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Abstract i

Preparation of Microporous Cell-engineering Scaffolds from Liquid
Crystalline Polysaccharide

Kaneko Laboratory, s1540009, Saranyoo Sornkamnerd

Background

Scaffold is a significant material of cell-engineering treatment. It possesses important
functions of cells supporting materials that allowed for cells growth and new tissue formation. In
order to become a cells supporting material, the scaffold need basic requirements such as
biocompatibility, biodegradability, high porosity, and shape orientation. The microporous
materials are the general formation of scaffolds. It has high water adsorption capacity and
abundant interconnecting pore. The high water content that resembles the native tissue allowed for
cells attachment and penetration. Sacran (Figure 1), polysaccharide, is extracted from
Aphanothece sacrum cyanobacteria. The polymer contains various kinds of sugar residues such as

Glc, Gal, Man, Xyl, Rha, Fuc, Ara, GalN, and Mur. It also consists of many functional groups such
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Figure 1. Chemical structure of sacran, a LC polysaccharide.
as hydroxyl, carboxylic, sulfate and amide. The amide sugar, acting like glycosaminoglycan, is the

main content found in the extra cellular matrix. By this reason, sacran was selected for scaffold
preparation. Moreover, liquid crystal behavior (LC) was observed in sacran solution. In the field

of polymer orientation study, experiment conducted on LC has been considered to be a challenging



Abstract ji

practice. Thus, sacran is one of the most suitable materials for making scaffolds with orientation
controllability. Here a new microporous scaffold using LC polysaccharide with controlled
orientation is presented. This scaffold was prepared by simple methods of solvent casting and
freeze-drying. The characteristic in pore size, porosity, water adsorption capacity and mechanical

properties were clarified. Moreover, the cell orientation capacity was confirmed.

Aim:

Q) To prepare microporous materials scaffolds using sacran polymer.

(i)  To study the biocompatibility of the scaffolds.

(ili)  To prepare sacran hydrogels with micro-patterned on the surface.

(iv)  To study the orientation property of sacran anisotropic porous and micro-patterned
hydrogels.

(V) To evaluate the orientation of cell on sacran materials.

Results and Discussions:

Chapter 11, the surface selective microporous hydrogels with porous structure on side
surface and flat on the top (Figure 2) were prepared by a combination of solvent casting and freeze
drying techniques. Sacran water solution was casted at 60 °C to produce in-plane orientation thin
films. The thin films were physical cross-linked at temperature 60, 80, 100, 120 and 140 °C without
cross-linking agent. Then swollen hydrogels with in-plane orientation were created by water

immersion of that cross-linked films. Finally, the swollen hydrogels were subjected to freeze dry

Tunnels

Figure 2. Surface selective porous hydrogels with tunnels on side surface while did not showed porous
morphology on the top surface.
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process. The final products revealed an in-plane porous structure like a tunnel with pore size and
porosity of 10-35 um and 42-80 %, respectively. This is due to the sublimation of water on side
surface parallel to the in-plane orientation of sacran polymer chains. In addition, they showed
proper mechanical properties in a broad application. At high cross-linking temperature, the
anisotropic porous materials showed low porosity, fine-size pores, and minimal water adsorption.
Conversely, the mechanical properties value such as moduli, cross-linking degree and toughness
were very high. For low temperature cross-linking, the opposite set of values were observed. The
water adsorption was between 9 to 186 times to that of dry material, and the elastic modulus was
3o 585 kPa. The results reveals that the properties of the materials depends on temperature cross-
linking. The surface selective microporous hydrogels were successfully prepared and precisely

controlled for their properties.

Oriented pores

Figure 3. Fibroblast L929 cells attached on surface selective porous scaffold. Randomly orientation is
presented on the top surface whereas perfectly orientation is revealed side surface. Additionally, the cell
density on the top surface was lower than that of side surface.

There are various applications of porous materials, and the tissue engineering scaffold is
considered to be one of the most significant. In chapter Ill, the biocompatibility and cell
orientation capacity were studied using mouse fibroblast cell L929 as a model in the cell culture
experiment. The surface selective microporous hydrogels showed favorable cell compatibility
property. The morphology of cells attachment was analyzed. The cells orientation on side surfaces

is parallel to the in-plane orientation of polymer chains. The scaffolds can be altered to mimic the
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native tissue that represents uni-direction of the muscle orientation (Figure 3). Moreover, the water
contact angle and protein adsorption were studied on the materials which were annealed at 100,
120 and 140 °C. The water contact angle was revealed to be 95 to 37°, and the protein adsorption
were 36 to 96 ug per 1 mg. In the results, water contact angle, protein adsorption and cell
orientation are related to cross-linking temperature, similar to the above-mentioned properties.
However, the cell attached on top of the surface were randomly oriented. Another method was

employed to control the cell orientation on the top surface of the scaffolds.

In chapter IV the scaffolds were casted on polystyrene, with micro-patterned on its
surface. The pattern was set in a bar-shape mold with a diameter of 400 pm. The bars were arranged
in parallel. The space between bars was fixed at 200, 250 and 300 pum. Sacran scaffolds with
surface orientation were prepared with the same procedure to that of surface selective porous
scaffolds except for the mentioned patterned substrate surface. The pattern of the scaffold revealed
orientation perpendicular to that of bar molds. During the drying process, LC domains were
slightly arranged to form an in-plane orientation like a layer. Looking at the side of bar molds, the
top point of each bar has the sacran layer accumulated. The point is called nucleation point of

orientation. Then the ends of polymer chains are aligned between bars. Polarization optical

" b2so
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Figure 4. Sacran film with micro-patterned on the top surface (a) showed anisotropic mechanical
property (b) and one direction of fibroblast L929 cells orientation (c).
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microscope technique was used to confirm the orientation of LC domains, and the results showed
a clear and complete visible orientation. After that, the mouse fibroblast cell L929 was used in cell
culture experiment. The distribution of cell orientation degree mimics the polymer orientation on
the top surface. Finally, the orientation of cell was efficiently controlled on sacran LC polymer

(Figure 4).

Conclusions

The microporous scaffolds with cell-orientation capacity was successfully prepared using
sacran LC polymer. They revealed favorable results of pore properties, water adsorption capacity
and mechanical properties. Furthermore biocompatibility and cell alignment were also confirmed.
The angle of cell attached on materials was highly oriented, mimicking the native tissue behavior.
According to the development of technology for human’s bioengineering, the field of tissue
engineering scaffolds is growing and progressing continuously. Today, the scaffolds are mainly
the work of laboratory and research. However, it has the potential to be utilized, especially to save

many lives on this planet, in the future.

Keywords: sacran, scaffold, liquid crystalline gels, cell-orientation, cell-engineering
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Chapter I: General Introduction

1. Cyanobacterial polysaccharide

Cyanobacteria are a group of photosynthetic prokaryotes that live in a wide variety of
moist soils and in the water. They can be regarded as the most eco-friendly microreactors of
all the photosynthetic creatures because they perform not only carbon fixation by using the
energy of sunlight but also nitrogen fixation in an anaerobic condition, to produce various kinds
of metabolites such as polysaccharides in an aqueous milieu. Among these products,
exopolysaccharide (EPS) is a secondary metabolite attracting researchers’ attention?®.

According to a review of the literature®, more than 100 cyanobacteria belonging to
sections I, 111, 1V, and V have been reported to synthesize large quantities of EPS. These EPS
possess functional groups such as hydroxyls, carboxyls, sulfates, phosphates, and amines that
are responsible for ionic adsorption? 12 and tissue enginerring**4. The molecular weight of
EPSs ranges from 2 x 10° to 3 x10” g/mol, and more than 75 % of those characterized thus far
are heteropolysaccharides comprising six or more different kinds of sugar residues. When the
molecular weight of macromolecule is very high, their solubility in water is generally too poor
to extract or to analyze the structures. However most of the cyanobacterial EPS is water soluble,
owing to the wide variety of sugar residues, because heterogeneity of the constituents for the
macromolecuels can raise the solution entropy to make easy the dissolution. Most of EPSs
show anionic property because of the presence of uronic acids and/or sulfated sugars.
Additionally, their functional groups can be modified for extend the application.

In order to develop the bio-application in tissue engineering they have used
cyanobacterial polysaccharides, sacran, which is a recently-developed supergiant
polysaccharide extracted from the edible cyanobacteria Aphanothece sacrum which is mass-

cultivated in natural rivers®6, As described in next section, sacran has a weight-average
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molecular weight of 2.35 x 10 g/mol determined by light scattering as absolute molecular
weight, and they believe that this value of molecular weight can be regarded as a world record
of extracted molecules. Even if DNA have a My in the range of 102 g/mol in living body, its
M., was remarkably reduced to a scale of 10° g/mol by its extraction process®’.
1.1 Aphanothece sacrum polysaccharides

Aphanothece sacrum (A. sacrum) is mass-cultured in fresh water in Japan, and its
extracellular matrix includes metal ions that create a jelly-like material (gel) which protects the
cells, and may be useful as a scaffold for cell proliferation. Sacran was extracted from A.
sacrum biomaterials by the following procedure®> 6, The A. sacrum samples were freeze-
thawed in order to break the cell membranes and then washed with pure water to remove water-
soluble materials such as aqueous pigments (phycobiliproteins). Because phycobiliproteins
show strong colors due to their ultra-high absorption coefficients, the de-coloration of the
washing solution was a sign that water-washing was completed. The samples were then washed
using a large amount of isopropanol with shaking at least three times until de-coloration of the
washing solution (green) was confirmed, and then collected by filtration using gauze. The
isopropanol-washed samples were put into 0.1 M NaOH aqg. at around 70-80 °C, and agitated
at a constant temperature for 8 h to yield a transparent solution. The solution was neutralized
with HCI until the pH value decreased to 8.0-9.0, and then filtrated. The filtrate solution was
slowly poured into isopropanol to precipitate a white fibrous material. The fibrous precipitates
in isopropanol were collected and dried in a vacuum oven. The resulting aqueous solution of
sacran showed no specific absorption in the wavelength range of 220-600 nm using ultraviolet-
visible (UV-vis) spectroscopy, confirming that it was not contaminated by proteins, nucleic
acids, chromophores, and/or other chemicals with UV-vis absorption. The extracted yield of

sacran was very high at ca. 70 wt % in dried materials of A. sacrum.
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Sacran is a heteropolysaccharide composed of various sugar residues such as Glc, Gal,
Man, Xyl, Rha, and Fuc with a composition of 25.9: 11.0: 10.0: 16.2: 10.2: 6.9, and contains
20-25 % of uronic acids and trace amounts (ca. 1.0 %) of Ara, GalN (cationic), and Mur
(amphoteric), which were mainly determined by gas-chromatography mass-spectroscopy (GC-
MS). Sacran is sulfated in ca. 10 mol % to monosaccharide residues, determined by X-ray
photoelectron spectroscopy (XPS) and CHNS elemental analyses. The main structure which
was partially determined by fragment determination by Fourier-transformed ion-cyclotron
resonance mass-spectroscopy (FT-ICR-MS) is shown in Figure 1. The absolute molecular
weight, Mw, which was measured by multi-angle static light scattering (MALLS; detection
angle from 15 ° to 40 °) was greater than10’ g/mol. As shown in Figure 2, we obtained a typical
Zimm-Berry plot with a very small error of 1.4 %, and the absolute My, radius of gyration, R,
and second virial coefficient, A, for sacran were estimated at 2.35 x 10’ g/mol, 402 nm, and
4.53 x 10 mol-cm?®/g?, respectively. As a result of repeated extraction of sacran under different
elution conditions of alkaline concentration, elution time, agitation speed, and solvent for
reprecipitation, we concluded that the My, of sacran extracted ranged between 1- 3 x 107 g/mol.
The Mw range indicated that sacran are supergiant chains. If sacran chains are so giant, the
appearance is visible easily by Atomic Force Microscopy (AFM). We therefore tried to observe
the sacran appearance using the cast sample from the aqueous solution (10 ppm) in dynamic
force modulation mode, and captured them as shown in the inset image of Figure 2 8.In this
image, one can confirm that the network architecture was formed by long sacran ropes with a
several micrometer range.
1.2 Liquid crystalline gels

Liquid crystals are anisotropic fluids, which exhibit spontaneous orientational order of
rod-like molecules, called the nematic phase. The orientated phase existing between the solid

and liquid phases, which are oriented and random phases, respectively (Figure 3). There are
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two distinct types of behavior in liquid crystals, thermotropic and lyotropic. In the case of
thermotropic liquid crystals a mesophase appears as a result of thermal effects. By either
heating above the crystalline solid phase or cooling from the isotropic liquid phase a liquid
crystal mesophase will appear. The temperature on heating at which the state of matter changes
from that of a solid to that of a liquid crystal is called the melting point. For the liquid crystal-
isotropic liquid transition the respective temperature is referred to as the clearing point.
Lyotropic liquid crystals differ in that a mesophase is observed when the concentration of the
solvent is just enough to disrupt the crystal order to promote fluidity but not enough so that all
order is lost and the solution becomes isotropic.

Investigation of the lyotropic liquid crystalline (LC) properties of macromolecules
which are long enough to observe optically has a potential significance in self-orientation of
the biological materials. Most plants have giant polysaccharides, celluloses, whose derivatives
have been widely studied as LC polymers®?2and it has been reported that the LC structure in
plant cell walls composed mainly of cellulose fibers with a high orientation degree may play a
role in supporting the plant bodies*2°. DNA, which are representative megamolecules, could
form LC structures to store themselves in chromosomes efficiently according to the
literaure!’: 26,

Since the My of sacran is much higher than that of these macromolecules, it should be
expected that investigation of their liquid crystallinity would provide important information in
the nanocomposite field, because molecular orientation is very important in the development
of tailor-made materials. Birefringence change as a function of sacran concentration was
checked and self-orientation behavior was confirmed at over 0.3 wt%?!’. We estimated that
mesogenic chains of sacran have extremely high aspect ratios of 1,600 for highly persistent
lengths of 32 um based on Flory’s simple lattice theory?’?8. The value of persistence length

showed good consistency with the fully-extended length of sacran chains of ca. 50 um but is
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too much higher than other molecules so the solution structures of sacran chains were
investigated in more detail. Measurements of the electrical conductivity and the zero shear
viscosity demonstrated three crossover concentrations at 0.004, 0.02, and 0.1 wt %. The
viscosity was found to be scaled as ~c!®, ~c%°, ~c1°, and ~c3© with increasing concentrations
of sacran. At 0.1 wt %, the sacran chain formed a weak gel which exhibited macroscopic liquid
crystal domains including Schlieren texture (taken at 0.5 wt%, Figure 4 inset). These crossover
concentrations are considered to be the overlap concentration, entanglement concentration, and
gelation concentration (or critical polyelectrolyte concentration), respectively. Dielectric
relaxation analysis has shown that the sacran has two types of counterions with different
counterion-polyion interaction, i.e. strongly bound and loosely bound counterions. The
dielectric parameters such as relaxation time or relaxation strength are sensitive to both the
entanglement concentration and the gelation concentration, but not the overlap concentration.
The number density of bound counterions calculated from the relaxation strength revealed that
the counterion is condensed around the sacran chains. The decrease in the charge density of the
sacran chains reduces the repulsive force between the chains and this would cause the helix
transformation (observed by electron microscopy!’) or gelation behavior. The chain
conformation of sacran in pure water and the gelation mechanism are related to the behavior
of liquid crystalline polyelectrolytes, and are illustrated in Figure 4.

Based on this efficient liquid crystallization ability, physically and chemically cross-
linked LC gels have been developed. We fabricated LC hydrogels from cast films of sacran
cross-linked by a thermal treatment. The cast films formed a layer structure which was driven
by LC domains.?® During the drying process, nanoplatelets of sacran were formed as a result
of self-assembly.®® The nanoplatelets oriented along the in-plane direction during condensation
of the sacran solution to produce a layered arrangement in the cast films®!. The LC hydrogels

were formed by rehydration of the thermally-cross-linked cast films and had the ability to swell
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uniaxially as the thickness was increased as water molecules diffused through the layers®.
Furthermore, chemical cross-linked hydrogels were prepared by using divinyl sulfone as a
cross-linker, which increased the swelling anisotropy*®. Thus, the LC properties of sacran led
to the unique characteristics of hydrogels, making them suitable for a wide range of
applications such as drug carriers®=°, catalyst adsorbents®*7, and filters®®-3°,

1.3 Scaffolds for tissue engineering

The regenerative treatment, tissue engineering (TE) is a multidisciplinary field that
aims to provide therapeutic treatments to maintain, restore, or replace damaged or diseased
tissues, and provide better alternatives for whole organ transplantation also*®*2, Nowadays, TE
have been made in the regeneration of various tissues such as skin®, bone**, cartilage*,
tendons*’, ligaments*, liver®®, cardiac tissues®°, blood vessels®?, esophagus®?, adipose®, renal®,
lung®, and neural tissues®®.

The fundamental concept underlying tissue engineering is to combine a supporting
matrix with living cells and/or biologically active molecules to form a tissue engineering
construct which promotes the repair and/or regeneration of tissues* (Figure 5). In general, the
main components of tissue engineering systems that decide its properties are cells, scaffolds,
and bioactive factor (Figure 6).

1. Cells are isolated from native tissue, that can produce three-dimensional artificial
tissue.

2. Scaffolds are supported materials for cells.

3. Bioactive molecule such as growth factor, that regulate and induce cellular behavior
in a controlled manner.

The isolated cells (from autologous/allogenic source) need some kind of supporting
structure to grow on and form new tissues. The supporting structures are often called “scaffolds”

in which biomaterials are used to mimic a specific microenvironment. In this regard, scaffolds
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play a key role in accommodating cells and directing their growth into specific tissues. The
scaffold is expected to perform various functions, including the support of cell colonization,
migration, growth, and differentiation. Therefore, the development of a suitable supporting
base for both in vitro and in vivo applications of implants is the key point for successful cell
transplantation therapy, emphasizing the importance of scaffolds in tissue engineering.

Scaffolds are three-dimensional materials for cell supported in tissue engineering.> The
fundamental concept underlying tissue engineering is to combine a scaffold with living cells
which promotes the repair or regeneration of tissues. The scaffolds always are biomaterials,
which use to mimic a native environment for cells. In regeneration tissue, scaffolds play a key
important role in accommodating cells and guiding their growth direction into specific tissue.*®
The native muscle comprises of fibers formed through orientation of cells. Therefore, a major
part of tissue engineering research has been devoted to designing biomaterials that can provide
instructive cues for cells and tissues. To design such well-organized tissue, many fabrication
approaches, such as electrospinning®®-2, spin coating®®, three-dimension printing®-%, surfaced
pattern®”%° and so on. Furthermore, oriented scaffolds on the molecular level, which
effectively controlled by using liquid crystalline (LC) polymers.™

Scaffolds materials need basic requirement such as biocompatible property they should
not to produce an unfavorable physiological response. Biodegradable property, the rate of
degradation should match with the healing rate of new tissues and the broken down polymer
should not toxic molecules. Scaffolds should have congruent mechanical properties with the
native tissue which can adjust by preparation techniques and precursor. Furthermore, scaffolds
will play a property like extra cellular matrix for serving the formation of new tissue.

To achieve muscle function, the cells orientation was important factor. Because native

tissue revealed one direction of cell orientation. To controlled the cells orientation, the scaffolds
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were fabricated using various methods, such as electrospinning, groove/ridge micro- and nano-
patterns by photolithography, spin coating, and 3D-printing.
1.3.1 Oriented scaffold prepared by electrospinning technique

Electrospinning, as a simple yet versatile manufacturing method to process a rich
variety of biomaterials into nanofibers, has recently been garnering a lot of attention as the
scaffolds obtained through electrospinning possess many attractive features, such as high
surface area to volume ratio, formation of interconnected porous networks, similarity in fiber
size scale to those of the extra cellular matrix (ECM) of native vasculature, and adjustable
surface structure. These advantages make the electrospun nanofibrous scaffolds a favorable
candidate for tissue engineering. However, the traditional electrospun scaffolds showed
randomly deposited electrospun nanofibers. To achieve an electrospun vascular scaffold with
uni-direction alignment structure. By modify a template collector nanofiber will deposit with
the unique structure of the wire spring collector, electrospun vascular scaffolds with aligned
nanofibrous structures.

Figure 7 and 8 showed aligned fiber scaffolds prepared by electrospinning technique.
In 2015 Anneng Yang et al prepared aligned fiber scaffolds from poly L-lactic acid polymer
using electrospinning technique®® ™. The rotation collector device was used to collect the align
fiber while a flat aluminum foil was used for random fiber. Besides, the morphology of fiber
was adjusted by the concentration of poly L-lactic acid polymer. Moreover, the wire springs
collector also usage for alignment controlling?.
1.3.2 Oriented scaffold prepared by Photo and chemical cross-linking technique.

Photochemical surface modification has high potential in in situ patterning and
controlling living cells, whose developments are introduced and recent progresses by utilizing
laser. The patterning was started by introducing photolithography which needs photomasks to

fabricate fine structures on a substrate. The photolithography was developed to soft lithography
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and it has been widely applied for patterning proteins and living cells. On the other hand,
photochemical and photothermal methods for surface modification enable us to form various
patterning, through which cell control is realized. These are well achieved spatio-temporally
by introducing laser ablation which is of superior features.

Figure 9 showed gelatin methacrylate (GelMA) hydrogels with hexagonal geometry
on surface. The GelMA solution was mixed with irgacure 2959 photoinitiator then using UV
photo cross-linking under the virtual mask in the form of hexagonal pattern. The GelMA
hydrogels showed anisotropic swelling due to cross-linking density. The patterning was
controlled by the shape of mask. Therefore, GeIMA hydrogel with surface patterning has
potential for oriented scaffolds’.

1.3.3 Oriented scaffold prepared by surface topography technique’-6,

Surface topography has been introduced as a new tool to coordinate cell selection,
growth, morphology, and differentiation. A precise control of cell alignment and organization
in vitro relies on a robust micro/nano-fabrication technique to construct a synthetic
extracellular environment mimicking the native biological environment. To address this need,
one popular technique is to fabricate and use a culture substrate with microscopic features that
impose a defined cell adhesion pattern. This technique has been used to study the influence of
cell shape on its architecture, migration, differentiation, and growth.

Figure 10-11 showed scaffolds with micro-grooved structure. These scaffolds were
prepared by gelation the collagen on ice template. The collagen was added to container with
ice template, after cross-linked the hydrogels were frozen dry. Result in sponge scaffolds with
micro-pattern groove like ice template. They showed high precisely controlled the shape and
size of groove. For cell culture, they showed orientation of cell depend on size of grooved and
cells density. Moreover, by using ice template, scaffolds with various type of pattern was

successful prepared®’.
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1.3.4 Oriented scaffold prepared by LC polymer’

One of the most effective methods for controlling the substrate orientation on the
molecular level is to use liquid crystalline (LC) polymers. The orientation was controlled by
the LC domains polymers, which can be revealed in different of orientation degree.

LC hydrogel was prepared from poly(2,2’-disulfonyl-4,4"-benzidine terephthalamide)
(PBDT) and poly(N-[3-(N,N-dimethylamino)propyl] acrylamide methyl chloride quaternary)
(PDMAPAA-Q). Due to LC property of PBDT, the highly oriented molecule is seen on the
structure of hydrogel (Figure 12)". There are two possible directions of orientation, parallel
and vertical, which depends on swelling behavior. Moreover, the LC hydrogel presents
anisotropic mechanical property in parallel and vertical direction due to the orientation
direction of the molecule.

LC polymers synthesis needs a complex process for preparation. To overcome the

problem in this research, natural polysaccharide LC polymer, sacran, was used.
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1.4 Objective

As previously mentioned, scaffolds play as an important substrate in regenerative tissue
engineering. The orientation of scaffolds is an essential property for tissue engineering but
there are only a few numbers of study on the topic. To evaluate the new methodology of
preparing the sacran-based LC polymer, my research aims are setting up as following:
1. To prepared anisotropic porous materials using sacran LC polymer.
2. To study the biocompatibility of anisotropic porous sacran.
3. To prepare sacran hydrogels with micro-patterned on the surface.
4. To study the orientation property of sacran anisotropic porous and micro-patterned hydrogels.

5. To evaluate the orientation of cell on sacran materials.
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Figure 1. Chemical structure of sacran LC molecules.
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Figure 2. Zimm-Berry plots of the sacran solution. Inset picture: AFM height image of the

dried specimen cast from the sacran solution (10 ppm) onto a mica substrate®.
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Figure 3. Schematic illustration of the occurrence of thermotropic liquid crystal phases as an
intermediate state between the solid crystal and the isotropic liquid. LC exhibit both, anisotropy
of physical properties, alongside with flow properties of a viscous liquid. A large variety of
liquid crystal phases are distinguished, the most prominent being shown; the nematic phase
with only orientation order of the long axis of elongated molecules, and the fluid smectic phases

(smectic A andsmectic C) which exhibit additional one-dimensional positional order.””



Chapter I: General Introduction 14

[ “cross-nicol 1cm

o ~ -
vl
:
:

»

Figure 4. Schematic illustrations representing the chain conformation of sacran in salt-free
solutions (c*: overlap concentration, ce: entanglement concentration, cp: critical
polyelectrolyte solution, cp: helix transition concentration, cg: gelation concentration). Inset

microscopic picture is Schlieren texture taken under cross-Nicol polarimetry in a concentration
of 0.5 wt%"%.
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Figure 6. Schematic diagram showing key components of scaffold-based tissue engineering®!.
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500 nm

Figure 7. SEM images of electrospun aligned fibers without pores (a) and with pores (b). The

upper right corner inset for the corresponding enlargements®®.

Figure 8. Immunofluorescence micrograph of L929 cells and PC12 cells stained by
phalloidin/DAPI on polypyrrole aligned fibers (a, b) and polypyrrole aligned porous fibers (c,

d). Scale bar = 100 pm®°,
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GelMA-Pani ~ GelMA-Pani

Figure 9. Fabrication of GelMA—Pani using user-defined hexagonal geometry: (A) Schematic
of digital projection micro-stereolithography: Liquid GelMA precursor solution is placed in a
chamber covered by a methacrylated glass coverslip. Computer aided design (CAD)-based
digital mask with hexagonal pattern is used to modulate UV light, and selectively polymerize
GelMA. (B and C) Brightfield images of GelMA (semi-transparent) and GelMA—Pani (dark-
green) with hexagonal geometry. (D—F) Fluorescence and confocal images of GelMA and
GelMA—Pani samples seeded with 10T1/2 cells, and labelled for actin (green) and nucleus

(blue)™.
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Figure 10. Preparation of micro-grooved collagen scaffolds. (a) A schematic for the
preparation of micro-grooved collagen scaffolds. (b) Image of frozen ice lines prepared from
water dispensing. (c) SEM images of different micro-grooved collagen scaffolds. Flat: control
collagen scaffolds with a flat surface; G120, G200, G380: collagen scaffolds with mean
microgroove widths of 120, 200, 380 mm, respectively. Upper images show the top view and

lower images show the vertical cross-sectional view of different scaffolds. Scale bar : 100 mm®’.
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Figure 11. Formation of cell bundles in micro-grooved scaffolds. (a) SEM images of cell-
seeded scaffolds (G200, seeding concentration: 2.0 x 10%/ml) after 24 h, 48 h and 72 h culture.
Arrows mark cell bundles formed in the microgrooves. (b) Cell bundle formation in scaffolds
(G200) seeded with different concentrations of myoblasts (0.4, 2.0, 4.0 x 10%/ml) after 7 d
culture. Myoblasts were visualized using F-actin staining; myotube formation was shown using
MHC staining. Dashed squares mark cell bundle in the microgrooves and arrows mark

myotubes in microgrooves. Scale bar: 200 mm®’.
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Figure 12. Orientation characterization of superstructure formed in patterned hydrogels.
Observation of superstructure of PBDT in patterned PDMAPAA-Q hydrogels at as-prepared
(a,b) and swollen (c,d) states. The gels were observed under POM from top (a,c) and side (b,d)
directions. The thickness of the observation direction from side was unified into B2 mm. The
images in column (i) were observed under the parallel polarizers, columns (ii) and (iii) were
observed under the crossed polarizers without and with 530-nm tint plate, respectively. The
column (iv) is a schematic illustration of the orientation of PBDT molecules within the gel,
where the green bars represent PBDTs with weak orientation, the green circles represent
PBDTs orientation of vertical direction to the sheet, the orange and blue bars represent highly
ordered PBDTs. A: Analyzer; P: Polarizer; X' : fast axis of the tint plate; Z' : slow axis of the

tint plate. Scale bar, 1 mm™.
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Chapter II: Preparation of anisotropic

porous materials

1. Introduction

Porous hydrogels have been widely applied in the fields of artificial muscles, microfluidic
valves, actuators, soft robotics, drug carriers, microlenses, supported catalysis, and
chromatography.® Modulation of pore size and their distribution are essential for controlling
hydrogel properties. Several strategies such as gas foaming, fiber bonding, and porogen
leaching have been developed to fabricate hydrogels with homogeneous macropores for rapid
stimuli-response. 2 One of the simplest methods for forming the pores in hydrogels is freeze-
drying and re-swelling. The drawback of this method is that pore formation worsens the
mechanical properties of the hydrogels, limiting their application.

Sacran is a newly developed sulfated polysaccharide extracted from a cyanobacterium,
Aphanothece sacrum, which grows in underground freshwater. Sacran contains various sugar
residues, such as Glc, Gal, Man, Xyl, Rha, Fuc, uronic acids, and muramic acids, where the
chains are sulfated at a degree of 10-20 mol% to sugar residues. The sacran chain has a very
high molecular weight of over 2.0 x 107 g/mol (molecular length over 30 um), and shows self-
assembly with increases in the solution concentration to become a rigid-rod structure at around
0.1%. In thicker solutions with concentrations ranging over 0.3 %, the sacran solution exhibits
a liquid crystalline (LC) phase.® Sacran has various properties such as super-high water-
absorbent capacity, and has potential for wound healing functions, anti-inflammatory effects,
and anti-allergic activities.%'? Another unique behavior of sacran is film formation with an in-

plane orientation structure which shows anisotropic swelling. These properties of sacran and
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the above-mentioned importance of porous hydrogels motivated us to create tough and porous
gels with molecular orientation of sacran LC chains. >4

Here we report a new, simple method of preparing the layered sacran hydrogels with
anisotropic pore structures using a casting and freeze-drying method, although many other
complicated methods have been reported for the preparation of porous hydrogels such as metal-
organic frameworks (MOFs)**>7  electrospinning 823, gas foaming 24, 3D printing 2°>¢ and
porogen leaching %31, In particular, optimization of the hydrogelation condition creates tough
hydrogels with a high porosity even in a water-swollen state.

2. Materials and methods

2.1 Materials.

Sacran was dedicated from Green Science Material Inc. (Kumamoto, Japan) and used as
received. Tetralin was purchased from TCI, Japan.

2.2 Hydrogel preparation.

Hydrogels used here were prepared by the procedure shown in Figure 1. First non-porous
sacran hydrogels were prepared as precursors for porous ones by a previously-reported
procedure.®? The sacran aqueous solution with a concentration of 0.5 % (50 ml) prepared by
agitating at 80 °C for 8 h was cast into a polypropylene case (50 x 50 x 50 mm?) and dried in
an oven at 60 °C for 72 h to form translucent films with a thickness of 44 + 9 um. The films
were punched into disk-like samples with a diameter of 5 mm and were thermally treated at 60,
80, 100, 120, and 140 °C, in order to cross-link the sacran chains in a dry film state. When the
films were immersed in deionized water at room temperature and kept for 24 h, the translucent
self-standing hydrogels were of an almost constant diameter, whereas the thickness was
increased.

Next porous sacran hydrogels were prepared by the following procedure. The precursor

hydrogels were frozen by keeping in liquid nitrogen for about 10 min and then drying in a
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freeze-drying apparatus (EYELA, FDU-1200) for 72 hrs. We were able to confirm their
complete drying because the samples spontaneously attached to the glass wall by electrostatic
force. As a result of freeze-drying, spongy materials were formed. When the sponges were
immersed in deionized water, self-standing hydrogels were recovered.

For comparison, non-porous sacran hydrogels were additionally prepared via the following
freezing procedure. If the precursor hydrogels frozen by keeping in liquid nitrogen for about
10 min were thawed by leaving at room temperature for 1 hr, the hydrogels were recovered.
The obtained hydrogels were immersed in deionized water and were kept for 24 h to reach an
equilibrium swelling state. The freeze-thawed hydrogels were used for comparison to those
that were freeze-dried because the former have a simple layer structure with no pores.

2.3 Pore size measurement.

Scanning electron microscopy (SEM, JEOL, JCM-6000PLUS) was used to investigate
the sample structures. The samples were mounted onto metal stubs using carbon tape. The stubs
were then coated with gold using a sputter coater machine. ImageJ analysis software was used
to determine the averaged pore sizes of twenty randomly selected samples. Three different
images of one freeze-dried sample were used for the mean pore size calculation.

24 Porosity measurement.

Porosity was evaluated using the tetralin displacement method as follows. Freeze-dried
samples were cut into 5 mm diameter disk-like samples and were then immersed in tetralin
which is slightly viscous solvent with a high boiling point. After keeping the samples for 3
days, the weight was measured by electronic balance. The porosity was then evaluated by the
equation:

(WS_Wd)éptetraline x 100 (1)

%Porosity =



Chapter Il: Preparation of anisotropic porous hydrogels and their properties 30

where Wy is dry weight, Ws is weight in the swollen state, and Vs is the total volume of the
swollen sample. The density of tetralin, pretraiin, Was 0.97 g/cm?. The evaluations were repeated
5 times and the data were averaged.
2.5  Swelling properties.

The degrees of swelling were measured by the following method. The weights of dry
precursor films or sponges were measured before hydrogel formation. The hydrogels swollen
in an equilibrated state were weighed after the water on the sample surfaces was removed by

wiping. The degree of swelling, Q, was evaluated by the ratio of the swollen weight, Ws, to the

dry one, Wyq:
Ws
Q=5 (2)

The water content, A, of the hydrogels was also evaluated by the following equation:

_ Ws—Wgq

A== 3)

The values of 5 specimens were averaged.
2.6 Mechanical properties of the hydrogels. 33-%
The mechanical properties of the sacran hydrogels were investigated in an elongation
test. The elongation probe was set up on an Instron 3365 machine using a 5 kN load cell with
a crosshead speed of 1.0 mm/min. Elastic modulus (E) of each sample was calculated using the

following neo-Hookean equation applied to unidirectional elongation measurements:

T=-=E(1-17?) (4)

where 7 is the stress, F is the applied force, A is the original cross-sectional area of the
hydrogels, and E is the elastic modulus. 4 = A/ho, where h is the hydrogel length under strain
and ho is the hydrogel length before elongation. Plotting F/A versus (A — A72) resulted in a

straight line with a slope of E, which is the modulus of elasticity of the swelling hydrogel.
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The effective cross-link density, Ve, was calculated from the swelling ratio and modulus using

the equation:

EYQ
Ve =—r (5)

where E is the elastic modulus, Q is the swelling degree, R is the gas constant, and T is the
absolute temperature of the hydrogels.
The average molecular weight between cross-linking points, M¢, was calculated using the

cross-link density as shown in the following equation:

M, =2 (6)

Ve
where py is the density of the dry polymer (sacran = 0.83 g/cmq).
The average molecular length between cross-linking points, L, was calculated using the

molecular weight between the cross-linking points as shown in the following equation:

_ McLy
=

L (1)

where Lo is the molecular length of the polymer repeating unit (8.6 A) and Mo is the molecular

weight of the polymer repeating unit.

The degree of cross-linking, X, can be estimated theoretically using Mc as given in the following

equation:
— Mo
X= 2M, (8)

3. Results and discussion
3.1  Pore formation in hydrogels.

We made the porous sacran material using the freeze-drying technique which is a
conventional and simple method widely used for pore preparation in hydrogels . The rationale
was that sacran, having an ultra-high molecular weight (>20 MDa) and a rigidity high enough
to exhibit a LC phase where sacran chains are intrinsically self-oriented in a very low

concentration (> 0.3 wt%) as stated in the introduction, might demonstrate the ability to form
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strong networks of hydrogels. At first, the sacran solution was simply subjected to freeze-
drying in order to form spongy materials (representative picture, Figure 2a) and then the spongy
sacran was annealed at 60°C and 140°C in order to examine the thermal cross-linking behavior
in the dried sponge state. SEM images of the sacran sponges were taken to observe the porous
structure on their surfaces as shown in Figures 3a and 3b. The pore size of the sponges annealed
at 60°C was about 6.0+1.5 um which was higher than those annealed at 140 °C (2.3£0.9 um).
The pores created by freeze-drying shrunk with successive annealing treatments, which
suggested that the thermal crosslinking occurred due to the annealing treatment as
demonstrated previously in the cast film test.> The sponge annealed at 60°C was immersed in
deionized water for 24 h to turn it into a viscous solution but not into gels (Figure 2b), while
the other at 140°C created the intended gels (Figure 2c) after immersion in deionized water for
24 h. These results indicated that the high annealing temperature is important for the gelation
of the sacran sponges. The swelling degree of the sacran sponges at 140 °C was 57+6 g/g which
is higher than that of non-porous hydrogels derived from sacran cast films due to the pores. As
discussed previously, because sacran chains contain numerous carboxylic and hydroxyl groups,
intermolecular hydrogen bonds might be generated by annealing.®’-*® Moreover, it is possible
to form ester or ether bonds among these functional groups. This is why the annealing
temperature of the sacran sponge affected the gelation behavior. The pores were successfully
formed by freeze-drying and the subsequent thermal treatment method but actually the
hydrogels did not exhibit appropriate toughness. Such an unexpected result of hydrogel
brittleness could be due to randomly-directed LC domains as illustrated in Figure 1a, where
the interdomain boundary might induce the brittleness. Moreover, thermal crosslinking of
sacran chains beyond the boundaries is probably difficult because the sacran chains attached in
different directions. In summary, simple freeze-drying of the sacran solution is not suitable for

the production of tough and porous sacran hydrogels. Consequently, our efforts have been
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devoted to improving the physical properties of porous sacran hydrogels. We developed a
method for obtaining tough sacran hydrogels using a solvent casting method. The toughness
was induced by uniaxial orientation of the sacran chains in LC mono-domains formed though
fusing small orientation domains under interfacial effects (Figure 1).%?

3.2  Preparation of layered/porous hydrogels.

The porous hydrogels with a layered structure were prepared from the sacran LC solution
(Figure 1a). The LC solution was dried on a flat substrate such as plastic to form a cast film
with an in-plane orientation of sacran chains and then the film was thermally-crosslinked at 60,
80, 100, 120, and 140 °C (Figure 1b). When the film was immersed in water, hydrogels with a
layered structure were formed which are regarded here as original hydrogels (Figure 1c). The
porous hydrogels were prepared by freeze-drying to form sponges which were then re-swollen
in water (Figure 1d). Freeze-thawed examples of the original hydrogels were prepared for
comparison to those that were freeze-dried. Figure 4 and 5 representative SEM images of
sacran films cast from a LC solution and then annealed at 60 °C (a and ¢) and 140 °C (b and d).
Regardless of annealing temperatures, the SEM images of the top view of the film show that
they are very smooth with no particular structure (4a and 4b) while the images of the side view
for cross-sectional samples (Figure 5) show striped lines, which revealed that in-plane
orientation of sacran molecules formed layered structures in micrometer scale. No distinct
difference in the layered structure on these SEM images was observed. From this observation,
we confirmed that the layered structure was formed throughout the films. The film was swollen
in water and freeze-dried to produce white sponges whose appearances in the Figure 6. Sponges
looked more dense in the case of the higher thermal cross-linking temperature, which agrees
with the above-mentioned phenomenon using a sacran solution. Figure 7 shows SEM images
of freeze-dried samples of the original hydrogels with layered structures, where the porous

pattern can be observed only in the side view whereas both top and bottom surfaces show some
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unclear wrinkle-like structures but no pore structures. The porous patterns can be observed in
all of the cross-sections of these sponges cut by a very sharp surgical knife, revealing the
interconnection of pore structures like tunnels. The interconnected pore structures were
observed in samples cross-linked at all annealing temperatures. The absence of pores in the top
and bottom surfaces is interesting because a simple freeze-drying treatment induced such
oriented tunnel structures. The pores were formed by ice sublimation and the vapor appeared
to preferentially vent out of the side faces but never break the top and bottom surfaces. This
phenomenon strongly suggests that the sacran primary layers should be very tough intrinsically
owing to strong interchain interactions. At the same time, the wrinkled structures on the top
and bottom surfaces were formed on the surface because of the pressure change due to the
outflow of water.*> When the sponges were immersed in deionized water, translucent hydrogels
were prepared as shown in the Figure 6. The hydrogels were somewhat opaque because of the
LC phase. As abovementioned, at first, freeze-dried samples of sacran LC solutions were
annealed but failed to form porous hydrogels having layer structure. Thus, the timing for
thermal cross-linking is important to form stable hydrogels. This suggests that sacran molecular
chains should be strongly interacted in oriented domains to make thermal cross-linking
efficient.

Even after immersion in water, the hydrogels still kept in-plane orientation which was
suggested by the following test; samples were torn from the edges of porous hydrogels by two
pairs of tweezers and fracture regions were observed. When they are torn, the hydrogels were
not very smoothly fractured to get rough fracture area while regular hydrogels are very easily
broken by such a strong twisting stress. Figure 8 shows representative photographs of the
fracture area of the hydrogels derived from the films thermally cross-linked at 60 °C. One can
see many steps in the fracture areas marked by dotted lines in Figure 8a, strongly suggesting

the layered structure formation in hydrogels. The hydrogels prepared by a freeze-thawing
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method, which is widely-used to prepare hydrogel-type tissue engineering scaffolds and so
on,*1* were also prepared for comparison to clarify the freezing effects on hydrogel structures
and properties. The freeze-thawed hydrogels also showed steps, suggesting the maintenance of
the layered structure (Figure 8b), but had no pores. They are good examples for comparison
to the freeze-dried hydrogels.

3.3 Pore structures.

Figure 9a shows that the pores in the side face observed by SEM seem smaller in the
hydrogels prepared from the films cross-linked at higher temperatures. The pore size was
estimated from these SEM images and found to range between 10-35 pm. The size was plotted
against the thermal cross-linking temperature from 60 to 140 °C to obtain Figure 9a, showing
a quantitative tendency of pore size decrease with increasing thermal cross-linking
temperature. The tendency corresponds to the shrinking of pores by thermal-treatment for
freeze-dried sponges and the layered structure remaining at 140 °C can be easily identified in
the picture in Figure 7j. We therefore conjecture that annealing the film can enhance intra-
layer interaction of the sacran chains to make the layers stiff. The water vapor should make
pores around the portions where sacran chains interact weakly between layers.

Figure 9b shows the relationship between annealing temperature and porosity which was
measured by taking the volume of voids over the total volume inside xerogels. If freeze-dried
sponges were immersed in tetralin, which is not a solvent for sacran chains, the sponges readily
absorbed the tetralin. This phenomenon could have occurred due to capillary effects, allowing
water to intrude through pores to hydrate the sacran chains. The porosity values of all freeze-
dried hydrogels were higher than 40 % and were affected by the annealing temperature. The
porosity was 79 % at an annealing temperature of 60 °C. These results indicate that the pore
size and porosity in hydrogels can be controlled by varying the annealing temperature of sacran

films. Because pore structures are important for applications such as filters®®, catalyst
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supports®, and tissue engineering scaffolds’® %6, the good controllability is an advantage in
these applications. The porosity values are higher than those reported by Nasri-Nasrabadi et
al.(25-50 %) on a porous composite of starch/cellulose®’. The porous starch/cellulose was
prepared by the combination of film casting, salt leaching, and freeze drying methods. By this
method, it is difficult to use big salt particles as a porogen due to brittleness or homogeneity.
The results of the method in the present study were characterized by high pore size, high
porosity, and interconnected pores.

3.4 Swelling behaviors.

The annealing temperature’s effect on pore structures should have a great influence on
swelling behavior. We therefore investigated the swelling degree of porous hydrogels with
comparison to nonporous hydrogels prepared by freeze-thawing methods. The swelling degree,
Q, (9/g) was determined as the weight ratio of absorbed water to dried polymer is shown in
Table 1. The porous hydrogel from the film cross-linked at 60 °C showed a Q value of 186 g/g
which decreased to 9 g/g at 140 °C. The higher cross-linking temperature yielded smaller pore
sizes and a stronger intra-layer interaction to disturb the water molecule absorption into the
hydrogels.

We prepared the freeze-thawed hydrogels in order to examine the freezing effects on
hydrogel properties by comparing them to original hydrogels and to examine the drying effects
by comparing them to porous hydrogels from freeze-dried sponges. The freeze-thawed
samples showed a lower degree of water swelling than porous hydrogels at all thermal-
crosslinking temperatures (Table 1), presumably due to the strong effects of interconnected
pores on enhancing water absorption through capillary force. On the other hand, the swelling
degree of the network matrix of sacran chains was calculated using the data on porosity, and
resulting values are shown in parentheses. These values were lower than those for freeze-

thawed hydrogels, suggesting that the drying process also has an effect on decreasing the
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degree of swelling. For the comparison of freeze-thawed hydrogels with original hydrogels,
the swelling degree increased only slightly, indicating that freezing effects are very weak at
controlling the degree of swelling. Poly(vinyl alcohol)s, PVA, are well-known for showing
the physical cross-linking accomplished by the freeze-thawing technique.*®*° However, sacran
chains have more complex structures that avoids the crystallization than PVA. Water content,
A, was also calculated in order to estimate the network structure quantitatively which will be
described in detail later. In summary, thermal cross-linking temperature controlled the swelling
behavior well in the present method for producing sacran hydrogels.

3.5  Mechanical properties.

The mechanical properties of swollen hydrogels were measured by stress-strain tests in
elongation mode. Generally, the compression mode is widely used for the hydrogel mechanical
test because the elongation mode requires an intrinsic toughness of the samples. Figure 10a
shows stress-strain curves of water-swollen sacran networks in porous hydrogels, which were
obtained by normalization of the curves for porous hydrogels (Figure 10b) using porosity. The
curves show a typical shape including initial Hookean regions. Elongation tests of freeze-
thawed hydrogels were conducted (Figure 11b), and Figure 11a represented the stress-strain
curves of original hydrogels. Elastic modulus, E, tensile strain at fracture, o, elongation at
fracture, ¢, and strain energy density are summarized in Table 2. While mechanical properties
and network analysis of original hydrogels were summarized in Table 3.

E and o were increased because of the cross-linking temperature increase. The increasing
temperature of cross-linking resulted in proportionally higher E and ¢ of the sacran layer porous
hydrogels, suggesting that the establishment of an increasing cross-linking temperature
enlarged the cross-linking point. E and o values of porous hydrogels showed an increasing
trend from 3 kPa (60 °C) to 585 kPa (140 °C) and from 1 kPa (60 °C) to 210 kPa (140 °C),

respectively, by an increase in annealing temperature. On the other hand, ¢ values were highest
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at an annealing temperature of 120 °C. Thermal cross-linking can induce the strength and
hardness of hydrogels but too many cross-linking points cause brittleness. E and o values of
freeze-thawed hydrogels also increased from 5 kPa (60 °C) to 1,745 kPa (140 °C) and from 2
kPa (60 °C) to 758 kPa (140 °C). Porous hydrogels showed 210 and 195 fold increases whereas
those that were freeze-thawed showed 379 and 349 fold increases for ¢ and E, respectively.
The difference in the rate of increases may be related with no cross-linking inside the pores.
Actually o and E values of sacran chain networks in porous hydrogels which were re-estimated
using matrix cross-sectional areas by subtracting pore areas (shown in parentheses of Table 2)
are higher than those of porous hydrogels but lower than those of freeze-thawed ones, except
for the case of 60 °C annealing. The high mechanical strength of freeze-thawed hydrogels may
be attributable to interlayer interaction breakage by the pore generation. Strain energy density,
which can be regarded as the measure of toughness in materials science and calculated by the
area under the stress—strain curves, showed a continual increase from 1 kJ/m? (60 °C) to 208
kJ/m? (140 °C) for freeze-thawed hydrogels while the porous hydrogels showed a maximum
of 91 kd/m? at 120 °C and decreased to 43 kJ/m? at 140 °C. The maximum was caused by the
¢ value tendency. Although the strain energy densities of porous hydrogels were lower than
those of freeze-thawed hydrogels, the values were comparable with those of polymethacrylate
derivative hydrogels®® applied practically for contact lens and were higher than those of
poly(acrylic acid) hydrogels prepared using silica nanoparticle porogens.®t

Moreover, the porous hydrogel from sacran sponges had a maximum E value of 585 kPa,
which is higher than other reported hydrogels derived from dextrin ° chitosan/collagen 3, a
natural silk protein °*, hyaluronic acid®, and cellulose/alginate °® which were prepared by
chemical cross-linking. This is owing to the in-plane orientation of the sacran LC structures.

Network structure analyses were performed from A and E values. Table 4 summarizes cross-

link density, Ve, molecular weight between the cross-linking points, M¢, molecular length
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between the cross-linking points, L, and degree of effective cross-linking, X. When the
temperature was increased from 60 °C to 140 °C, the values of Ve and X increased 81 and 74
fold, while M¢ and L dropped dramatically by 82 fold for porous hydrogels. Similarly, freeze-
thawed hydrogels showed increases in Ve and X with a cross-linking temperature increase but
the rate of increase was 176 and 153 fold higher than porous hydrogels, respectively, while Mc
and L decreased 174 fold. It can be seen that freeze-thawed hydrogels had higher E values than
those of porous hydrogels and their water-swollen sacran networks (in parentheses in the table
4) in spite of a higher swelling degree than those of water-swollen sacran networks. As a result,
Ve and X values of freeze-thawed hydrogels increased sufficiently to induce high toughness
over 100 kJ/m? at thermal cross-linking temperatures of 120 and 140 °C. Owing to a layered
structure, porous hydrogels retained high toughness although the strain energy density values
decreased. In the drying step, the ice was substituted by air to make pore gaps which broke the
interlayer cross-linking however intralayer cross-linking should be kept to some extent as
clearly illustrated in the SEM image in Figure 7j. As reported by Kovacik, J, not only cross-
linking density but also the pore shape and size also show a significant effect on the mechanical
properties of porous materials®’. In our porous hydrogels of sacran LC chains, the tunnel-like
pores along the layers were very effective at keeping high strain energy density in highly-
porous hydrogels.
4. Conclusions

Freeze-drying of water-swollen layered hydrogels of a supergiant LC polysaccharide, sacran,
which are prepared by thermal cross-linking of film cast over a sacran LC solution, forms pores
only on the side faces of spongy materials where layer edges are located but no pores on the
top and bottom faces as revealed by SEM. The pore size is decreased from 35 to 10 um by an
increase in temperature for thermal cross-linking from 60 to 140 °C depending on the annealing

temperature of the film cast. The anisotropic sponge absorbs an oily solvent, tetralin, although
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sacran does not dissolve in it, presumably owing to capillary force. From the amount of tetralin
absorbed, the porosity of the sacran sponge materials was estimated to range between 40-80%,
decreasing with an increase in the thermal cross-linking temperature of the cast films. The
anisotropic sponges swell in water to form hydrogels. The swelling degrees are estimated as
weight ratios of the water-swollen hydrogel to the dry sponge and range between 9-186 g/g
which is higher than those of the original hydrogels (8-51 g/g), indicating that the porous
structures are retained in hydrogels. The swelling degree of the network matrix is calculated to
be 6-40 g/g by subtracting the water amount in pores from the whole swelling degree, which
was lower than the non-porous hydrogels prepared by freeze-thawing of the original hydrogels.
The swelling degrees of freeze-thawed hydrogels are between those of original hydrogels (from
cast films) and those of the network matrix, suggesting that both freezing and successive drying
are effective on additional cross-linking of original networks. The porous hydrogels are tough
enough to tear at their edges, and many steps appeared around torn parts, suggesting the layer
structures from the layered cast film are maintained. Elastic moduli of the porous hydrogels
range from 3 to 585 kPa while tensile strengths at fracture range from 1 to 200 kPa. Moreover,
strain energy density of porous hydrogels cross-linked thermally at 120 °C is high at around 91
kJ/m3. The high toughness might be attributable to pores arranging between the layers and not
reducing the mechanical toughness when the gels are stretched along the longitudinal direction

of the layer.
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Figure 1. Schematic illustration of the preparation process for hydrogels with a layered
structure and oriented pores. a) Sacran liquid crystalline (LC) solution with a concentration of
0.5 w/v %. b) Film with layered structures where sacran chains were oriented in-plane, formed
by casting of a. ¢) Hydrogels having a layered structure formed by water-immersion of b after
thermal cross-linking at various temperatures, which are basis of subsequently produced
layered hydrogels. d) Frozen hydrogels keeping a layer structure of sacran chains surrounded
by ice crystal. e) Hydrogels having the layered structure and oriented pores formed by freeze-
drying and successive water-immersion of d. f) d was thawed and immersed in water to prepare

non-dried hydrogels for comparison to e.
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Figure 2. a) Photograph of the sacran sponge prepared by freeze-drying of the sacran LC
solution with a concentration of 0.5%. b) The sacran sponge was immersed in pure water and
was kept for 24 h after annealing at 60 °C, to form a viscous solution. c) Self-standing hydrogel
prepared by water-immersion of the sacran sponge and kept for 24 h after thermal cross-linking

at 140 °C.
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Figure 3. SEM images of sacran sponge surfaces prepared by freeze-drying the sacran solution

with a concentration of 0.5% and successive annealing at 60 a) and 140 °C b).

Figure 4. SEM images of the surface of sacran films cast from the LC solution and then

thermally cross-linked at 60 OC (a) and 140 0C (b).
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Figure 5. SEM images of cross-section sacran films cast from the LC solution and then
thermally cross-linked at 60 °C (a and ¢) and 140 °C (b and d). Higher magnification image (c

and d) obviously revealed layered structures. Scale bar: 10 um.
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Freeze-dried Re-swollen

60 °C

140 °C

Figure. 6 Photographs of freeze-dried samples (porous materials) and successive re-swollen
samples of layered hydrogels which were prepared by casting the sacran LC solution with a
concentration of 0.5 w/v% and then cross-linking thermally at 60, 80, 100, 120 and 140 °C.

Scale bar: 1 mm.
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Top view

Figure 7 SEM images of freeze-dried samples of layered hydrogels which were prepared by
casting the sacran LC solution with a concentration of 0.5 w/v%, and then thermally cross-
linking at 60 (a, f), 80 (b, g), 100 (c, h), 120 (d, i), and 140 °C (e, j). Side views (f-]) reveal

pore structure, while top views (a-€) reveal no pore structure. Scale bar: 100 pum.
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Figure 8. Photographs of partially torn samples from the edges of hydrogels derived from the
films thermally cross-linked at 60 °C, by freeze-drying a) and freeze-thawing b) methods.
Illustration c) shows how to conduct a tear test of hydrogels. Fracture areas are marked by
dotted lines. Both photographs show steps in the fracture area of hydrogels suggesting layered

structures.
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Figure 9. Pore size a) and porosity b) of freeze-dried samples of layered hydrogels which were
prepared by casting the sacran LC solution with a concentration of 0.5 w/v% and then thermally
cross-linking at 60, 80, 100, 120 and 140 ‘C. Pore size a) was estimated from side views of

SEM images (Figure 4f-j), and porosity b) was evaluated from the amount of tetralin intruding

into sample pores.
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Figure 10. Representative stress-strain curves of sacran hydrogels derived from layered films

cross-linked thermally at the indicated temperatures. a) Stress-strain curves of porous

hydrogels, where stress values were normalized by using matrix areas of water-swollen

networks. b) original stress-strain curves.
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Figure 11. Representative stress-strain curves of sacran hydrogels derived from layered films
cross-linked thermally at the indicated temperatures. a) Stress-strain curves of original

hydrogels. b) Freeze-thawed and equilibrated-swollen ones hydrogels.
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Table 1. Swelling degrees of porous and freeze-thawed sacran hydrogels®.

cross-linking porous hydrogels  freeze-thawed hydrogels
temperatures® (°C) (9/9) (9/9)
60 1(28255 7743
80 (ggig) 4312
100 (ﬁﬁ) 2343
120 (196512) 1241
140 (gigii) 942

a
Swelling degrees (Q) in distilled water were estimated at room temperature. Values in

parentheses refer to matrix swelling degrees estimated by subtracting pore volumes from

b
entire swelling. Thermal cross-linking temperatures of layered film as precursors of layered

hydrogels.
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a
Table 2. Mechanical properties of porous and freeze-thawed sacran hydrogels

52

cross-linking
b

porous hydrogels

freeze-thawed hydrogels

temperatures strain energy strain energy
(OC) c d . f d e ¢
Wy de)  mmmm Y ea e mmmm Sty
a a mm/mm 3 a a mm/mm
(kd/im) (ky/m?)
3+1 1+0.1 0.3x0.1
60 (18+5) (7+1) 0.60+0.06 (1£0.2) 5+0.2 2+1 0.65+0.09 1+0.1
5+1 5+1 1+0.1
80 (19+3) (173) 0.94+0.47 (4£2) 466 28+9 0.74+0.33 1345
21+5 13+3 10+4
100 (62+16) (38+8) 0.88+0.19 (19+11) 250+37 120+18 0.75+0.02 52+12
220+410 210+44 91+7
120 (54098)  (520+110) 1.46+0.32 (550+140) 61050 330+40 0.68+0.14 140+13
590+130 20030 43+12
140 (13604290)  (470+70) 0.40+0.09 (120+11) 1750+430 760+40 0.52+0.08 210+32

a
Mechanical properties were determined from stress-strain curves recorded at room

temperature using a tensiometer in an elongation mode. Values in parentheses are mechanical

properties re-estimated using matrix cross-sectional areas with subtracting pore areas.

b
Thermal cross-linking temperatures of layered film as precursors of layered hydrogels. CE

d e
values refer to elastic modulus. ¢ values refer to tensile strength at fracture. ¢ values refer to

f
elongation at fracture. Strain energy density values were estimated from area surrounded by

stress-strain curves.
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Table 3. Swelling degrees, mechanical properties, and network structure analyses of original

sacran hydrogels.

cross-linking strain energy

QP E° o e et A M. h Li Xi

temperatures® densit . . .
p(oc) (9/9) (kPa) (kPa) (mm/mm) (kJ/mgl) (mol-m?3) (kg-mol?) (A) (x107%)
60 51+2 8+1 6+x1 0.86+0.10 31 11+1 73+7 3494+353 1+0.1

80 33+3 40+8 38+6 0.92+0.16 1643 52+10 1743 791+155 61

100 20+2 100+25 40+14 1.06+0.43 1046 108+27 8+2 383+76  12+3

120 11+0.2 779+204 120+31 1.03+0.21 50+14 688+180 1+0.3 61+17 7520
140 8+2 1177+188 402+14 0.41+0.06 79+14 918+147  1+0.2 44+8  100x16

*Thermal cross-linking temperatures of layered film as precursors of layered hydrogels. °Q
values refer to swelling ratio estimated by weight ratios of swollen hydrogel to dried ones.
Mechanical properties were determined from stress-strain curves recorded at room temperature
using a tensiometer in an elongation mode. °E values refer to elastic modulus. % values refer
to tensile strength at fracture. e values refer to elongation at fracture. 'Strain energy density
values were estimated from area surrounded by stress-strain curves. %V values refer to cross-
linking density. "M, values refer to molecular weight between cross-linking points. 'L valeus
refer to molecular length between cross-linking points. X values refer to degree of cross-

linking.
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Table 4. Network structure analyses of freeze-dried and freeze-thawed sacran hydrogels

cross-linking porous hydrogels freeze-thawed hydrogels
b c b c
temperatures. A M, L X A M, L X
°C -3 ; -3 -3 ; -3
O momY kemo) A x10) molm?) kemo) A (x107)
612 145+40 6900+1900 0.7+0.2
60 (2547) (35£10) (1680+470) (3+1) 8+1 105+11 5000+520 1+0.1
9+2 92+23 4400+1120 1+0.2
80 (24+6) (36:9) (1700+440) (3+1) 63+11 1443 650+130 741
267 3448 1610+400 3+1
100 (59+17) (15:4) (710+170)  (6+2) 270+31 3+0.4 150+19 3043
220145 441 190+38 2315
120 (430+90) (2:0.4) (89+20) (47+10) 530+72 24+0.2 7610 5848
140 48089 - 2203 8ax1d - 52x10 44104350 12011 29+7 150438

(930+170)  (1+0.2) (44+7) (100£18)

a b
Thermal cross-linking temperatures of layered film as precursors of layered hydrogels. V,
C
values refer to cross-linking density. M, values refer to molecular weight between cross-

L i d o i e
linking points. L valeus refer to molecular length between cross-linking points. X values refer
to degree of cross-linking. Values in parentheses are calculated using elastic moduli and water
contents for matrix areas of water-swollen networks with neglecting water amount in pores and

pore areas.
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Chapter 111 Biocompatibility and cell-orientation

controlling property of sacran biopolymer

1. Introduction

Hydrogels are three-dimension of polymer network that is capable of absorbing a large
amount of water or biological solutions as well as keeping their structure integrity’?2. They
show a variety of biomedical application such as cell carrier®, drug delivery*>, and engineering
scaffolds®® due to their similarities with the extracellular matrix, excellent biological
performance, and inherent cellular interaction capacity®!. Scaffolds are biomaterials which
are used for cell supported materials to grow on and form the new tissues. The most important
property of scaffolds is biocompatible!2, which is not produce an unfavorable physiological
response. Moreover, they should have selfsame mechanical properties with the native tissues?2,
The architecture such as pore size, porosity, pore interconnectivity and permeability also
required**1>.

Previously | successful prepared anisotropic porous hydrogels of sacran bio-renewable
polymer®. Our hydrogels showed inter-connected porous structure however pores were
presented only side faces like a tunnel. Besides, mechanical properties were an appropriate
performance in scaffolds materials. Sacran'’*8 is a megamolecular of polysaccharide (Mw:
1.6x10" g/mol), extracted from Aphanothece sacrum cyanobacteria. Sacran composed of
various sugar residues such as Glc, Gal, Man, Xyl, Rha, and Fuc. On the polysaccharide chain
contain carboxylate groups, sulfate groups and the most important is amide groups. Due to the

presence of amide, sacran could be showed bioactivity like a glycosaminoglycan, the extensive
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proteoglycans present in the extracellular matrix and on cell surfaces in animal tissues®®. Thus,

we believe the sacran hydrogels were proper properties for scaffolds candidate.

Herein we exploit the opportunity sacran hydrogels to employ in tissue engineering
field. The significant issues regarding scaffolds were studied, surface morphology,
hydrophobicity, and the ability to adsorb protein. Furthermore, culturing of fibroblast L929
cells on these hydrogels showed biocompatibility as well and the morphology of attached cell

also good-looking oriented.

2. Materials and methods

2.1 Materials.

Sacran was dedicated from Green Science Material Inc. (Kumamoto, Japan) and used as

received.

2.2 Sacran scaffolds fabrication

Sacran scaffolds with porous layered pattern were prepared freeze-drying of hydrogels
which were fabricated by solvent casting process as reported before. Briefly, 50 ml of 0.5 %
wi/v sacran solution was casted on polystyrene mold with micro-patterned on a polypropylene
case (50 x 50 x 50 mm?) and dried in an oven at 60 °C for 24 h to form translucent films. The
films were thermally treated at 100, 120, and 140 °C, for 6 h in order to cross-link the sacran
chains in a dry film state. When the films were immersed in deionized water at room
temperature for 24 h became equilibrium state hydrogels. Next, sacran hydrogels were frozen
by keeping in liquid nitrogen for about 10 min and then drying in a freeze-drying apparatus

(EYELA, FDU-1200) for 72 h to form porous sacran scaffolds.
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2.3  Characterization of sacran scaffolds

To investigate the surface morphology, the microscopic images were examined using
scanning electron microscopy (SEM, JEOL, JCM-6000PLUS). The samples were mounted
onto metal stubs using carbon tape. The stubs were then coated with gold using a sputter coater
machine.

Water contact angle experiment of the sacran scaffolds were performed on top surface
using a contact angle meter (Drop Master, Kyowa Interface Science Co., Ltd., Japan) at room
temperature.

To measure the protein adsorption, sacran scaffolds were placed in 96 well plate having
Dulbecco’s Modified Eagle’s Medium (DMEM) + 10% FBS and was incubated at 37 °C for
24 h. After incubation, the scaffolds were washed with PBS solution thrice. The washed
scaffolds were then incubated with the 2 % wi/v of sodium dodecyl sulfate solution (Wako,
Japan) at room temperature for 3 h. Total protein was calculated using Bicinchoninic acid

(BCA) assay?.

2.4 Cell Culture

A mouse fibroblast-like cell line (L929) was selected for all biological assays in order
to evaluate the biocompatibility and cell adhesion behavior on sacran scaffolds. The L929
fibroblast cell line was obtained from the American Type Culture collection (Manassas, VA).
The cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma, USA)
supplemented with 10% heat-inactivated fetal bovine serum (FBS, Biochrom AG, Germany)

incubated at 37 °C in a humidified atmosphere with 5% CO..
2.5 Cell Adhesion

Prior to biological assays, all scaffolds were sterilized under UV radiation overnight??,

then immersed in ethanol 70% (v/v) for 3 days. Subsequently, the 1 ml of 1.0 x 10° cells-ml™*
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cell suspension was seed on each scaffolds and cultured for 1, 2, and 3 days at 37 °C. After
each incubation period, the samples were rinsed with a buffer saline (PBS, Sigma-Aldrich,

USA). The number of cells adhering to the porous scaffold was then counted.
2.6  CCK-8 assay %

Cell Counting Kit-8 (CCK-8, dojinb, Japan) was applied to evaluate cell number
according to the manufacturer’s instruction. Each sample, after rince with PBS, was incubated
in 0.1 ml of growth medium supplemented with 10 pl of CCK-8 stock solution for 3 h at 37 °C

in a humidified atmosphere of 5% CO2, in air. The absorbance at 450 nm was measured.
2.7 Cell morphology

The morphology of the cultured L929 (1.0 x10° cell/scaffold) was observed by SEM
images. After 3 days of cultured, the cells were fixed by 10% formalin neutral buffer solution
(Wako, Japan) for 24 hours. Dehydration process was performed on each specimen in ethanol
(60%, 70%, 80%, 90%, 100% and 100%) and 2 time of t-Butanol, each for 1 h then dry at room

temperature. After that they were sputter-coated with gold and viewed by SEM.

2.8 Live/ Dead assay "%

Cell viability in sacran scaffolds was evaluated using live/dead assay. Constructs were
harvested, gently rinsed twice with PBS and then incubated with calcein AM and ethidium
homodimer-1 (EthD-1) for 15 min to strain live (green) and dead (red), respectively, for 15 min
at 37 °C and 5% CO: humidified incubator. Samples were viewed using fluorescence

microscope (BZ-X700, KEYENCE)
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3. Results and discussion
3.1 Morphology

Sacran scaffolds were fabricated by using the simple method of solvent casting and
freeze-drying. Firstly, 0.5 % w/v of sacran liquid crystalline (LC) solution was casted at 60 °C
to form translucent films?3. Then these film were cross-linked using thermal annealing strategy
at 100, 120 and 140 °C. The SEM images (Figure. 1) presented the layered pattern on the side
surfaces on the other hand there was not find any pattered structure on the top surface of films,
thanks to the texture of sacran LC domains oriented. Afterwards, the films were immersed in
de-ionize water for 24 h to form swollen hydrogels and submitted to freeze-dry process, the
finalized porous scaffolds occurred (Figure. 1: inset). The porous scaffolds revealed porous
structure like tunnel throughout materials. In contrast, on the top surface were unseen any pores,
with the exception of wrinkle flow due to water evaporation. From above, they showed
relationship between layered pattern on side surfaces of films and pores structure. Pores were
generated instead of water molecule inside hydrogels, water was evaporated by freeze-drying
step. The layered structure inhibited the movement direction of water molecules, thus they

emanated through the gaps between layers and pores were showed only side surfaces.

The scaffold annealed at high temperature revealed small and dense pores otherwise
cross-linking degree and mechanical properties were advance and vice versa. We believe that,
sacran porous materials are reasonable scaffold candidate. Especially, cells could penetrate and
oriented within interconnected tunnels then regenerative tissues were created with expected

morphology.
3.2  Surface properties

Subsequently, water contact angle (WCA) was measured to evaluate the wettability of

the sacran scaffolds. Wettability is an important characteristic of scaffolds, which was
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employed to investigate cell behaviors on the materials®*. On literatures, the moderate
wettability surface from hydrophobicity to hydrophilicity preferred well-adhesion of cells®.
Figure. 2a revealed that the WCA of scaffolds cross-linked at 100 °C was the highest (95.1°)
and gradually decrease for cross-linked at 120 °C (77.9°). While WCA was changed too much
at 140 °C cross-linked scaffold, only 37.4° was detected. These results indicated that the surface
wettability of the sacran scaffolds could be simply controlled using cross-linking temperature.
This is likely due to the fact, that chemical structure of sacran polysaccharide was tailored by
annealing temperature. Another reason can be that the density of polymer increased by
increasing of cross-linking temperature, sacran is hydrophilic polymer thus high density
scaffold was higher hydrophobicity. Moreover, water droplet was hold by roughness surface

on 100 °C scaffold, in contrast smooth surface on 140 °C scaffold cannot hold?.

Protein adsorption has a vital role in scaffolds, serum protein including fibronectin and
fibronectin have been found to promote cell adhesion and reorganization of the actin
filaments?’. Sacran scaffold cross-linked at 140 °C showed the smallest amount of protein
adsorption. The amount of adsorbed protein showed a significant increase when decreasing
annealing temperature (Figure 2b). Protein adsorbed by scaffolds 120 and 140 °C were
approximately 2 and 3 fold respectively more adsorbed than scaffold annealed at 100 °C. By
reason of porous structure, scaffold prepared at high temperature revealed small pore size and
lower in porosity degree. Moreover, at high temperature annealing polymers were completely
cross-linked then small amount of free functional groups such as -OH, -COOH can bind with
protein?®, Therefore, the adsorption of protein depended on the annealing temperature of sacran
scaffolds. This result was an important evidence to promote possibility of sacran hydrogels in

tissue engineering application.
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3.3 Cell cultured

The ability of scaffolds to support cell adhesion and proliferation play a crucial role in
tissue engineering application. In the following study, we continued the cell cultured
experiment on sacran scaffolds. Fibroblast L929 cell was used to evaluate cell-matrix
interaction. Biocompatibility results of the sacran scaffolds as evaluated by SEM and
fluorescent microscopy are presented in figure 3 and 4, respectively. SEM images
demonstrated that the cell was thoroughly attached to the scaffolds and exhibited an elongated
shape. However, attachment patterns were different pattern between top surface and side
surface. On the side surface, cells were extended in accordance with layered alignments of
sacran scaffolds. Because the topology and porosity of material play a significant role in the
cell attachment and the proliferation of cells?®. The uniaxial alignment of cell showed highly
oriented. The scaffold cross-linked at 140 °C revealed the clearest align due to it is the highest
condense and porous structure was the highest align too. On the other hand, cells were
randomly adhered on the top surface. Owing to sacran scaffolds did not present open pore on
the top surface thus nothing can guide the alignment of cells on the top surface. Furthermore,
both of the top and the side surface of scaffolds were covered by cells which proofed the
biocompatibility of sacran scaffolds. In addition, a large number of cell muddled on scaffold
100 and 120 °C, however they were clearly showed aligning on 140 °C scaffolds. This

observation was supported by the results fluorescent microscopy (Figure 4).

Figure 4, the live and dead assay was performed. The fluorescent image of fibroblast
L929 cells after 72 h incubation was reported. The result showed green colour that mean
majority of cells are alive, where the cell pattern on the side surface was higher order than on

the top surface.
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These confirmed that the sacran scaffolds facilitated the cell adhesion and promote the
proper cell morphology. Besides, the anisotropic structure of pores could control the alignment
of fibroblast cells and these unique characteristic may use to lead the organization of artificial

tissue.

As to characterize the proliferation of L929 cells on sacran scaffolds, CCK-8 test was
used to evaluate. Figure 5a depicted the absorbance values obtained after 3 days of incubation.
At the first day of cell culture, the amount of cells on scaffolds highest to lowest were 140, 120
and 100 °C annealed, respectively. The number of cells on scaffold can clearly be seen that
there was a large increase after 2 days of incubation for 120 °C cross-linked, while 100 and
140 °C cross-linking scaffolds revealed a slight increased. From this experiment the 120 °C
cross-linked scaffold was the proper materials for cells adhesion, and scaffolds which was
cross-linked at 100 °C also appropriated. Otherwise, the number of cells on scaffold cross-
linked at 140 °C was decreased after 3 days of incubation however, cells orientation was highly

aligning.

Figure 5b showed the density of cells which was compared between top and size
surfaces. This data was analyzed from SEM images of scaffolds which were culture for 3 days
(Figure 3). The density of cells on top surface was higher than side surface for all samples.
However, cells density number on top surface correlates well with amount of cell on scaffolds
in Figure 5a. This results suggested that amount of cells on scaffolds were preferred by cells
which adhered on side surfaces. Surface area on side was lower than top, however the number
of cell on side was impacted. Due to materials morphology was the main condition for cell
adhesion, thus many cells were offered to attached at the side surface. In addition, scaffold
annealed at 140 °C revealed side surface area, pore size and amount of protein adsorbed lower

than others thus amount of cell was low.
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34 Cell orientation

To qualify the orientation of fibroblast L929 cells in response to the layered structure
of sacran scaffolds, we analyzed the angle between the growth direction of L929 cell and the
surface direction of substrate scaffolds (Figure 6). The orientation angle was varied in the range
from -90 to +90°. An orientation angle at 0° represents the direction of elongated cells parallel
to reference axis. The reference axis was parallel to layered structure on side plane whereas
horizontal line was assigned as 0° on top plane. The cell numbers were counted for incremental
orientation angle intervals of 10°. Figure 6 demonstrated that most of cells on side surface were
aligned, while cells on top surface were random, and the alignment increased with annealing
temperature. On scaffold 100 °C annealed, most of cells aligned at orientation degree between
-25t0 +25°. However, 63% of cells aligned within -25 to -5° orientation. For scaffold at 120 °C
annealing, 80% of cells oriented within £25° and they showed in normal distribution pattern.
In addition, all of cells on scaffold 140 °C annealing were aligned between -15 to +25°.

Additionally, there was 91.5% of cells oriented in range of -5 to 15°.

The cells distribution behaviour demonstrated that increasing annealing temperature of
substrate scaffolds significantly enhanced cell orientation degree. At low temperature
annealing resulted in large pore size, wide space between layers and soft texture. This swollen
hydrogel was high surface area, moreover the free space between layers prevented the
alignment of cells. Based on these reasons, sacran layer scaffolds annealed at 100 °C revealed
low orientation degree. The increasing of annealing temperature produced the sacran scaffolds
with high orientation of layers. Furthermore, layers pattern was condensed and introduced the

orientation behavior of fibroblast cells.



Chapter I11: Biocompatibility and cell-orientation controlling property of sacran biopolymer 71

These results revealed that, cell orientation behavior was absolutely controlled by
layered structure. At 140 °C annealing produced the layer of sacran scaffolds with proper pore

size, high dense and well oriented resulted in the most perfectly orientation of cells.

4. Conclusion

In summary, we demonstrated that the sacran scaffolds with anisotropic porous
structure was excellent materials for tissue engineering application. They showed layered
pattern on pores which could guide the cell adhesion behavior. Surface property in water
contact angle was presented the proper condition from 95 to 37°. Base on chemical structure
protein was bind with —-OH and —~COOH functional groups of sacran. Both of water contact
angle and protein adsorption were accompanied by thermal cross-linking temperature.
Particularly, sacran scaffolds were good biocompatibility due to amide group which was a
duplication of glycosaminoglycan native tissue. Not only biocompatibility, but the orientation
of cells was also well oriented. Most of cells almost parallel to layered structure of scaffolds at
side planar. Hence, sacran porous materials have good bio-properties and are promising

biomaterials for tissue engineering scaffolds.
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Figure 1. SEM images of layered films prepared by casting of 0.5 % w/v sacran solution and
annealed at 100, 120 and 140 °C. Images revealed layered patterns on side faces while no
specific pattern on top face. Inset: Porous scaffolds prepared by freeze-drying of layered films

(scale bars: 200 mm).
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Figure 2. Surface properties of layered porous scaffolds which were prepared by freeze-drying
of hydrogels from the films thermally annealed at 100, 120 and 140 °C. (A) Water contact
angles on the scaffolds. (B) Protein adsorption after 24 h immersion of the scaffolds. The values

are an average of data (n=5) and error bars are standard deviation.
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Figure 3. SEM images of L929 fibroblasts taken after incubation for 3 days on layered porous

scaffolds, which were annealed at 100, 120 and 140 °C.
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Figure 4. Resulting images of live/dead staining of fibroblast L929 after 3 days incubation on
layered porous scaffolds of sacran which were prepared by freeze-drying of hydrogels from the
films annealed at 100, 120 and 140 oC. Live cells are green (celcein AM) while dead cells are

red (edthidium homodimer). Scale bars: 200 mm.
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Figure 5. Proliferation data of fibroblast L929 cells on layered porous scaffolds of sacran
which were prepared by freeze-drying of hydrogels from the films annealed at 100, 120 and
140 °C. (A) Total number of cells proliferated on sacran scaffolds after 1, 2 and 3 days of
incubation. (B) Cell densities on top and side faces of scaffolds after 3 days incubation. Values

are an average of data (n=5) and error bars are standard deviation.
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Figure 6. Histogram data showed the angle distribution of the longitudinal direction of the
extended cell to the axis of scaffolds, which were annealed at 100, 120 and 140 °C. The

frequency of distribution was compared between side surface (S) and top surface (T).
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Chapter IV: Preparation of sacran hydrogels with

micro-patterned on the surface

1. Introduction

Scaffolds are three-dimension materials for cell growth in new tissue formation and
regeneration. To mimic the native tissue, scaffolds need basic requirement such as
biocompatible, biodegradable, porosity, and cellular alignment controlled capacity.

Cellular alignment of native tissue is the special property in many biological functions.
Native tissues have an innate design with an orientation feature, under which biological
function is facilitated in the living body. Most of the tissues have an anisotropic oriented
longitudinal with their longitudinal direction, giving asymmetric to their mechanical properties,
which is the most important for the living cell. The ability to control cell shape and to engineer
tissues with precisely controlled morphology holds great potential in many biomedical
applications including regenerative medicine, tissue regeneration and repair, drug screening,
development of biosensors, and elucidation of cell—cell and cell-matrix interactionst. Thus the
orientation controlled in tissues cultivated in vitro is necessary for tissue engineering.

Several of the techniques have been developed to address this function. For example,
electrospinning technique®”’ is the simple way for filament fabrication. However rheological
behavior of the polymer solution e.g. viscosity, electricity, plays a crucial role in the
electrospinnability for any given sample? 8. Surface topography has been introduced as cell
patterned controllable tool. The specific layout can be created by photo crosslinking®2°,
chemical introducing!**? or patterned surface® 2. In the above mention cells are oriented in
alongside the pattern but, conversely, our micro-pattern hydrogel showed in difference
orientated aspect. Because of uni-direction swelling of sacran liquid crystalline polymer impact

on that orientation.
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Sacran is a newly discovered megamolecular polysaccharide extracted from cyanobacteria,
Aphanothece sacrum. The chemical structure of sacran is linear polysaccharide chains contains
various sugar residues, including Glc, Gal, Man, Xyl, Rha, Fuc, and acidic sugars such as
uronic acids and muramic acids, where the chains are sulfated to a degree of 10-20 mol% of
sugar residues. The sacran chain has a very high molecular weight over 2.0 x 10" g/mol
(molecular length over 30 um) and shows self-assembly with increasing the solution
concentration to be a rigid-rod structure. As a result, the LC properties exhibiting on sacran
solution. More than anything else, sacran constitute of amino function like glycosaminoglycan.
The glycosaminoglycan is presented on the cell surface or in the extra cellular matrix and
involved in cell adhesion, cell-to-cell communication, cell signaling, differentiation, and
regulation of other biochemical pathways. Because of their unique properties, thus we selected
sacran as raw materials for preparing the scaffolds with the micro pattern on the surface.

The sacran film with micro-patterned on the surface will be created by casted the sacran
solution on the polystyrene mold with micro structure size between 200-400 um. The objective
of this study was to demonstrate that this technique can create the micro-patterned scaffolds
with well orientation controlled. Furthermore, the orientation scaffolds were perfectly guided
the cell alignment, which is the outstanding characteristic of scaffolds.

2. Materials and methods

2.1  Materials.

Sacran was dedicated from Green Science Material Inc. (Kumamoto, Japan) and used as
received. Polystyrene mold was provided by Mutoh Industries Limited, Ikejiri, Setagaya
Tokyo, 154-8560 Japan.

2.2 Micro-patterned hydrogels fabrication

Sacran hydrogels with micro-patterned on the surface used here were prepared by the
procedure shown in Figure 1. First, 5 ml of 0.5 w/v % sacran LC solution was casted on

polystyrene mold with micro-patterned on surface and dried in an oven at 60 °C for 24 h to
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form translucent films with micro structure on the surface. The LC films were punched into
disk-like samples with a diameter of 5 mm and were thermally treated at 120 °C, in order to
cross-link the sacran chains in a dry film state. Scanning electron microscopy (SEM, JEOL,
JCM-6000PLUS) was used to investigate the surface patterned and layered structure. The
samples were mounted onto metal stubs using carbon tape. The stubs were then coated with
gold using a sputter coater machine. Then the films were immersed in deionized water at room
temperature and kept for 24 h, the translucent self-standing of LC hydrogels were of an almost
constant diameter, whereas the thickness was increased. The swelling behavior, LC domains
orientation, and mechanical properties of these were evaluated.

To apply these LC hydrogels for scaffolds, porous structure was requested. The
precursor LC hydrogels were frozen by keeping in liquid nitrogen for about 10 min and then
drying in a freeze-drying apparatus (EYELA, FDU-1200) for 72 hrs. We were able to confirm
their complete drying because the samples spontaneously attached to the glass wall by
electrostatic force. As a result of freeze-drying, spongy materials were formed. When the
sponges were immersed in deionized water, self-standing hydrogels were recovered.

2.3 Orientation observe.

Crossed-polarizing microscopy was used to observe the structure formation of sacran LC
polymer. Microscopic observations were made by a microscope (BX51, Olympus) equipped
with CCD camera (DP80, Olympus). A specimen of samples was cut to size for microscopic
observation (ca. 5 mm x 0.5 mm) and put on the glass plates at room temperature. A first order
retardation plate (530 nm) was inserted onto the light path to identify the orientations direction.

2.4 Swelling behavior

The degrees of swelling were measured by monitoring the shape changing. The size ratio of
swollen to dry samples were measured by the following method. Firstly, the pattern-size of dry
films measured before hydrogel formation by SEM images. After equilibrium swollen by

immersed in de-ionize water for 24 h, the optical microscope was used to measure size of
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pattern hydrogels. The degree of swelling, Q, was evaluated by the ratio of the swollen size,
Ls, to the dry one, Laq:

Q=Ls/Lqg (1)

The swelling in thickness dimension was also calculated same as size swelling method.

The values of 5 specimens were averaged.

2.5  Mechanical properties of the hydrogels. 1416

The mechanical properties of the micro-patterned hydrogels were investigated in an elongation
test. The elongation probe was set up on an Instron 3365 machine using a 5 kN load cell with
a crosshead speed of 1.0 mm/min. Elastic modulus (E) of each sample was calculated using the
following neo-Hookean equation applied to unidirectional elongation measurements:

T= g =E(A—-172) )

where 7 is the stress, F is the applied force, A is the original cross-sectional area of the
hydrogels, and E is the elastic modulus. A = A/ho, where h is the hydrogel length under strain
and ho is the hydrogel length before elongation. Plotting F/A versus (A — A72) resulted in a
straight line with a slope of E, which is the modulus of elasticity of the swelling hydrogel. The
strain energy density was measured by curve area under stress-strain function.

2.6 Cell Culture

A mouse fibroblast-like cell line (L929) was selected for all biological assays in order to
evaluate the effect of the micro-patterned surface on cell adhesion. The L929 fibroblast cell
line was obtained from the American Type Culture collection (Manassas, VA). The cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma, USA) supplemented with
10% heat-inactivated fetal bovine serum (FBS, Biochrom AG, Germany) incubated at 37 °C
in a humidified atmosphere with 5% CO..

2.7 Cell Adhesion

Prior to biological assays, all scaffolds were sterilized under UV radiation overnight?’, then

immersed in ethanol 70% (v/v) for 3 days. Subsequently, the 1 ml of 2.0 x 10° cells-mI™* cell
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suspension was seed on each scaffolds and cultured for 24, 48 and 72 h at 37 °C. A bare well
plate was used as the control. After each incubation period, the samples were rinsed with a
buffer saline (PBS, Sigma-Aldrich, USA). The number of cells adhering to the scaffold was

then counted.
2.8  Live/ Dead assay 1819

Cell viability on scaffolds was evaluated using live/dead assay. Constructs were harvested,
gently rinsed twice with PBS and then incubated with calcein AM and ethidium homodimer-1
(EthD-1) for 15 min to strain live (green) and dead (red), respectively, for 15 min at 37 °C and
5% CO2 humidified incubator. Samples were viewed viewed using fluorescence microscope

(BZ-X700, KEYENCE)
29 CCK-8assay '8

Cell Counting Kit-8 (CCK-8, dojinb, Japan) was applied to evaluate cell number according to
the manufacturer’s instruction. Each sample (scaffolds with cells adhered), after rinse with PBS,
was incubated in 0.1 ml of growth medium supplemented with 10 ul of CCK-8 stock solution
for 3 h at 37 °C in a humidified atmosphere of 5% CO, in air. The absorbance at 450 nm was

measured. The assay was performed in triplicated.
2.10  Cell morphology

The morphology of the cultured L929 (2.5x10° cell/scaffold) was observed by SEM images.
After 72 h of cultured, the cells were fixed by 10% formalin neutral buffer solution (Wako,
Japan) for 24 hours. Dehydration process was performed on each specimen in ethanol (60%,
70%, 80%, 90%, 100% and 100%) and 2 time of t-Butanol, each for 1 h then dry at room

temperature. After that they were sputter-coated with gold and viewed by SEM.
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3. Results and discussion
3.1 Morphology

Hydrogels with orientation property are always modulated by electrospinning method
or applying of stretch force on bulk hydrogels?®. Otherwise this report we prepared hydrogels
with orientated structure by the simple method, casting on the micro-patterned mold. The
micro-patterned surface hydrogels were made by sacran LC polymer. The chemical structure
of sacran. In Figure 1 presented the preparation process of micro-pattered surface hydrogels.
At first, 0.5 % wt/v of sacran LC solution was casted on polystyrene mold at 60 °C for 24 h to
form the micro-patterned film. Then that films were thermal cross-linked using annealing
method at 120 °C for 6 h. To control the LC domain orientation, micro-patterned surface films
with different bar-bar distance were fabricated at 200, 250 and 300 um name as M200, M250,
and M300, respectively whereas the bar size was fixed at 400 um for all of them. SEM images
in Figure 2 revealed sacran LC films had micro-patterned that exhibited a semicircular shape
in cross-section, which was inherited from the polystyrene mold. We called film deposited on
the bar as valley and it was called the mountain for the film deposited on the area between bars.
The mountains size increased by increasing the bar-bar distance, and M200 revealed the
sharpest shape. Three of films showed the same size of the surface curve due to bar size was
fixed. In addition, sacran LC solution was cast on flat polystyrene for controlled. The previous
report we showed sacran films with the layered structure®. The layered film was generated by
the polymer with LC property, which is the basic property requests for orientation control?,
The layered micro-patterned films were presented in Figure 2. The films revealed curly shape
like polystyrene mold instead of the smooth plate. Preparation of the sacran LC film with
micro-patterned surface and layered characteristic that faithfully produced is one of the most

effective materials in successful patterned controllable of scaffolds.
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3.2  Swelling

Water adsorption behavior was main factor for hydrogels in tissue engineering
application because the native tissues composed of high water content. The micro-patterned on
the surface of films were monitored by soaking in deionized water. For making the equilibrium
hydrogels 24 h of soaking was used, the swelling behavior was measured by the ratio of swollen
hydrogel to dry film.

Figure 3a showed the expansion of patterns. Curved magnitude expanded the highest
for M300, on the other hand, M200 was the lowest expansion. This value indicated that LC
domains in M300 almost straight oriented while M200 might be bent structure. The swelling
in height was shown in Figure 3b. M200 showed the highest swelling because of bending
morphology. And M300 was lowest swelling thanks to the straight alignment. Additionally,
swelling degree at mountain zone was higher than valley zone.

Since these films composed of the layered structure, we speculated that the layers
established in-plane for river zone whereas that layers established out-of-plane for mountain
zone. Thus the mountain zone revealed higher swelling than valley zone. In addition, sacran
has a unique property in one-direction swelling, because of layered structure?!. Considering
patterned hydrogels with the different swelling degree, M300 revealed the lowest of the height
swelling due to embedded polymer chains in valley zone. Oppositely, the other micro-patterned
hydrogels with small mountain zone experienced the height swelling higher. The ratio of height
swelling to planar swelling was showed in term of anisotropic swelling (Figure 3c). Figure 3c
supported with above mention M200 prefer to swell in thickness, probably it had curly
alignment. M300 prefer to expand on the surface due to the straight LC domains. And the LC
domains were favored to orient perpendicular to the micro-patterned structure (or mountain)

due to their swelling behavior?.
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3.3 Orientation

Sacran appeared LC property at c*~0.2 %wt/v?*. The sacran films with micro-patterned
on the surface showed strong and uniform birefringence under a polarizing optical microscope
(POM, Figure 5). The orientation of sacran LC domains was uni-direction, observed by POM.
Sacran films with micro-patterned on the surface showed almost homogeneous strong color
while sacran film without micro-patterned (flat surface) showed no orientation color on top of
samples (Figure 5). From POM pattern, we identified that sacran aligns perpendicular to the
micro-patterned structure. However, sacran film with a flat surface was randomly aligned. The
0.5 % wt/v of sacran are LC solution, they gradually deposited across the polystyrene mold
during cast, therefore micro-patterned surface films were occurred with highly oriented.

The highly oriented property of sacran was maintained. Swollen micro-patterned
hydrogels also revealed strong birefringence color and flat hydrogels was not showed
orientation (Figure 6). When observed from the cross-section of hydrogels, the left-hand side
and the right-hand side of mountain revealed the contrast orientation direction. Thanks to the
LC packing on mountain zone were inhibited by peak, the orientation was presented in two
patterns. On the left-hand side was northwest orientation and right-hand side was southwest
orientation.

However, the valley zones revealed a slant oriented, due to their terminal were extended
by highly swelling of mountain zones. This result correlated with previously discussed,
mountain zones showed higher swelling ability than the valley zones. Then the margin on
valley zones was drawn by mountain zones, thus aslant oriented patterned was revealed. Many
literatures report that; the drawing technique is always used for producing of oriented materials.
From our viewpoint, micro-mold played like a drawing machine when the casting process.

Because the oriented films were revealed after casting. For a flat surface, which was showed
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homogeneously oriented of the layered only in-plane orientation of sacran due to there was no
stimulating position on the mold surface.

Otherwise, we prepared the films with the micro-pattern surface using 0.5% xanthan
gum as a polymer (Figure 7). Xanthan gum is a natural extracellular, high molecular weight
polysaccharide (300-8000 kDa) produced by Xanthomonas campestris bacteria. It was reported
the biocompatibility and has been widely used in food, cosmetics, and pharmaceutical
industries®. In contrast, by POM characterization, films with the micro-pattern surface of
xanthan gum showed no uniform of orientation. It was indicated that orientation controlled
using micro-pattern was a unique property of sacran LC polymer. Owning to sacran is
megamolecular polymer 1.6 x 107 g/mol and low c* only ~0.2 % wt/v.

3.4  Mechanical properties

Physically cross-linked hydrogels were mechanically weak. However, scaffolds
material need appropriated mechanical properties. Oriented polymer chains are one effective
approach to overcome that problem. Tensile properties of micro-pattern surface hydrogels were
measured in directions both longitudinal and perpendicular to the pattern structure. The
stress—strain curves were presented in Figure 8 and the data were summarized in Table 1.

The flat surface hydrogel showed mechanical isotropy as elastic modulus (E) and
tensile strength (o) in both of longitudinal and perpendicular directions are nearly identical.
However, the hydrogels with micro-patterned surface structure exhibited anisotropic
mechanical properties (Table 1.). The elastic modulus was increased by increasing the bar-bar
distance and micro-patterned surface hydrogels revealed higher elastic modulus than flat
surface hydrogel. The elastic modulus increased from 223 to 318 and 414 kPa for M200, M250,
and M300 for perpendicular direction, respectively whereas flat hydrogel showed only 173 kPa.
For longitudinal direction, the value was 199, 203, 329 and 164 for M200, M250, M300 and

flat hydrogels, respectively. The data in longitudinal direction were lower than perpendicular



Chapter IV: Preparation of sacran hydrogels with micro-patterned on the surface 91

direction, which coincided well with POM observation in Figure 5 and 6, confirming that
polymer chains were oriented across the micro-patterned structure. This is important evidence
to support that, sacran LC is oriented perpendicular to micro-patterned and the mechanical
strength was improved by orientation control. Hydrogels with micro-pattern on the surface
revealed higher modulus than flat surface hydrogel because flat hydrogel did not have
orientation pattern. The elastic modulus was significantly increasing as bar-bar space, indicated
that wide space was high orientation. M300 revealed the highest value, we believe that polymer
chains were almost completely oriented. On the other hand, the narrow space between bars
inhibited the polymer chains orientation, may be they showed a little bending shape. Thus they
showed small value and a little different between longitudinal and perpendicular values.

The tensile strength (o) come together accidentally with elastic modulus. Otherwise,
the elongation at break (¢) was opposite, the data in longitudinal direction showed higher than
perpendicular. These results mean, hydrogels showed elastic property in longitudinal direction
higher than perpendicular direction. Finally, the mechanical property as (kJ/m®) was slightly
different.

3.5 In situ cell culture

Above reported, micro-patterned hydrogels were obviously proved the orientation
property. To apply for cell supporting materials scaffolds in tissue engineering porous property
is also requested for them because of the diffusion of oxygen and nutrients and waste
exchange?®. The inter-connected pores were produced through these micro-patterned hydrogels
using the freeze-drying technique. The equilibrium swollen hydrogel was submitted to the
freeze-drying machine, the resultant products were like a sponge. During free-drying process,
firstly water molecule inside hydrogels became ice crystals. Then the ice crystals were

sublimated and instated by pores. By this methods, they showed 45% porosity and pore size
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was 18.63 um. Especially, pores were aligned and duplicate to the layered structure of
hydrogels.

The proliferation behaviors of fibroblast L929 cells on hydrogels were showed in figure
9. Figure 9 showed good biocompatibility of sacran hydrogels. After 72 h of culture, the
viability and distribution of L929 cells on micro-patterned scaffolds were observed using the
fluorescent microscope, and images were showed in Figure 10.

It is clear to see that L929 attached and grew well on all micro-patterned scaffolds and
flat surface scaffold. The cell culture dish polystyrene was used as controlled. L929 cells
anisotropically attached on micro-patterned scaffolds and replicate to those patterned. Whereas
flat scaffold and cell culture dish were showed isotropic attachment.

SEM images in Figure 8 showed virgin scaffolds and cell culture scaffolds. These
sponge scaffolds showed micro-patterned structure like films, that means micro-pattern
structure was transferred from films to spongy scaffolds. Most importantly, the oriented
property was kept in scaffolds. They showed micro-patterned structure on the surface and
wrinkle in valley zones however flat scaffold showed only wrinkle. The wrinkle occurred
during water sublimation because the water content was changed however volume not changed.

Figure 11 (a3-e3) showed cell attached on scaffolds surfaces. These images showed the
surfaces of scaffolds were well-spread by L929 cells after 72 h of incubation. They were
showed extended spindle shape on the micro-pattern and flat surface, also on a polystyrene
dish.

Cell orientation was clearly influenced by surface patterned of scaffolds. On the micro-
patterned surface scaffolds, cells were extended in one direction over the surface. On the other
hand, on flat scaffold and polystyrene dish cells were extended in the random direction.

The direction of cell extension on micro-pattern scaffolds was perpendicular with

micro-pattern structure, which correlated to polymer chains orientation.
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To qualify the orientation of cells attachment in response to the micro-patterned surface
of substrates, we measured the angle between the extension direction of L929 cells and the
patterning direction of the substrates (Figure 10 and 11, a4-e4). The ImageJ software was used
to measure the relative location of cells to scaffolds.

Results were showed in the range -90 to 90°. The angle of 0° represents the extension
of cell perpendicular to surface patterned direction. On the other hand, the angle of +90°
represents the cell, which extended in longitudinal with surface patterned direction. The
histogram in Figure 11 a4 showed 78% frequency of cells extended at angle ranging from -50
to 50° for M200 scaffold. For M250 and M300 scaffolds showed 90% of cells extended
between the angle -10 to +40 and -30 to +30, respectively. Otherwise, flat surface scaffolds
and polystyrene dish were not showed any orientation pattern.

Considering the micro-pattern size scaffolds, M200 was the lowest orientation of L929
extension. While M250 and M300 showed the great orientation. However, the flat scaffolds
could not guide the orientation of L929 cells, showing that the cell extension angle was strongly
influenced by the surface topology of scaffolds.

As discussed previously, polymer chains were oriented perpendicular to micro-pattern
thus cells attached in perpendicular direction. From shape change in expansion mode,
mechanical properties, and cells orientation angle, these data could summarize that the
orientation degree of polymer chains was increased by increasing of bar-bar space. However
large space like a flat surface could not show any orientation. The swelling behavior of
mountains zone plays an important role in orientation. Since during the scaffolds fabrication,
the huge of mountain fraction showed strong force to entangle and draw polymer chains.
Therefore, micro-pattern surface scaffolds revealed highly orientation and M300 was highest.
Specifically, this is a unique property of sacran, because the xanthan gum polysaccharide

micro-patterned surface film could not show the orientation property (Figure 7).
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In this present study, not only successful in cells orientation control but also polymer chains.
The numerous reports, they showed cell orientation control on surface patterning scaffolds.
Otherwise, the cells were longitudinal to the patterned direction, and they could not control the
single alignment. All of them examined the bundle of cells.

Shangwu Chen et al made collagen scaffolds with microgroved on the surface, the
groove size was 120 to 380 um. The scaffold at 200 and 380 pum of groove revealed very well
orientation of cell bundles in longitudinal to microgroved direction®®. As can be seen, 380 pm
slightly different from our report, however orientation direction was absolutely converse.

The group of Aleesha M. McCormick ° and Yuhang Hu ?, they made scaffolds with
micro-patterned on the surface. The pattern was created using photo lithography technique,
which was fine structure around 10 um. Moreover, cells attachment was highly oriented in
longitudinal to micro-patterned direction. The common technique for cell orientation
controlled is electrospinning, even though specific device was incorporated. They were showed
completely longitudinal of cells with fiber fabricated>® 1727,

4. Conclusion

In summary, we successfully prepared micro-patterned surface scaffolds of LC sacran
by cast on polystyrene mold. They showed anisotropic swelling on mountain and valley zones,
the mountain zone was higher. The LC domains were highly oriented perpendicular to micro-
patterned structure on the surface. Such well-oriented scaffolds that were controlled by micro-
patterned structure, could increase the mechanical properties as well. By culturing the
fibroblast L929 cells, perfectly oriented in duplicate to LC domains orientation. Scaffold
without micro-patterned surface was prepared as controlled, it could not reveal any orientation
for LC domains of L929 cells. These results suggested that the micro-patterned surface
scaffolds, which could effectively control the LC oriented, mechanical properties, and cell

attachment might be great materials in tissue engineering application.
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Bar size: 400 um
Bar-Bar distance: 200, 250 and 300 ym

Film Hydrogel

Figure 1. Preparation of sacran hydrogel with micro-pattern surface. Polystyrene (PS) mold has
bar size 400 um and the space between bars is 200, 250 and 300 um. (b) Images of PS molds
has space between bars is 200, 250 and 300 um, respectively. (¢ ) A schematic showed film
preparation process. Sacran liquid crystalline (LC) solution with a concentration of 0.5 w/v %
was casted on PS mold at 60 °C and annealed at 120 °C for 6 h. The hydrogel was successive

water-immersion of film.
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Figure 2. SEM images of sacran film with micro-patterned surface. The difference patterned
sized 200, 250, 300 um and flat surface for controlled were showed in a, b, c and d, respectively.
The high magnification of top and side films were showed in a2-d2, and a4-d4, respectively.

The layered structure was revealed on a)4-d)4.
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Figure 3. Equilibrium swelling ratio of hydrogels with micro-patterned surface. Patterned
expansion increasing with bas space increased. (b) In spite of high swelling decreasing while
bar space increased additionally mountain showed higher swelling than village area. (c)
Anisotropic swelling revealed ration of high swelling to pattern expansion. The 200 um bar

space preferred to swell in high whereas 300 um preferred to swell in surface.
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Figure 4. Schematic showed sacran LC domains. a) sacran films were produced by orientation
of LC domains. b) Swollen state of LC sacran showed anisotropic swelling. The mountain
zones were highly swelling due to out-of-plane of LC oriented, while valley zones with in-

plane orientation were lower swelling efficiency.
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Figure 5. Crossed polarizing microscopic (POM) images under first-order retardation plate
(530 nm) of sacran LC films with micro-patterned surface. The difference patterned sized 200,

250, 300 um and flat surface for controlled were showed in a, b, ¢ and d, respectively.
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Figure 6. Crossed polarizing microscopic (POM) images under first-order retardation plate
(530 nm) of sacran LC hydrogels with micro-patterned surface. The difference patterned sized
200, 250, 300 um and flat surface for controlled were showed in a, b, ¢ and d, respectively. al)

- d2) showed top view. a3)-c3) revealed side of swollen hydrogels.
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Figure 7. Crossed polarizing microscopic (POM) images under first-order retardation plate
(530 nm) of xanthan gum film with micro-patterned surface. The difference patterned sized

200, 250, 300 um and flat surface for controlled were showed in a, b, ¢ and d, respectively.
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Figure 8. Stress-strain curve of micro-patterned hydrogels in direction perpendicular (P) and

longitudinal (L) to the pattern direction.
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Figure 9. Viability of L929 cells cultured on sacran with micro-patterned surface scaffolds for

24, 48 and 72 h measured via CCK-8 assay. Data are presented as mean + S.D. with n=5.
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cell cultured dish -

Figure 10. Cell viability on sacran with micro-patterned surface scaffolds. Live/dead assay
was performed on L929 cell-seeded after 3 days. Live cells are showed in green (celcein AM)

while dead cells are showed in red (edthidium homodimer).
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Figure 11. SEM images of freeze-dried sacran with micro-patterned surface scaffolds (al-e2)
and L929 (a3-e3) cells grown on scaffolds for 3 days. Hydrogels were freeze-dried for keeping
LC oriented and pore generated. The difference patterned sized 200, 250, 300 um flat surface
and cell culture dish for controlled were showed in a, b, ¢, d and e, respectively. a3-d3) showed
fibroblast L929 cell adhered on hydrogels. a4-e4) Histogram data showed the angle distribution

of the longitudinal direction of the extended cell to the pattern direction of the hydrogels.
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Table 1. Mechanical properties of porous and freeze-thawed sacran hydrogels?

Longitudinal Perpendicular
strain energy strain energy
MP o EC e o EC e o
density’ density
(Kpa) (mm/mm)  (kPa) (Kpa) (mm/mm)  (kPa)
(kJ/m3) (kJ/m3)
200 199+63 0.76+0.16 105+27 3046 223+32 0.5+0.08 102+25 3049

250 203+45 0.63+0.13 12816 38+10 318+85 0.50+0.05 190+36 46+18

300 329485 0.65+0.11 160+49 49+15 414+72 0.48+0.10 228+76 54+20

Flat 164+17 0.74+0.19 108+37 49+16 17341 0.67+0.23 11625 38+24

®Mechanical properties were determined from stress-strain curves recorded at room
temperature using a tensiometer in an elongation mode. °Bar-bar distance value on micro-
. i e i .%o

atterned surface. °E values refer to elastic modulus. % values refer to elongation at fracture. ©
values refer to tensile strength at fracture. 'Strain energy density values were estimated from

area surrounded by stress-strain curves.
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CHAPTER V: CONCLUSION REMARKS

The research in this thesis focused on the preparation of scaffolds with cell orientation,
using sacran polymer. Scaffolds play an essential role in tissue engineering as cell supported
materials in the artificial tissue fabricating process. It is outstanding property include the cell
orientation control, which can be utilized for making uni-direction of cell alignment to mimic
the native tissue. Sacran, polysaccharide, is extracted from Aphanothece sacrum cyanobacteria.
The polymer contains various kinds of sugar residues such as Glc, Gal, Man, Xyl, Rha, Fuc,
Ara, GalN, and Mur. It also consisted of many functional groups such as hydroxyl, carboxylic,
sulfate and amide. The amide sugar, acting like glycosaminoglycan, is the main content found
in the extra cellular matrix. By this reason, sacran was selected for tissue engineering material.
Moreover, liquid crystal behavior was observed in sacran solution. The LC polymer was known
for its ability in polymer orientation control. Thus, sacran is one of the most suitable materials

for making scaffolds with orientation controllability.

Anisotropic porous hydrogels were prepared by a combination of solvent casting and
freeze drying techniques. Firstly, the sacran solution with LC random orientation was casted
on polypropylene substrate. The procedure yields the in-plane orientation thin films. The thin
films were physical cross-linked at temperature 60, 80, 100, 120 and 140 °C. Then swollen
hydrogels with in-plane orientation were created by water immersion of that cross-linked films.
Finally, the swollen hydrogels were subjected to freeze dry process. The final products revealed
an in-plane porous structure like a tunnel. This is due to the sublimation of water on side surface
parallel to the in-plane orientation of sacran polymer chains. In addition, they showed proper
mechanical properties in a broad application. At high cross-linking temperature, the anisotropic
porous materials showed low porosity, fine size of the pore, and minimal water adsorption.

Conversely, the mechanical properties value such as moduli, cross-linking degree and
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toughness were very high. For low temperature cross-linking the opposite set of values was
observed. The anisotropic porous hydrogels were successfully prepared and precisely

controlled for their properties.

There are various applications of porous materials, and tissue engineering scaffold is
considered to be one of the most significant. The mouse fibroblast cell L929 was used in cell
culture experiment. This material showed favorable cell compatibility property. The
morphology of cells attachment was analyzed. The cells orientation on side surfaces is parallel
to the in-plane orientation of polymer chains. The scaffolds can be altered to mimic the native
tissue that represents uni-direction of the muscle orientation. Moreover, the water contact angle
and protein adsorption were studied. In the results, water contact angle, protein adsorption and
cell orientation are also related to cross-linking temperature like the above-mention properties.
However, the cell attached on top of the surface were randomly oriented. Another method was

employed to control the cell orientation on the top surface of the scaffolds.

The scaffolds were casted on polystyrene, with micro-patterned on its surface. The
pattern was set in a bar-shape mold with a diameter of 400 um. The bars were arranged in
parallel. The space between bars was fixed at 200, 250 and 300 um. Sacran scaffolds with
surface orientation were prepared with the same procedure to that of anisotropic porous
scaffolds except for the mentioned patterned substrate surface. The pattern of the scaffold
revealed orientation perpendicular to that of bar molds. During the drying process, LC domains
were slightly arranged to form an in-plane orientation like a layer. Looking at the side of bar
molds, the top point of each bar has the sacran layer accumulated. The point is called nucleation
point of orientation. Then the ends of polymer chains are aligned between bars. Polarization
optical microscope technique was used to confirm the orientation of LC domains, and the result
showed a clear and complete visible orientation. Consequently, the mouse fibroblast cell L929
was used in cell culture experiment. The distribution of cell orientation degree showed very
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well oriented mimic to polymer orientation on the top surface. Finally, the orientation of cell

was efficiently controlled on sacran LC polymer.

According to the development of technology for human’s bioengineering, the field of
tissue engineering scaffolds is growing and progressing continuously. Today, the scaffolds are
mainly the work of laboratory and research. However, it has the potential to be utilized,

especially to save many lives on this planet, in the future.
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