.8 178 £ 99
Coll/OC 79.2+1.1 168 + 89
Coll/ICMC 77.5+3.5 167 £ 99
Coll/OC/BC 75.1+£2.6 157 £ 88
Coll/CMC/BC 65.9+2.3 146 + 82

5.3 Swelling Behaviour

The time dependence of swelling ratio (Figure 14) was studied as an indicator of water
absorption capacity of each sample. All five data series showed some resemblance. No matter
the composition, every sample’s swelling ratio peaked between 10 and 30 minutes in the
solution. After the peak it remained roughly the same towards the end of the analysis. For that
reason, 30 minutes were used in enzymatic degradation as a time limit for swelling samples in
PBS prior to weighing them and exposing them to collagenase.
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Figure 14 — Swelling Ratio of each type of fabricated scaffolds as a function of time.

Comparing the values individual sample types were ranging in, the scaffolds combining
collagen and cellulose derivatives achieved higher swelling ratio than scaffolds containing
bioceramics as well. Pure collagen lied in between of these two groups. That is a result of
hydrophobicity of bioceramic particles that in addition to water repelling shield the hydrophilic
groups of collagen and cellulose they bind to in ionic interactions. Morphology of the scaffolds
also contributed to this difference in swelling ratio, as the samples with bioceramics had smaller
pore size and lower porosity, both being factors that decreased the water content further.

As for the cellulose derivatives, CMC containing samples showed higher hydrophilicity than
those with OC. Apart from the more hydrophilic substituent, CMC also has a higher degree of
substitution than OC, resulting in lower content of water-stabilising hydroxyl groups.
Moreover, sodium salt of CMC is water-soluble biopolymer while calcium salt of OC is water-
insoluble, and therefore, the more hydrophobic cellulose derivative. Comparing to pure
collagen, collagen/OC scaffolds had similar results (since both collagen and OC are water-
insoluble — just gelling in water) while the swelling ratio of collagen/CMC scaffolds was much
higher, due to the explanation above, since CMC is very hydrophilic biopolymer.

5.4 Enzymatic Degradation

The results of enzymatic in vitro degradation by collagenase solution in PBS correlated with
the results of swelling behaviour to some extent. Samples with cellulose derivatives lost the
most of their mass over the course of the degradation while samples containing bioceramics
were the least degraded. The pure collagen was in the middle of these two groups. The graphical
representation of mass loss of the scaffolds in time is shown in Figure 15.

Even though the composite scaffolds contained lesser amount of collagen, which is the
subject to degradation, their mass loss was beyond this content. The integrity of the three-
dimensional network was severed and as it degraded, smaller pieces of the network were
separated from the scaffold. This was confirmed by the visible small chunks present in the
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solutions with composite scaffolds. These small pieces of the scaffolds could not be weighed
due to their size which consequently lead to increased mass loss. No chunks were observed in
the solution with pure collagen scaffolds so even if they may have been released, they have
been eventually fully degraded. To sum this up, cellulose derivatives and bioceramic particles
were also parts of the mass loss.

The hydrophilicity also influenced the degradation process. Scaffolds which contained CMC
ended slightly more degraded than those with OC, which is less hydrophilic. Bioceramics, with
its hydrophobic nature, repelled the solution which slowed the degradation. The samples with
bioceramics also made their degradation more difficult due to lower porosity and smaller size
of pores. Towards the end of the experiment, the mass loss of samples Coll/OC/BC and
Coll/CMC/BC was increasing almost insignificantly, indicating complete decomposition of the
degradable collagenous part of the scaffolds.
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Figure 15 — Mass loss of collagenous and composite scaffolds during the process of enzymatic
degradation in PBS solution of collagenase.

5.5 Mechanical Properties

The mechanical properties were determined by dynamic mechanical analysis in wet state,
simulating the physiological conditions by PBS tempered to 37 °C. Plateau (yield) stress, which
represents the compressive strength of the scaffold is presented for each sample in Figure 16.
The results are connected to chemical character of the scaffolds (especially to hydrophilicity)
and pore morphology.
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For the samples without bioceramics, the plateau stress increased with decreasing
hydrophilicity. The pure collagen recorded the highest plateau stress out of the three, followed
by Coll/OC and the most hydrophilic sample Coll/CMC which achieved the lowest result. The
results, however, were not differing that much. This could be explained by the morphology of
the pores. Higher porosity and pore size result in lower mechanical stability, which also applies
to compressive strength. Pure collagen may be the least hydrophilic out of the non-bioceramic
scaffolds, but with the highest porosity and mean pore size out of all samples it does not eclipse
the rest by much with its plateau stress values.

Scaffolds with bioceramic particles exceeded the compressive strength of the purely
biopolymeric scaffolds by an evident margin. The hydrophobic bioceramic particles repelled
the solution from the internal microstructure, resulting in binding lesser amounts of water and
greater shape stability in aqueous environment. However, Coll/OC/BC scaffolds, which were
the most hydrophobic according to swelling behaviour results, did not achieve the highest
plateau stress. They had 32 % higher value than Coll and 43 % higher value than the non-
bioceramic Coll/OC, which is a notable difference. Nevertheless, Coll/CMC/BC samples were
superior as they achieved plateau stress twice as higher as the pure collagen scaffolds and 139 %
higher than the Coll/CMC scaffolds. This was caused by the scaffold pore characteristics. The
porosity of the Coll/CMC/BC scaffolds was the lowest out of all scaffold types and significantly
lower than the porosity of Coll/OC/BC scaffolds. The low porosity as well as smaller pore sizes
provided better structural support for the scaffolds, resulting in higher compressive strength.
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Figure 16 — Plateau stress of all scaffold types.

Another studied parameter in terms of mechanical properties is the energy absorption efficiency
which indicates the ability of the sample to absorb deformation energy [53]. All samples
achieved similar results except for sample Coll/CMC with energy absorption efficiency slightly
lower than the rest. Coll and Coll/OC had the best results which differed from each other only
by less than 0.5 %. Scaffolds with bioceramics ended in the middle between Coll/OC and
Coll/CMC. Despite the fact Coll/CMC sample ended up as the worst one, the results are still
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satisfying in comparison with the rest of the samples. The energy absorption efficiency of each
sample is illustrated in Figure 17. The exact values of plateau stress and energy absorption
efficiency are presented in Table 4.

Table 4 — Plateau stress and energy absorption efficiency of each scaffold type.

Sample opl [Pa] W, [%]
Coll 297 +11 478+1.2
Coll/OC 27379 473+42
Coll/CMC 251+ 30 41.4+52
Coll/OC/BC 391 +19 444 +73
Coll/ICMC/BC 600 + 78 454+43
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Figure 17 — Energy absorption efficiency of collagenous and composite scaffolds.
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6 CONCLUSION

The 3D collagenous composite scaffolds and one type of the pure collagen scaffolds were
prepared by using a freeze-drying fabrication method. The scaffolds for possible skin
applications were made as combinations of collagen with either oxidised cellulose (Coll/OC)
or carboxymethyl cellulose (Coll/CMC). The new scaffolds for possible bone applications were
made by adding bioceramics making the Coll/OC/BC and Coll/CMC/BC samples. Purely
collagenous scaffolds (Coll) served as a reference.

The morphology was evaluated from SEM images of the scaffold cross-sections. The
microstructure showed that the scaffolds with bioceramics and the Coll/CMC scaffold
suppressed formation of fibres, which were present in the reference Coll sample and partially
in the Coll/OC sample. Instead of the fibres, plate-like structures were formed. The most of
these plates were created in the Coll/OC/BC and Coll/CMC/BC scaffolds due to the bioceramic
particles addition and decreased the size of their pores. Unlike Coll, the collagen/cellulose
derivatives samples had a rough surface which is favourable for cell adhesion. The surface of
samples with bioceramics was even rougher and the bioceramic particles were very well
adhered to the biopolymeric surface. The highest porosity was achieved by the Coll sample
(88.7 %), followed by the Coll/OC (79.2 %), Coll/CMC (77.5 %) and Coll/OC/BC (75.1 %).
The lowest results were achieved by the Coll/CMC/BC scaffold (65.9 %). The mean pore size
correlated with the porosity results and was between 140 and 180 um for all samples, which is
in the upper limit of ideal pore size for skin scaffolds (20-150 pm) and within the lower limit
of ideal pore size for bone scaffolds (100-500 wm). The distribution of pore sizes was similar
across all scaffolds. With the addition of bioceramics, however, the lower limit of the pore size
range decreased by approximately 20 pm.

The results of swelling behaviour analysis indicated hydrophilicity and the crosslinking
conversion of the samples. Samples with CMC had higher swelling ratio than their counterparts
with OC due to their more hydrophilic nature that comes from a higher degree of substitution
and more hydrophilic substituent. As a result, Coll/CMC/BC samples were more hydrophilic
due to the CMC water solubility compared to Coll/OC/BC, where OC is water insoluble. The
collagen/cellulose derivatives samples were the most hydrophilic while the samples with
addition of bioceramics were the most hydrophobic. The pure collagen scaffolds lied in the
middle of the two groups. Bioceramics decreased the hydrophilicity because it repelled the
water from the internal microstructure and blocked the hydrophilic groups of biopolymers.
Samples with bioceramics also had lower porosity and smaller pores, which decreased their
water content further.

The results of the enzymatic degradation in vitro correlated with the results of swelling
behaviour. By repelling the solution due to its hydrophobic character, the bioceramics slowed
the degradation process. The most hydrophilic samples Coll/OC and Coll/CMC ended as the
most degraded after 72 hours of immersion in collagenase PBS solution, while the least
hydrophilic samples Coll/OC/BC and Coll/CMC/BC had the lowest mass loss. The collagen
sample ended in the middle, similarly as in the swelling analysis. The structure of the composite
scaffolds was severed in the process and smaller chunks were separated from the surface of the
scaffolds. This resulted in a bigger mass loss than the collagen content of those scaffolds.
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Plateau stress and energy absorption efficiency were obtained from dynamic mechanical
analysis in wet state. Highest compressive strength, presented by the plateau stress, was
achieved by the Coll/CMC/BC sample with 600 Pa (139 % higher than Coll/CMC), followed
by the second bioceramic composite scaffold Coll/OC/BC with 391 Pa (43 % higher than
Coll/OC). The collagen/cellulose derivatives scaffolds Coll/OC with 273 Pa and Coll/CMC
with 251 Pa had significantly lower compressive strength than the samples with bioceramics
and even lower than the collagen reference with 297 Pa. The increase of compressive strength
by the addition of bioceramics was the highest in the samples with CMC. The compressive
strength increased with decreasing hydrophilicity and porosity. The Coll/CMC/BC scaffolds
resulted the best, even though they were the second least hydrophilic. These scaffolds had the
lowest porosity out of all samples by a big difference and the low porosity acted as a support to
their structure in compression. Energy absorption efficiency (We) represented the scaffold’s
ability to absorb deformation energy. Coll (47.8 %) and Coll/OC (47.3 %) had the highest We,
followed by the scaffolds with bioceramics Coll/CMC/BC (45.4 %) and Coll/OC/BC (44.4 %).
Coll/CMC (41.4 %) scaffolds were the least efficient in absorbing the deformation energy.
However, the results of energy absorption efficiency compared to each other were almost
similar.
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10 LIST OF ABBREVIATIONS

3D three dimensional

AGU anhydroglucose unit

BCP biphasic calcium phosphate

BTE bone tissue engineering

CaPO4 calcium phosphate
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CMC carboxymethyl cellulose

DS degree of substitution
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EDC 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
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PBS phosphate-buffered saline

PEG polyethylene glycol

PGA polyglycolic acid

PLA polylactic acid

PLGA polylactic-co-glycolic acid
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