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ABSTRACT

The objectives of the present work were to prepare porous polymeric
from poly(lactic acid) compounded with rubber wood sawdust (RWS) and chitosan
(CH) by typical compression molding using chemical blowing agent for studying
physical, mechanical and thermal properties, and to preliminarily investigate suitability
of the obtained foams for bone scaffold application. Azodicarbonamide and zinc oxide
was used as a chemical blowing agent and an accelerator, respectively. Poly(ethylene
glycol) (PEG) was used as a plasticizer. Surface treatment of RWS was applied. Foam
samples were classified into 3 types: (1) PLA/RWS foams, (2) PLA/PEG/CH foams
and (3) PLA/CH/RWS foams. It was found that all the foams were closed-cell. Factors
affecting foam morphology and physical properties (average pore size, void fraction
(%\VF) and density) were particle size and surface treatment of RWS and concentration
of CH and PEG. These factors also affected the mechanical properties and thermal
degradation of the foams. Foams contained smaller average pore size/%VF and higher
density showed higher mechanical properties. The thermal degradation temperature
determined from TGA technique of all three foams was lower than that of PLA foam.
In-vitro degradation and cytotoxicity tests were applied to Foam 1 and 2. The in-vitro
degradation was reported as % weight loss of the samples which tested for 2 months.
Noticeably, average pore size, %VF and density affected % weight loss of both foams.
The % weight loss of Foam 1 depended on its formulation. The % weight loss of all
formulae of Foam 2 was significantly lower than that of PLA foam. Cytotoxicity was
evaluated by cell proliferation obtained from cell culturing of MG63 (osteoblast-liked
cell) for 7 days. All of Foam 1 and 2 showed non-cytotoxicity confirmed by the

increment of cell proliferation throughout the cell culture.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Background

Nowadays, utilization of biomaterials as porous scaffold to allow
physical support and suitable environment for tissue development in the damaged tissue
plays an important role in bone tissue engineering. Scaffold is defined as artificial solid
biomaterials used for supporting three-dimensional tissue formation and for performing
some, or all, of functions as following: 1) to support cell-scaffold interaction, 2) to
provide transport of nutrient, gases and metabolic waste for allowing cell bioactivities
and 3) to mechanically support defective tissue which prevent a deformation of the
growing tissue during tissue regeneration [1]. Scaffold can be seeded with various kinds
of cells such as stem cells, mature differentiated cells and progenitor cells in order to
induce tissue formation in-vitro or in-vivo. Furthermore, scaffold can be directly
implanted in-vivo in order to act as a guiding artificial material in defective tissue
regeneration. The characteristics required for ideal scaffold are opened-cell structure or
closed-cell with interconnected cell structure, biocompatibility, biodegradability,
appropriate surface chemistry, matching of its mechanical properties with the infective
tissue and low-cost production with controlled properties [2].

The biomaterials used in scaffold fabrication are divided into the
following three main categories. The first one is ceramic such as hydroxyapatite (HA)
and tricalcium phosphate (TCP). The second one is natural polymer such as collagen,
gelatin, and silk. The third category is synthetic polymer which is very useful in bone
scaffold application because of its processabilty. The properties required for scaffold
application such as porosity, pore size, biodegradation rate and mechanical properties
can be tailored by using synthetic polymers. Poly(lactic acid) (PLA), polyglycolide
(PGA), poly(lactic-co-glycolic acid) (PLGA) are synthesis polymers widely used in
tissue engineering application [1].

Poly(lactic acid), a well-known biodegradable thermoplastic polyester,

is a biomaterial commonly used in medical application such as drugs delivery, suture,



bone fixation materials, and PLA has been preliminary used in bone scaffold
application. Scaffolds have been prepared by various techniques including 3D printing
[3], thermally induced phase separation (TIPS) [4], solid freeform fabrication technique
(SFFT) [5], solvent casting with particle leaching [6] and melting process, etc. [7].
Scaffolds containing microcellular structure were prepared by melting process using
supercritical gases (COz or N) as a physical blow agent through microcellular injection
molding [8] or microcellular extrusion [9-10]. However, it requires expensive special
equipment. The alternative technique to produce PLA foam is melting process and use
of a conventional chemical blowing agent due to its easy operation, simple equipment
and low costs.

PLA has been blended with bioactive compounds which are compounds
influencing on a tissue or cell living in order to improve biocompatibility of PLA. The
examples of bioactive compounds blended with PLA were tricalcium phosphate (TCP)
[11-12], calcium phosphate (CaP) [13-14], hydroxyapatite (HA) [15], bioactive glass
[16], silk warm fibres [17-18] and chitosan (CH) [19]. Chitosan (CH) is a cationic
polysaccharide obtained from deacetylation of chitin in the alkaline system, and it is
used in scaffold application because of its non-toxicity, biodegradability, and
biocompatibility [20]. Reactive amino and hydroxyl groups of chitosan provided
various bioactive properties such as antimicrobial activity, bone regeneration and anti-
inflammatory, etc. [21]. In addition, the biological testing through human osteosarcoma
cell culturing on the PLA/CH composites indicated a good cell viability and cell
proliferation properties [22].

Normally, plasticizers are used to improve flexibility of PLA because
PLA is a brittle polymer. Poly(1,3-butanediol) (PBOH), dibutyl sebacate (DBS),
oligomeric lactic acid (OLA), acetyl tri-n-butyl citrate (ATBC) and poly(ethylene
glycol) (PEG) have been used as a plasticizer for PLA [23]. PEG is normally used in
the medical field so that it is interesting to use for scaffold preparation. PEG with
various molecular weight was used as a plasticizer for PLA. For example, PEG with
molecular weight of 400 g/mol (PEG400) improved processability of PLA-based
scaffolds prepared by the 3D printing method and changed the surface geometry and
the degradation rate of the 3D printed scaffolds [24]. The addition of PEG with
molecular weight of 6000 g/mol (PEG6000) improved pore morphology of the PLA-



based scaffold prepared by supercritical CO2 foaming and particle leaching method
[25].

In Thailand, Para rubber (Hevea brasiliensis) wood is usually used as a
raw material in the wooden furniture industry. The manufacturing of wooden furniture
produces large amount of rubber wood sawdust (RWS) as industrial waste. Wood
sawdust added in PLA/triclosan blend acted as an antibacterial promoter. It increased
hydrophilicity of the PLA/triclosan blend and supported triclosan (antibacterial agent)
migration onto the surface of the composite by diffusion process to kill bacteria [26].
PLA/wood sawdust composite film impregnated with pediocin PA-1/AcH (Ped),
antimicrobial agent, was used as antimicrobial packaging for raw slice pork in order to
decrease the quantity of listeria [27]. RWS has been used as a reinforcing agent in
rubber/RWS composites. The mechanical performances of these composites were
appropriate to use in anti-stab body armour application [28]. The activated carbon
obtained from RWS acted as a reinforcing agent in polyurethane composites to utilize
as a microwave absorber [29]. Surface treatment of RWS is required. Alkaline and
silane surface treatment using sodium hydroxide [26] and N-2(aminoethyl)-3-
aminopropyl trimethoxysialne, [27], respectively, have been applied to decrease
hydrophilicity of wood sawdust before blending with hydrophobic PLA in order to
improve its interfacial adhesion.

To the best of our knowledge, there has been no previous report on the
preparation of PLA compounded foams containing RWS, chitosan and PEG by using
typical compression foam molding and a typical chemical blowing agent. The present
study investigated the influence of RWS, treated RWS, PEG and chitosan on physical,
mechanical and thermal properties of unfoamed and foamed PLA. The cytotoxicity and
in-vitro degradation were carried out for preliminary investigation suitability of these

PLA compounded foams for bone scaffold application.

1.2 Objectives

To prepare porous polymeric from poly(lactic acid) compounded with
RWS and chitosan by typical compression molding using chemical blowing agent for
studying physical, mechanical and thermal properties, and to preliminarily investigate

suitability of the obtained foams for bone scaffold application.
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CHAPTER 2

LITERATURE REVIEW

2.1 Tissue engineering

2.1.1 General information

Tissue engineering is utilization of a principle of engineering and life
science to develop biological substitutes for restoring, maintaining or improving the
tissue function [1]. Four main components of tissue engineering are scaffold, living cell
or tissue, controlling of growth factor, and cell culturing. Tissue engineering is
processed by applying these components through 5 steps: 1) isolation of cells during
biopsy, 2) cultivation and proliferation of isolated cells, 3) culturing the cells into
scaffold, 4) developing the cultured cells to be a tissue in scaffold, and 5) implanting

cell cultured scaffold into a live body (Figure 2.1) [2].
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Figure 2.1 Basic principle of tissue engineering [2].
2.1.2 Scaffold for bone tissue engineering

Scaffold is an artificial structure which is able to support three-

dimensional tissue formation in order to generate cell adhesion, cell division and cell



proliferation and to provide transportation of nutrient and metabolic waste. The
characteristics required for ideal scaffold are as following: 1) opened-cell structure or
closed-cell with interconnected cell structure, 2) biocompatibility and biodegradation,
3) suitable surface chemistry, 4) mechanical properties, and 5) ability of production
with low cost and high quality [3]. interconnected cell structure are required for cell
infiltration and cell adhesion to scaffold which are considered by porosity and pore size.
The optimum porosity and pore size of scaffold should be close to those of the target
tissue. Based on porosity, human bone is divided into cortical bone and cancellous bone
with porosity of 5 t013% and 30 to 90%, respectively [4]. The pore size suggested for
bone regeneration and collateral bone growth are in the range of 50 to 710 um [3] and
10 t01000 pm [5], respectively. Good biocompatibility or non-cytotoxicity is an
important characteristic of material used as scaffold to allow cell bioactivities. Suitable
biodegradation rate is necessary because defective tissue requires a mechanical
supporting of a scaffold during tissue repairing. The chemistry on scaffold surface
influences the capability of cells adhesion to the surface, cell differentiation, and cell
proliferation. Thus, surface chemistry is important characteristic of ideal scaffold. The
mechanical properties of scaffold should be designed closely to those of the target tissue
because scaffold has to support the damage tissue during the tissue growth in order to
prevent growing tissue deformation. Furthermore, scaffold preparation should be
developed to be a mass production, without toxic solvent use and low cost, because it
is regularly used in tissue engineering.

There are four main objectivities to use scaffold in tissue engineering as
following: 1) pre-made porous scaffold, 2) decellularized extracellular matrix (EMC),
3) cell sheets with secreted EMC, and 4) cell encapsulated in self-assembled hydrogel
(Figure 2.2) [6]. Pre-made porous scaffold is normally used in bone tissue engineering
and it can be prepared by many fabrication methods. The function of bone scaffold is
being a porous material that allow cell grow directly in the infective tissue. The other
function is being a porous material for cell seeding to obtain cell-seeded scaffolds for

implanting into defective tissues.
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Figure 2.2 Schematic diagram demonstrating the objectivities of scaffold in tissue
engineering [6].

2.1.3 Biomaterial used for scaffold preparation

Biomaterials used for pre-made porous scaffold preparation is consisted
of ceramics, natural polymers and synthetic polymers. Hydroxyapatite (HA) and
tricalcium phosphate (TCP) are ceramics commonly used for scaffold fabrication in
bone tissue engineering due to their very good biocompatibility. The chemical structure
of HA and TCP are partially similar to a native bone. However, ceramic scaffolds are
difficult to control decomposition rate, brittleness and low elasticity. Natural polymers
can be divided into 3 main categories: 1) protein, such as collagen, silk, elastin, gelatin
and fibrinogen, 2) polysaccharides such as chitin, cellulose and amylose, and 3)
polynucleotide such as RNA and DNA. Scaffold made from natural polymers is high
bioactivity because it exhibit a good cell interaction but low mechanical properties.

Synthetic polymers are very valuable in medical filed and tissue
engineering due to their proceesability. Although synthetic polymers exhibit low
bioactivity, the necessary properties such as porosity, biodegradation rate and

mechanical properties of scaffold prepared from synthetic polymer can be tailored to
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match with the target tissue. Moreover, it is cheaper than other biomaterials because it

can be produced in large quantities and low cost [7].

2.1.4 Synthetic polymers for bone scaffold preparation

Polymer materials for scaffold manufacturing can be divided into 4
types which are polypropylene fumarate (PPF), polyhydroxyalkanoate (PHA), surface
bioeroding polymer, and saturated aliphatic polyesters. Polypropylene fumarate (PPF)
IS an unsaturated polyester. Degradation products of PPF such as fumaric acid and
propylene glycol are biocompatible products which can be immediately eliminated
from the body. Development of PPF as a composite scaffold is not widely investigated
as compared with poly(lactic acid) (PLA) or poly(lactide-co-glycoside) (PLGA).

Polyhydroxyalkanoate (PHA) including poly-3-hydroxybutyrate
(PHB), copolymer of 3-hydroxybutyrate and 3-hydroxyvalerate (PHBV), copolymer
of 3-hydroxybutyrate and 3-hydroxyhexanoate (PHBHHX) and poly-3-hydroxy
octanoate (PHO), are aliphatic polyesters produced by microorganisms and can be
decomposed by hydrolysis process. They are interesting thermo-processable polymers
to use in medical devices and tissue engineering applications. Nevertheless, time-
consuming to extract PHA from bacterial culture make it not availability.

Surface bioeroding polymer is a polymer passed heterogeneous
hydrolysis process to show a surface eroding behavior. Polymers shown this property
are poly (anhydrides), poly(ortho-ester), and polyphosphazene. Surface bioeroding
polymer is more potential to use as scaffold than polymer with bulk degrading property
because of three advantages: 1) retaining of mechanical integrity throughout the
lifetime of degradation of scaffold, 2) lowering toxic affectation and 3) enhancing of
tissue ingrowth into the scaffold due to increasing of pore size during erosion process.

The most of saturated aliphatic polyesters which are often used as a 3D
scaffold in tissue engineering are poly(lactic acid) (PLA), poly(glycolic acid) (PGA),
and poly(lactic-co-glycolide) (PLGA). These polymers have chemical properties
providing hydrolytic degradation via de-esterification. The monomeric components
of each polymer such as lactic acid and glycolic acid can be completely eliminated
by natural mechanism in the human body. Physical, mechanical and biodegradation

properties of PLA and PGA can be designed by varying molecular weight and using
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them as a copolymer. PLA and PGA have been approved by the US Food and Drug
Administration (FDA) which are normally used in medical products. Mechanical

properties of polymers used for scaffold manufacturing are listed in Table 2.1 [8].

Table 2.1 Mechanical properties of polymers used for scaffold preparation [8]

o Ty Biodegradable | Tensile strength Modulus

Polymer TmCC) | oc) | time (months) (MPa) (GPa)

Bulk degradable polymer

Poly(D,L-lactic Film or Disk: Film or

acid) i 55-60 | 12-16 29-35 Disk:1.9-2.4

Poly(L-lactic Film or Disk: Film or

acic?ll) 173-178 | 60-65 |24 28-50 Disk:1.2-3.0
Fibre: 870-2300 | Fibre : 10-16

PGA 225-230 | 35-40 | 6-12 Fibre: 340-920 | Fibre: 10-16

PLGA - 45-55 | 1-12 41.1-55.2 1.4-2.8

PPF - - Bulk - -

Polycarpolactone | 58 =72 >24 - -

PHA and blends | 120-177 | -2-4 Bulk 20-43 -

Surface erodative polymer

Poly(anhy drides) | 150-200 | - Surface 25-27 0.14-1.4

Poly(ortho-esters) | 30-100 | - Surface - 2.5-4.4

Polyphosphazene | -66-50 242 Surface - -

2.2 Poly(lactic acid) foams

2.2.1 Poly(lactic acid)

2.2.1.1 General information
Poly(lactic acid) or polylactide is a biodegradable polymer derived from
lactic acid or cyclic lactide. It is a highly versatile material made from 100% renewable
resources such as corn, sugar beets, wheat, and other starch product [9]. Lactic acid or
2-hydroxypropinoic acid is produced by fermentation of engineered microbes of
lactobacillus genus and by chemical synthesis which is hydrolysis of lactronitrile using

a strong acid [10-11]. Lactic acid has ‘“‘D’’ and ‘L’ stereoisomers which are referred
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to R and S configuration, respectively (Figure 2.3 (a)) [12]. Polymerization of lactic
acid produces PLA with racemic mixture (50% D and 50% L). Cyclic lactide dimer
have 3 forms including D,D-lactide, L,L-lactide, and L,D -or D,L- lactide or meso
lactide (Figure 2.3 (b)) [13]. The polymerization of cyclic lactide produces poly-D-
lactide (PDLA), poly-L-lactide (PLLA), and poly-DL-lactide (PDLLA).

0 0
HO | HO
\ OH OH
Hac H H™ YcHg
R-Configuration (D-Form) S-Configuration (L-Form)

(0]
(@] /

O

D,D(R,R)-Lactide L,L(S,S)-Lactide D,L(R,S)-Lactide
(b)

Figure 2.3 Stereoisomers of (a) lactic acids, and (b) lactides [12].

PLA has been developed for more than 50 years. Nowadays, PLA has
been approved by European regulatory authorities and FDA making PLA widely used
in many applications including packaging, food applications, drug delivery and medical
devices [11]. PLLA has been reported to be an orthorhombic crystal structure (a-form)
containing left-handed helix conformation by Lasprilla et al. [11]. The stereoisomers
of lactic acid or lactide monomers, D-form/L-form ratios of lactic acid or D-lactide/L-
lactide ratios and thermal history have direct effect on PLA crystallinity. In addition,
properties of PLA depend on molecular weight, processing temperature, and annealing
time. PLA containing more than 90% of PLLA has a tendency to be semicrystalline
whereas PLA containing less than 90% of PLLA has a tendency to be amorphous. The
PLLA content has the influence on the transition temperature. As PLLA content
decreases the melting temperature (Tm) and glass transition temperature (Tg) decrease.

The change of transition temperatures consequently affects physical characteristics of
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PLA including heat capacity, density, rheological and mechanical properties.
Poly(lactic acid) or polylactide exhibits amorphous polymer with a clearness and
colorless when it is quenched from the melt. Glass transition temperature is the most
important factor for amorphous PLA because its chain mobility is dramatically changed
at above Tg4. The melting temperature and glass transition temperature are the important
factors to predict PLA properties [14]. The melt enthalpy estimated for 100%
crystallinity PLA (AH°m) is 93 J/g. The glass transition temperature of semicrystalline
PLA is around 60 °C and the melting temperature is around 170 °C. Based on viscosity
difference, semicrystalline PLA has higher shear viscosity than that of amorphous PLA

and its shear viscosity decreases as increases temperature [15].

2.2.1.2 Synthesis of poly(lactic acid)

The well-known route ways to obtain high molecular weight PLA are
direct polycondensation, azeotopic dehydration condensation, and ring opening
polymerization (Figure 2.4). The direct polycondensation is normally consisted of 3
steps: removal of water by condensation, polycondensation of oligomer, and melt
polycondensation. Solvents and catalysts under high pressure and high temperature
environment are used. The melt polycondensation can be processed without using of
any organic solvent and the reaction temperature should higher than Tm of the polymer,
it is called solid-state polycondensation. This method is simple and low costs but the
reaction condition is very sensitive [16]. The chain extension reaction is effective route
way to overcome high molecular weight PLA by direct polycondensation. In this
method, lactic acid is polycondensated in the presence of difunctional monomer (e.g.
diols or diacids) to obtain prepolymer. Then, a chain coupling agent such as
diisocyanate or bis (amino-ether) is used to connect between low molecular weight
prepolymers to obtain high molar mass polymer [17]. The Mitsui Toatsu Chemical
Company developed a new process based on direct polycondensation. Poly-DL-lactic
acid (PDLLA) was successfully prepared using the mixing of lactic acid, high boiling
point organic solvent, and catalysts. PDLLA shows a molecular weight of about
300,000 (MW) [11].
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Figure 2.4 Synthesis methods of poly(lactic acid) [11, 18].

The azeotropic dehydration condensation is a direct polymerization
method to produce high molecular weight PLA without using chain extender. A general
procedure contains as the following steps. Firstly, pressure reduction of distillation of
lactic acid is carried out at 130 °C for 2-3 h to eliminate the condensing water. Secondly,
catalyst and diphenyl ether are added, and then, the tube packed with molecular sieves
is attached to the reaction vessel. Thirdly, the refluxing solvent is returned to the vessel
by the way of the molecular sieves at 130 °C for 30-40 h. Finally, the polymer is isolated
and precipitated for purification to obtain high molecular weight PLA [18].

Ring opening polymerization (ROP) is conducted by ring opening of the
lactide in the presence of catalysts through three steps: polycondensation
depolymerization and ring-opening polymerization. ROP can be carried out in melt,
bulk, or solution state and it can be carried out by anionic, cationic, and coordination
insertion mechanism depending on the catalyst. Many kinds of catalysts have been used
in ROP including metal catalysts, organic catalysts, cationic catalysts and single site
catalysts composed of various multivalent ligands. The metal catalyst group widely
used in ROP of lactide is tin (I1) 2-ethylhexanoate (Sn(Oct).) due to high reaction rate,
high conversion and high molecular weight of obtained products [11]. Because metal
catalyst in ROP generates a pollution, the efforts to develop biocompatible ROP method
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with organic catalysts have been done. The example of organic catalyst used in this
reaction is N-heterocyclic carbenes (NHC). Triflouromethanesulfonic acid (HOTf) and
methy! trifluoromethanesulfonate (MeOTTf) are the examples of cationic catalysts used
in ROP. Single site catalysts composed of various multivalent ligands, for example,

[MeBDlpirr] SNOMe is used in ROP of PLA via stereo-controlled polymerization [16].

2.2.2 Poly(lactic acid) in medical and tissue engineering applications

PLA is biodegradable polymer widely used in medical applications such
as sutures, bone fixation, and drug delivery materials, etc. PLA has been applied as
ecological materials and surgical implant materials and it also has been preliminary
used as scaffold in tissue engineering. Fibers made from PLA can be constructed in to
vary shapes and can be used as a surgical implant devices such as sutures. Nowadays,
PLA is one of the most desirable polymer matrixes in tissue engineering. PLA is not
only biodegradability and made from renewable resources but it also works very well
and gives the excellent properties with low costs for medical and tissue engineering
applications. 3D porous PLA scaffold is utilized for cell culturing to use in gene therapy
for tissue regeneration such as muscle tissues, bone and cartilage, and other treatments
in orthopedic, cardiovascular and neurological system. PLA may take time for 10
months to 4 years to degrade depending on microstructure factors, such as porosity,
chemical composition and crystallization which affect its tensile strength [14].

2.2.3 Preparation methods of poly(lactic acid) based scaffold
There are many methods to produce three dimensional scaffold with
high porous structure as following [8].

2.2.3.1 Thermal induced phase separation
High porous scaffold can be produced by thermal induced phase
separation (TIPS) method which can control porous size for each type of tissue, e.g.
nerves, muscles, bones and teeth. Scaffold obtained from this method is high porosity
with anisotrobic tubular and interconnected pore morphology (Figure 2.5 (a)) [8]. Pore

feature, mechanical properties, bioactivity and degradation rates of the scaffold made
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by TIPS method can be controlled by polymer concentration in the solution, volume

fraction of secondary phase, quenching temperature, and polymer and solvent use.

2.2.3.2 Solvent casting and porogen leaching.

Solvent casting is carried out by dissolution of polymer into organic
solvent and mixing with porogen particles. The mixture is then casted on the mold.
After that, the solvent is evaporated and then particles were leached out to generate
porous morphology in the polymer sheet/film (Figure 2.5 (b)) [8]. Porogen particle is a
substance used in scaffold preparation to generate porous structure. Sodium chloride is
normally used as porogen. This technique is a simple method without using any special
equipment. However, disadvantages of this technique are limitation of product shapes,
toxicity of used solvents that may remain in the sample and low mechanical properties

of the sample.

2.2.3.3 Solid freeform fabrication technique

Solid freeform fabrication technique (SFFT) has been used to produce
high interconnected pore scaffolds. The digital data produced from image source such
as computer tomography were applied to design pore structure so that scaffold can be
prepared with precisely controlled structure. The example morphology of scaffold
prepared by this technique is displayed in Figure 2.5 (c) [8]. PLA/TCP composite
scaffold with high porosity (up to 90%) has been produced by SFFT, using low-
temperature deposition based on a layer-by-layer manufacturing method, computer-
driven by 3D digital model. A parallel layers formed macropores (400 pm of
diameter) and sublimation of the solvent during freeze-drying generated micropores
(5 um of diameter). The mechanical properties of PLA/TCP scaffold were close to
human cancellous bone. Although SFFT can produce controlled pore structure
scaffold, this rout way takes more time as compared with other technique because a
temporary mold has to be firstly prepared.
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Figure 2.5 SEM images of porous polymer foams fabricated by (a) TIPS method, (b)
solvent casting and particle leaching, (c) SFFT and (d) microsphere

sintering [8].

2.2.3.4 Microsphere sintering method

PLA/ceramic scaffold prepared by microsphere sintering technique
consisting of two steps: 1) synthesis of PLA/ceramic microspheres by emulsion/solvent
evaporation and 2) sintering the composite microspheres to obtain a 3D porous scaffold.
This method has been utilized to produce porous composites of biodegradable
polymer/bioactive glasses. For example, composite microspheres of PLGA/Bioglass®
have been produced by a water-oil-water emulsion technique followed by sintering to
obtain cylindrical shape samples. The composite microspheres showed a good
interconnected porous structure, approximately 40% porosity and 90 pum porous size.
The mechanical properties were closed to those of the cancellous bone. Moreover,
reinforcement with Bioglass® is able to increase compressive strength of PLGA. A
typical structure of scaffold prepared by microsphere sintering method is displayed in
Figure 2.5 (d) [8].

2.2.3.5 Electrospinning
Electrospinning is a simple and versatile method to obtain non-woven

fibers from many polymers and composites. Usability of scaffold prepared by this
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method in medical field is increased because of many important aspects including large
surface areas, high porosities and easy to be incorporated with functional components
such as drugs, genes and enzymes. However, a toxic solvent used in this method may
effect to cells if it is not completely eliminated, and there are several factors which have
to be controlled to obtain desired fiber features. Thus, electrospining is difficult and

time-consuming as compared to other methods [4].

2.2.3.6 Coating method

Bioceramic-coated porous scaffolds have been produced in a foam,
fibers and mesh forms by slurry dipping or eletrophoretic deposition (EPD).
Development of micro-porous foam composite coated with Bioglass® particles has been
prepared by using slurry dipping. Because of the small particle size of Bioglass® (less
than 5 um), it generates the stability and homogeneous coatings on the foam surface
and the infiltration of Bioglass® particles through the porous networks was completely
done. EPD is an alternative technique to prepare bioceramic-coated scaffold. In this
method, the foam sample is oriented vertically to the larger dimension of the electrodes.
Bioglass® particles are charged in aqueous suspension. The aqueous suspension
containing bioglass® particles is infiltrated into the foam or scaffold sample. Slurry
dipping technique is more suitable than EPD technique because EPD technique
frequently reduce interconnected pores of the scaffold sample [8].

2.2.3.7 Supercritical gas foaming

Supercritical gas foaming is a technique to fabricate foam or scaffold
without a toxic solvent. This technique can control foam structure and its properties.
The process is carried out through nucleation and growth of gas bubbles which were
dispersed throughout a continuous phase of polymer by sudden depressurization.
Porous structure is generated when the dispersed gas phase is removed from the
continuous phase of polymer. For example, the procedure to prepare PLA-CaP/PLGA-
CaP composite scaffold is as following. A homogeneous mixture of PLA/PLGA and
CaP particles was firstly prepared by melt-extrusion and it was located in a pressure
chamber. Then, CO- gas is diffused into the molten mixture to form a melt-gas solution
under a saturation pressure at a temperature above Tm of the polymer. After that, the
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foam expansion was carried out through gas sudden releasing and cooling. This step
increased polymer viscosity and the permanent foam was obtained by the solidification
and recrystallization. Three key advantages making the scaffold made by this technique
better than the scaffold made by solvent casting have been reported. These key
advantages were 1) non-using toxic solvent, 2) super enhancing mechanical
properties, and 3) good HA particles exposing on the scaffold surface which support

bone regeneration [4].

2.2.3.8 Melting process

There are many kinds of melting processes used to prepare a dense
medical products including forging, pressing, sintering, extrusion, and microwave
irradiation. For a porous products, Gomes et al. [19] have developed a new method
for manufacturing biodegradable scaffolds through injection molding. Corn starch-
based polymer blends, hydroxyl apatite and blowing agent were used. The corn
starch was blended with either ethylene vinyl alcohol (SEVA-C) or cellulose acetate
(SCA), and the blowing agent was Hostalon®P9947. Hostalon®P9947 mainly
composed of carboxylic acids which was reacted by heating. CO, and water would
be released after heating. The obtained foam sample showed a compact skin and a
porous core.

Mi et al. [20] have prepared thermoplastic polyurethane (TPU)/PLA
scaffold through microcellular injection molding. The injection machine was
equipped with supercritical carbon dioxide supply system which can be precisely
controlled the injected gas weight by adjusting gas flow rate and gas valve opening
time. It was found that the tensile strength and compression strength of the foam
were suitable to be used as an artificial scaffold. The elongation at break was
increased with increasing TPU contents. This technique is easy, reproducible and
interesting to develop from laboratory scale to industrial scale. However, it requires

expensive special equipment to generate supercritical COx.
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2.2.4 Foaming of PLA using blowing agents

2.2.4.1 General polymer foaming process

A general polymer foaming process using blowing agent contains 3
main steps: polymer/gas solution formation, bubbles nucleation and growth, and
solidification (Figure 2.6). In polymer/gas solution formation, a gas blowing agent
is dissolved into the molten polymer under a high pressure to form a homogeneous
phase saturated solution. A key factor in this steps is pressure, and a lesser factor is
temperature.

In bubbles nucleation, small bubbles were formed in the polymer melt
by pressure releasing and temperature controlling. Bubble nucleation is classified
into heterogeneous and homogenous nucleation. Heterogeneous nucleation is more
preferable than homogenous nucleation. Many kinds of additives can be used as
nucleation sites to generate heterogeneous nucleation in foaming processes such as
nano-calcium carbonate [21], nano-silica [22] and chitosan [23], etc. In theory, the
critical nucleus is defined as the minimum radius that bubble is able to grow.
Nucleated bubbles showing the radius larger than that of the critical nucleus will
survive and grow, whereas nucleated bubbles showing the radius smaller than that
of the critical nucleus will collapse. Surviving bubbles continuously expand by gas
diffusion from polymer matrix into the bubbles.

A foam with cellular structure will be achieved by solidification. The
factors controlling bubble growth and foam structure are time provided bubble
growth before solidification, pressure, temperature and the presence of others
bubbles in polymer matrix. The obtained foam properties depend on many factors.
Gas loading, gas which remain dissolved in the molten polymer, gas lost to
surrounding and rate of pressure reduction affect the foam density. The nucleation
Kinetics, bubbles growth process and bubbles coalescence during foaming process
affect the pore size and pore size distribution [24].
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Figure 2.6 Typical polymer foaming process using blowing agents [25].

2.2.4.2 Blowing agent

Blowing agents used to generate gas dissolving into polymer matrix
are divided into physical blowing agents (PBA) and chemical blowing agents
(CBA). In foaming process using PBA, gases can be introduced and dissolved
directly into a solid polymer in the solid state foaming process, and gases can be
introduced into molten polymer for microcellular extrusion or microcellular
injection molding process. CO2 and N2 gases are typically used as the physical blowing
agent. Cholofluorocarbons or argon has been used also in polypropylene, polyethylene
and polystyrene foams.

In foaming process using CBA, gases can be released under a certain
conditions through chemical reaction (endothermic or exothermic reaction) or
thermal decomposition. Eight kinds of chemicals used as CBA are azodicarbonamide
(AZDC or ADC), 4,4-oxybis benzene sulfonyl hydrazide (OBSH), p-toluene sulfonyl
hydrazide (TSH), 5-phenyltetrazole (5-PT), p-toluene sulfonyl semicarbazide (PTSS),
dinitroso pentamethylene tetramine (DNPT), sodium bicarbonate (SBC) and zinc
carbonate (ZnCOs) [26]. A major properties of some CBA are listed in Table 2.2.

Table 2.2 Properties of chemical blowing agents [25]

Products Decompositioon Gas evolution Main gases
temp. range (°C) | (ml/g)
AZDC 200-215 220 CO, COz, NHs
AZDC activated 140-215 130-220 N2, CO, CO2, NH3
OBSH 155-165 110-125 N2, H20
TSH 105-110 115 N2, H20
5-PT 240-250 190-210 N2
DNPT 190-200 190-200 N2, NHs, CH20
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2.2.4.3 Foaming of PLA using physical blowing agents

The processing methods using the physical blowing agent that have been
reported for PLA foam preparation were batch foaming process, microcellular injection
molding and microcellular extrusion foaming. Corre et al. [27] have investigated the
influence of rheological properties and process parameters on cellular structure of chain
extended PLA foams prepared by melt blending followed by batch foaming process
using supercritical CO.. The addition of chain extender (CESA®-Extend
OMANG698493) to PLA through reactive extrusion process has been done. It improved
melt viscosity, elasticity and melt strength of PLA. The obtained PLA foams exhibited
a cellular structure, and the cell sizes were ranging from macro scale to micro scale
depending on the foaming parameters.

The PLA and PLA composites foams have been successfully prepared
by Ameli et al. [28] and Ding et al. [29] via microcellular injection molding process.
It is well known as Mucell® process. The special part was applied to generate physical
blowing agent (N2). Ameli et al. [28] found that the addition of talc and nanoclay could
induce crystallinity during PLA foaming. The foam containing nanoclay showed
stronger effect on cell morphology, average pore size, void fraction, flexural properties
and impact resistance than those of the foam containing talc.

The influence of addition of cellulose fibers (northern bleached
softwood kraft, NBSK) or black spruce medium density fiberboard (MDF) on
crystallization of PLA/PEG foams prepared by microcellular injection molding process
was observed by Ding et al. [29]. They found that the addition of NBSK and MDF
influenced on cell nucleation and enhanced melt strength of PLA/PEG blends resulting
in an increase of cell density, and a decrease of cell size and cell size distribution of
PLA/PEG foam. The foaming process using physical blowing agents (supercritical CO>
or N2) is high productivity and short time process. However, it requires expensive

special equipment to generate supercritical gases.

2.2.4.4 Foaming of PLA using chemical blowing agents
Chemical blowing agents (CBA) are divided into endothermic and
exothermic blowing agents. The endothermic CBA that have been used in PLA foam
preparation were BIH40 (it contains approximately 40% of the decomposition gas
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(CO2) and polyethylene as a carrier polymer) [30] and CBA containing of sodium
bicarbonate and citric acid (1:1) [31]. Azodicarbonamide (AZDC) and commercial
grade activated AZDC (Celogen 754-A) are exothermic CBA widely used in PLA foam
preparation [31-33]. Zimmermann et al. [31] have studied effect of adding endothermic
CBA (sodium bicarbonate and citric acid (1:1)) and exothermic CBA (AZDC, CS4M
grade) on PLA foam properties. PLA foams were performed by compression molding
followed by foam expanding in electric oven at 190 °C under ambient pressure. They
found that PLA foam using exothermic CBA exhibited smaller cell size and higher cell
concentration as compared with PLA foam containing endothermic CBA.

Zinc oxide (ZnO) has been used as an accelerator of AZDC to decrease
foaming temperature by Luo et al. [32]. PLA foams were successfully prepared by
using compression molding process. They found that the certain ZnO content could
decrease decomposition temperature and enhance decomposition rate of AZDC. PLA
foam density decreased with increasing AZDC/ZnO contents resulting in lowering
foam tensile strength. In addition, the in-vitro cytotoxicity testing of ZnO has been
reported. Saranya et al. [34] has been reported that ZnO nanopowder improved cell
viability in pig Kidney cell line and madin darby bovine kidney. PLA foaming using
melting process and chemical blowing agent is easy operation, low costs and use of
simple equipment, and PLA foams prepared through this route for preliminary
investigation to use in scaffold application have not been reported.

2.3 Rubber wood sawdust

2.3.1 General information

Wood sawdust, one kind of lignocellulose materials, is industrial waste
largely obtained from wooden furniture production. The main compositions of wood
sawdust are cellulose, hemicellulose and lignin. The chemical structures are shown in
Figure 2.7 [35]. Para rubber (Hevea brasiliensis) three is an industrial crop in Thailand.
The rubber latex obtained from Para rubber three is used as a raw material in gloves or
tire production industry. The Para rubber wood is typically utilized in furniture industry
in Thailand and large amount of Para rubber wood sawdust (RWS) becomes the

industrial waste. Thus, utilization of RWS is interesting. Yong [36] has been reported
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that compositions of RWS were cellulose (39%), hemicellulose and cell wall (29%),
lignin (28%) and ash (4%). The crystal structure and crystallinity of RWS have been
reported by Kamphunthong et al. [37]. Crystal structure measured by X-ray
diffractometer of RWS was a native cellulose | exhibiting characteristic peaks at 20 of
22.7° and overlapping peaks at 20 of 14° and 16°. Moreover, its crystallinity index
calculated from XRD was 57.86%. The thermal properties of RWS were characterized
by thermal gravimetric analysis. The Tq onset OF RWS was 254 °C, and three
decomposition temperatures at approximately 265°C, 290 °C and 440°C were found
which correspond to the decomposition of hemicellulose, cellulose and lignin,

respectively.
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Figure 2.7 Chemical structure of (a) cellulose, (b) hemicellulose, and (c) lignin [35].

For cytotoxicity of cellulose and lignin, Alexandrescu et al. [38] have
reported cytotoxicity of cellulose nanofibril-based structures, (1) dense and thin
structure and (2) porous structure, made from Eucalyptus pulp. The results showed that
the nanofibrils did not exert acute toxic phenomena on the tested 3T3 cells (fibrolast
cells). In addition, Barapatre et al. [39] have found that lignin fractions extracted from
the wood of Acacia nilotica depicted higher cytotoxic potential on breast cancer cell
which seem to be a promising candidate as anti-cancer agent [39].
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2.3.2 Composites of PLA/wood sawdust

Wood sawdust is widely used in wood plastic composite (WPC)
production by blending with thermoplastic such as polyethylene (PE), polypropylene
(PP), polyvinyl chloride (PVC). WPC containing biopolymers and wood sawdust has
been also studied. Sykacek et al. [40] have determined the mechanical properties of
WPC containing wood sawdust and 5 types of biopolymers including 1) poly(butylenes
adipate-co-terepthalate), PBAT, 2) poly(lactic acid) or PLA, 3) PBAT/PLA
compounded resin, 4) PLA-co-polyester blend and 5) tenite propionate. They found
that an increase of wood sawdust content ranging from 20 to 70 wt% decreased flow
ability in the injection molding process. Tensile strength and flexural strength were
significantly improved in all types of biopolymer except WPC of PLA incorporated
with more than 65 wt% of wood sawdust. WPC containing PLA as a thermoplastic
matrix was difficult to process owing to incompatibility between hydrophobicity of
PLA and hydrophilicity of wood sawdust. Therefore, surface treatment is normally
applied to wood sawdust before using in PLA/wood sawdust composite preparation.

Wood sawdust has been impregnated in phenolic resin solution before
using as a reinforce agent in PLA composites. The PLA composite reinforcing with
wood particle impregnated with 1 wt% phenolic resin solution showed increasing of
the composite strength and decreasing of the water adsorption as compared with PLA
composite reinforcing with the untreated-one. The strength of the composite decreased
as increased phenolic resin concentration owing to increase the coating thickness on the
wood particle [41]. Faludi et al. [42] have improved an interfacial adhesion between
PLA and wood sawdust by using N,N-(1,3-phenylene diamaleimide) (BMI) and 1,1-
(methylenedi-4,-1-phenylene) bismaleimide (DBMI) as coupling agents. They found
that wood sawdust modified with BMI and DBMI up to 5 wt% of sawdust content
improved the strength and stiffness of PLA/wood sawdust composite. The mechanical
properties results demonstrated that DBMI was more efficient to act as the coupling
agent in PLA/ wood sawdust composite than BMI.

The utilization of wood sawdust as an antibacterial material in PLA/
wood sawdust composite has been reported. Prapruddivongs and Sombatsompop [43]
have investigated the mechanical and antibacterial performance of wood sawdust/PLA
composite blended with triclosan. The wood sawdust was chemically treated using N-
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2(aminoethyl)-3-aminopropyltrimethoxysilane (KBM 603) before blending. The
addition of wood sawdust changed the mechanical properties of the composites.
Young’s modulus of the composite increased with increasing wood sawdust content
whereas the tensile strength, elongation at break and impact strength decreased. In
addition, wood sawdust acted as antibacterial promoter in PLA/triclosan/wood sawdust
blends. Wood sawdust supported triclosan (antibacterial agent) to migrate onto the
composite flat film surface to kill the bacteria. Woraprayote et al. [44] have fabricated
PLA/wood sawdust composite films containing anti-listeria agent, pediocin PA-1/AcH
(Ped). The composite films were processed through extrusion blown film process and
Ped was added by using diffusion coating method. They found that wood sawdust
played an important role in embedding Ped into hydrophobic PLA film. Dry-heat
treatment of PLA composite film before coating with Ped improved anti-listeria
activity, tensile strength, film transparency and its solubility in water. The composite
film of PLA/wood sawdust incorporated with Ped could be used as a good anti-listeria
biodegradable packaging for pork and other high-moisture foods.

Para rubber wood sawdust (RWS) is not widely used in biopolymer
composite, especially for PLA composites to use in medical application. However, the
researches studying in polymer/RWS composites have been reported. Laminated
rubber/RWS composite was successfully prepared by using carboxylated nitrile latex
based adhesive system. The composites showed good elasticity and stiffness. The
strength-stab resistance testing demonstrated that this rubber/RWS composite could be
utilized as anti-stab body armor [36]. RWS has been used as a raw material to prepare
activated carbons via chemical activation using ZnCl> at 500 °C for 60 min. The
activated carbon acted as a reinforcing agent in polyurethane composite to use as a
microwave absorber in electromagnetic interference (EMI) shielding application [45].
Petchwattana and Covavisaruch [46] have prepared the toughened PLA by melt
blending of PLA and acrylic core-shell rubber (CSR) in twin screw extruder before
blending with RWS. They found that the tensile modulus and tensile strength of
PLA/RWS composite increased with increasing rubber wood sawdust content (5-30
wt%) but the elongation at break and impact strength were decreased. The elongation
at break and the impact strength of the composites were improved when toughened-
PLA (PLA blended with 5 wt% CSR) was used instead the neat PLA.
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2.4 Chitosan

2.4.1 General information

Chitin or poly (5-(1—4)-N-acetyl-D-glucosamine) is a polysaccharide
consisting of 5-(1—4)-linked 2-amino-2-deoxy-f-D-glucopyranose (GIcN) (Figure 2.8
(@)). Itis found in the exoskeleton of arthropods or in the cell walls of fungi and yeast
[47]. Chitosan is a derivative of chitin which contain high amount of 2-acetamido-2-
deoxy-f-D-glucopyranose (GIcNAc). Chitosan is obtained from deacetylation reaction
of chitin, N-Acetyl glucosamine group is changed to glucosamine group, and it contain
at least 60% of degree of N-acetylation (DA). DA is assigned as the average number of
GIcNACc units per 100 monomer showing as a percentage form [48]. The chemical
structure of repeat units and partially acetylated chitosan are displayed in Figure 2.8 (b)
and (c), respectively [47]. Deacetylation reaction of chitin to obtain chitosan is divided
into 2 methods involving chemical and biological (microbial) methods. The reactions
normally contain three steps: demineralisation, deproteinisation and decoloration [49].
The properties of chitosan such as solubility depend on variation of %DA, distribution

of acetyl group along its main chain and its molecular weight.
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Figure 2.8 Chemical structure of (a) poly( N-acetyl-p-D-glucosamine) or chitin and (b)
chitosan repeat units and (c) partially acetylated chitosan [47].

2.4.2 Biocomposites of PLA/chitosan
Chitosan (CH) has been used in many applications due to good oxygen
barrier properties, biodegradability, biocompatibility, non-toxicity and antimicrobial
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activity [50]. Chitosan has been processed by solution method in water, organic solvent,
ionic liquids and the acid condition. For example, Xu et al. [51] have prepared micro
and nano fibers of chitosan/PLA through electrospinning for using in tissue engineering
application. Chitosan-polylactide composites blended with montmorillonite (Cloisite
30B) have been prepared by solvent evaporation method to use in drug release devices
[52].

Melt blending of chitosan with bioplastics such as poly(caprolactone),
poly(vinyl alcohol) and PLA has been reported [53]. Bonilla et al. [54] have prepared
PLAJ/CH films by melt blending in twin-screw extruder followed by film forming. The
addition of chitosan to PLA increased crystallization temperature but it decreased
mechanical properties. PLA/CH films exhibited high antimicrobial activity as
compared with the neat PLA film. PLA/CH/keratin blends have been prepared by melt
blending using internal mixer followed by compression molding. The osteosarcoma cell
line culture on the blends indicated a good viability and cell proliferation [50].

Influence of chitosan on properties of PLA/chitosan biocomposite sheets
has been observed by Rapa et al. [55]. These composites sheets were prepared via
compression molding, and tributyl o-acetyl citrate (ATBC) was used as a plasticizer.
They found that ATBC could decrease brittleness of PLA and the biocomposites
exhibited non-toxic in radish and cucumber seed germination. Moreover, the addition
of chitosan significantly reduced amount of S. aureus and E. coli on the contact surface
of the PLA/CH sheet. It was suitable to use as packaging materials for non-fatty foods
at refrigeration temperature with a pH above 4.5.

In scaffold preparation, PLA/chitosan scaffold has been prepared by
many solution methods such as thermal induced phase separation (TIPS) [56], emulsion
freeze-drying [57], and electrospinning [58], etc. Niu et al. [56] have prepared nano-
hydroxyapatite (n-HAC)/PLLA/chitosan microsphere (CMs) scaffold by TIPS method.
CMs contents were varied (10, 30 and 50 wt% of PLLA). It was found that
incorporation less than 30 wt% of CMs insignificantly affected the morphology and
porosity of n-HAC/PLLA/CMs scaffolds. However, its porosity rapidly decreased as
increased CMs content. The compressive modulus and compressive strength of the

biocomposite scaffold increased with increasing CMs contents.
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Niu et al. [57] have successfully fabricated interconnected pore structure
chitosan/PLLA scaffolds by emulsion freeze-drying method using oil-in-water
emulsification system. The mechanical properties of the scaffolds increased with as
increased PLLA content. The cell viability and cell proliferation evaluated from in-vitro
cytotoxicity testing of the chitosan/PLLA scaffolds were comparable to those of the
neat chitosan scaffold but it was lower than those of PLLA scaffold [57]. As mentioned
above, PLA/chitosan biocomposite scaffolds prepared by solution have been reported.
However, based on our knowledge, PLA/chitosan biocomposite scaffold prepared by

melting techniques has not been reported.

2.5 Poly(ethylene glycol)

2.5.1 General information

Polymer of ethylene oxide is called in different name depending on its
molecular weight. Polymer of ethylene oxide with molecular weight higher than 30,000
g/mol is typically called polyethylene oxide (PEO) or polyoxyethylene (POE), whereas
polymer with molecular weight lower than 30,000 g/mol is referred as polyethylene
glycol (PEG). PEG with a common chemical structure of H-(O-CH2-CH2),-OH is a
crystalline polyether exhibiting high water solubility and very low toxicity. PEG is a
biocompatible polymer widely used in variety of applications including cosmetic,
pharmaceutical and medical applications, etc. In medical field, monomethyl-ether
terminated PEG (mPEG) containing single hydroxyl group is designed. Its terminal
hydroxyl group can be covalently coupled with a lager molecule such as therapeutic
protein or peptide and liposomes. This process is well known as “PEGylation”. The
well-known trade name of PEG include Carbowax, for industrial use, and Carbowax
Sentry, Fortrans, Polyox and Pogoxol for pharmaceutical, medical and cosmetic use.

PEG is prepared by the interaction between ethylene oxide (EO), water,
and ethylene glycol or ethylene oligomer through cationic or anionic polymerization.
Oxyanionic polymerization method is usually used to prepare PEG because it produce
low polydispersity PEG. Low molecular weight PEG is synthesized by controlling the
addition of EO to water or alcohols (initiators) in the presence of alkaline metal
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compound (catalyst). High molecular weight PEG is synthesized by living oxyanionic

polymerization of EO in high polar and aprotic solvents as shown in Figure 2.9 [59].
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Figure 2.9 Living anionic polymerization of EO [59].

2.5.2 Poly(lactic acid)/poly(ethylene glycol) blending

The well-known limitations of PLA are low flexibility, plasticity and
crystallinity which restrict application area of PLA. Blending PLA with variety of
plasticizers has been used to enhance these limitation properties. Based on molecular
characteristic, plasticizers used for PLA are divided into 1) low molecular weight
plasticizers such as glycerol, lactides, acetyl tri-n- butyl citrate (ATBC) and 2) oligomer
plasticizers such as oligomeric lactic acid (OLA), polyethylene glycol (PEG). PEG is
widely used as a plasticizer for PLA in medical applications due to their water solubility
and low toxicity [60-61]. Martin and Averouss [62] found that adding of 20 wt% PEG,
molecular weight of 400 g/mol (PEG400), to PLA decreased T4 from 58 °C to 12 °C.
Pillin et al. [61] reported that PLA blended with lower than 10 wt% of PEG400 and
PEG1000 exhibited miscibility confirmed by demonstrating only one Tgof the blends.

For scaffold application, Zhang et al. [63] have prepared PLA/PEG6000
scaffolds by using supercritical CO2 bath foaming process. They found that the impact
strength of PLA increased as increased PEG600 content (5, 10, and 20 wt%), whereas
the tensile properties decreased. The addition of PEG 6000 to PLA decreased T4 and
Tee and it changed closed-cell morphology of PLA scaffold to interconnected cell
morphology. Moreover, the pore connectivity of PLA/PEG scaffolds increased with

increasing PEG600 content. The widely used PEG in medical and pharmaceutical
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application and it plasticization effect on PLA demonstrated that it is interesting to use
PEG in PLA scaffold preparation.

2.6 Azodicarbonamide

Azodicarbonamide (AZDC) is utilized in three form including powder
form, formulated material in powder form and materials in master batch or pre-
dispersed form. The decomposition of AZDC is proceeded through the competition of
three exothermic reactions as shown in Figure 2.10 [64]. Decomposition of AZDC
generates gas (32%), solid residues (41%), and sublimate (27%). The obtained gas
contains nitrogen (65%), carbon monoxide (32%) and other gases (3%), ammonia
(NHs) and carbon dioxide (COz). The obtained solid contains urazol (57%), cyanic acid
(38%), hydrazo-dicarbonamide (3%) and cyamelide (2%). AZDC particle size,
processing temperature and time have effect on its decomposition. The processing
temperature allowing the decomposition of AZDC is above 210 °C. According to
AZDC decomposition reaction (Figure 2.10), the reaction rate of the reaction (3)
increases as increases AZDC particle size because cyanic acid generated from the
reaction (1) and (2) has longer time to contact to unreacted AZDC, it accelerates the
decomposition process. In addition, AZDC has been reported to use as non toxic
blowing agent in composite foam containing hydroxyapatite and poly(ethylene-co

(vinyl acetate)) for tissue engineering by Sunny et al. [65].
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Figure 2.10 The decomposition reaction of azodicarbonamide (AZDC) [64].
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2.7 Silane coupling agents

Silane is a coupling agent widely used to improve interfacial adhesion
in polymer/filler composite through the reaction of silicon functional group (X) and
organo-functional group (). General formula of silane is shown in Figure 2.11 [66]. X
group is hydrolysable group reacting with the hydroxyl group of the filler. Y group is
bonded with silicon functional group through a short chain carbon, and it is reacted with
polymer by chemical reaction (grafting) or physicochemical interaction (hydrogen
bonding, acid-base interaction or entanglement). The Y group can be a non-functional

or functional group such as amino, epoxy, vinyl, methacrylate, and mercapto, etc.

X = Slicon functional group

| Y = Organofunctional group

Y/\/\Si
N

X X

Figure 2.11 General structure of organosilanes [66].

The commercial silane coupling agents used to improve interfacial
adhesion in PLA/filler composite are 3-aminopropyltriethoxysialne and 3-
glycidroxypropyl trimethoxysilane containing amino- and epoxy organo functional
group, respectively [64]. The interaction mechanism between wood flour, silane and
PLA has been reported by Lv et al. [67] as shown in Figure 2.12. The OR groups in
silane are hydrolyzed and transformed to silanols in the first step which is called
hydrolysis process (Figure 2.12 (a)). The self-condensation is concomitantly proceeded
during hydrolysis process to form -Si-O-Si- group (Figure 2.12 (b)). After wood flour
was added into hydrolyzed silane solution, the active OH groups of wood flour can
react with the reactive silanol groups to produce stable covalent (Si-O-wood flour) bond
and the free silanol group can react to each other, forming a network structure of -Si-
O-Si- (Figure 2.12 (c)). The coupling agents are finally grafted with PLA chains when
treated wood flour is blended with PLA (Figure 2.12 (d)). The self-condensation

reduces the chance of reactive silanol which accesses to hydroxyl group in the wood
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flour surface. This reaction rate can be slowed down by adjusting the hydrolysis system

to acidic pH environment [67].
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Figure 2.12 Interaction mechanism of silane coupling agent with wood flour and PLA

[67].

2.8 Biodegradation of polymer based biomaterials

2.8.1 Biodegradation mechanism

In a biological environment such as an organism or human body,

biodegradation process of polymer is occurred by physical, chemical and biological

interaction between polymer and biological environment. The degradation of polymers

used as biomedical devices is divided into 4 main steps: 1) hydrolysis with water in the

tissue, 2) oxidation (oxidants are generated by tissue), 3) enzymatic degradation and 4)
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physical degradation such as lowering of mechanical properties and water swelling
[68]. The biodegradation rate depends on where biomaterials are implanted in the
human body and the polymer characteristics such as crystallinity, molecular structure,
hydrophobicity or hydrophilicity and surface area. The polymer materials can be
degraded in the biological environment through at least three mechanisms: hydrolysis,

oxidation and enzymatic mechanism.

2.8.1.1 Hydrolytic mechanism

Hydrolytic degradation of polymer is defined as a scission of
hydrolysable bonds of polymer chain to obtain oligomers and monomers by attacking
of water. The hydrolysable bonds include glycosides, esters, orthoesters, anhydrides,
carbonates, amides, urethanes and ureas. The mechanism involves two main steps. The
first step is the water contacting to hydrolysable bond of polymer at the polymer surface
or polymer matrix following by bond scission. It results in initial reduction of polymer
molecular weight. The second step, molecular weight of degrading polymer is
significantly reduced by further hydrolysis [69]. There are two mechanisms normally
occur in the hydrolytic degradation of solid polymer matrices including surface erosion
or heterogeneous reaction and bulk or homogeneous erosion as shown in Figure 2.13

[69]. The degradation by surface erosion is normally faster than that of bulk erosion.

Surface Erosion Bulk Erosion

Figure 2.13 Mechanism of hydrolytic degradation in polymers [69].
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2.8.1.2 Oxidative mechanism

Oxidative degradation of polymeric biomaterials is processed by
inflammatory process. After implanting biomaterials into the body tissue, reactive
oxygen species (ROS) are produced from macrophages, specific leukocytes and
inflammatory cells and, then, inflammatory response is occurred. The example of ROS
are hydrogen peroxide (H20.), superoxide (O2), hypochlorous acid (HOCI) and nitric
oxide (NO). The oxidative effect generated by these ROS is the cause of chain scission
of polymeric biomaterials and promote its degradation [69].

2.8.1.3 Enzymatic mechanism

Enzymes are biological catalysts to accelerate the reaction rate in the
living body. In human body, hydrolysis reaction of polymeric biomaterials can be
catalyzed by enzymes, it is called hydrolases. The examples of hydrolases are protease,
esterases, phosphatases and glycosidases, etc. The enzyme-polymer chain interaction
contains typically four steps: 1) enzyme diffusion from the bulk solution to the solid
polymer surface, 2) enzyme adsorption on the polymer to form the enzyme-polymer
complex, 3) acceleration of hydrolysis reaction rate and 4) diffusion of soluble degraded

products from the solid polymer to the solution [69].

2.8.2 Degradation-observing techniques
The parameters used to observe degradation process are loss of
mechanical strength of polymer matrix, reduction of molecular weight, changing of
crystallinity and weight loss of a sample before and after degradation [70]. The
selection of techniques to observe degradation of polymeric biomaterials should base
on degradation stage and required specific property of the materials under investigation.
The characterization techniques and properties used to observe degradation of

polymeric biomaterials are as following [71].

2.8.2.1 Water absorption and weight loss
The water absorption of polymeric biomaterials is evaluated from water
uptake values typically obtained after incubation of the materials in the solution. It
indicates hydrophilicity or hydrophobicity and tendency of degradation through
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hydrolysis process of polymer. The mass changes during degradation of polymer can
be observed by comparison the weight before and after degradation testing period. The
initial weight of dried samples should be precisely measured before testing. After
degradation, the degraded sample should be washed using distilled water to eliminate
remainder of enzyme, salts, or other impurities and then dried under vacuum stage until
constant weight is obtained. The weight loss is a factor used for initial observation of
biopolymer degradation. It is calculated and reported in term of percentage (% weight
loss) [71].

2.8.2.2 Molecular weight
The chain scission normally occurs during degradation process resulting
in a decrease of polymer molecular weight. Techniques to evaluate molecular weight
are viscometry technique and gel permeation chromatography (GPC). The molecular
weight in terms of number-average (Mn), weight-average (Mw) and the polydispersity
index are parameters used to analyze degradation of biopolymers. The changing of
polymer molecular weight affects crystallinity, weight loss, morphology and

mechanical properties of polymer [71].

2.8.2.3 Crystallinity
Crystallinity of polymeric biomaterials after degradation can be
monitored using differential scanning calorimetry (DSC) or wide-angle Xx-ray
diffraction (WAXD). Crystallinity observed by DSC is based on changing of the glass
transition temperature (Tg), crystallization temperature (T¢), melting temperature (Tm)
and heat of fusion values. In WAXD analysis, the peak shifting, peak disappearance,
appearance of new peaks and broader peak in the WAXD pattern are parameters

indicating the crystallinity of polymeric biomaterials during degradation [71].

2.8.2.4 Morphology
During degradation, surface morphology changing and appearance of
macro/micropores or cracks can be occurred. It is characterized by microscopy
techniques such as scanning electron microscope (SEM), light microscopy, and atomic
force microscopy (AFM). The freeze-fracturing in liquid nitrogen of the degraded
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sample before testing is carried out to observe the change of cross section area of the

degraded sample [71].

2.8.2.5 Surface chemistry

Characterization techniques to monitor surface chemistry of polymeric
biomaterials during biodegradation are x-ray photoelectron spectroscopy (XPS),
Fourier transformation infrared (FTIR) spectroscopy and contact angle measurement.
Each technique is used based on required information and the depth of analyzed
specimen. XPS technique provides element data and chemical groups at the first 10 nm
depth of the surface specimen. FTIR with attenuated total reflectance (FTIR-ATR)
gives chemical group information at the 5 um depth of the surface specimen. Moreover,
this technique can analyze chemical surface of the wet surface specimen which is useful
to observe surface chemistry of the specimen during biodegradation process. Contact
angle measurement is utilized to observe hydrophobicity at the surface of the specimen.

High contact angle demonstrates high hydrophobic surface of the materials [71].

2.8.2.6 Mechanical properties

During degradation, mechanical properties are an important role to
control and support a new tissue formation. Biomaterials used to repair defective tissue
should be degraded to provide an area for a new tissue growth. At the same time, it
should maintain a minimum mechanical strength of defective tissue in order to prevent
new tissue deformation. Tensile, bending and compressive testing are commonly used
to observe mechanical properties of polymeric biomaterials. The testing methods are
described in the American Society for Testing and Materials (ASTM) standards [71].

2.8.3 Degradation of poly(lactic acid)

Biodegradable polymers including polycarbonates, polyanhydrides,
polyamide, polyorthesters and polyester are mainly degraded through hydrolysis
mechanism. In aqueous solution, polyester is very sensitive to degrade by hydrolysis
via random scission of ester bonds. In hydrolysis in the presence of acid, the protonation
of carbonyl group in polyester can catalyze the cleavage of carbon-oxygen bond along
the polyester chain. This process is controlled by four basic factors: 1) rate constant, 2)
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solubility of degraded products, 3) amount of absorbed water and 4) diffusion
coefficient of chain fragment within the polymer. The polymerization-degradation of
PLA (polyester) via hydrolysis is displayed in Figure 2.14 [69].

During in-vitro hydrolysis process, reaction of chain cleavage of PLA
occurs specifically in amorphous region resulting in increment of crystallinity of
polymer and, then, chain scission occurs. The carboxylic end groups occurred during
chain scission act as catalyst to accelerate the hydrolytic degradation of PLA. It is called
auto-acceleration or self-catalysis [70]. Similarly to in-vivo hydrolysis process, the
degradation is slow at the first time that PLA sample is implanted in the human body,
and low molecular weight of acid products can be removed by metabolism. After that,
the rate of hydrolysis process is increased, and consequently acid products have not
enough time to be eliminated by metabolism. This results in occurring of self-catalysis

which accumulates and accelerates the degradation [72].
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Figure 2.14 Polymerization-degradation rout ways of poly(lactic acid) [70].

2.8.4 Degradation of chitosan
Chitosan stability depends on internal factors including purity level,
molecular weight, polydispersity index and degree of deacetylation and external factors
including environment (humidity and temperature) and preparation methods. In in-vivo
condition, chitosan can be degraded by enzymes, especially for lysozyme which
normally appears in mammalian tissue. In in-vitro condition, chitosan can be degraded
in via chemical, oxidation and enzymatic hydrolysis reaction. The internal factors

mentioned above play an important role in degradation mechanism and degradation rate
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of chitosan. The biodegradation of chitosan is began by depolymerization process. It is
a random cleavage of $-1,4-glycosidic bonds followed by deacetylation resulting in
decreasing of its molecular weight as shown in Figure 2.15 [73]. Continuously,
functional groups of chitosan such as amino, carbonyl and hydroxyl are destroyed.
Furthermore, depolymerization of chitosan may generate a free radical to induce
oxidation process. Interchain crosslinking can occur during degradation process
resulting in changing of structure and physicochemical properties of polymer (Figure
2.15).
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Figure 2.15 Probable degradation mechanism of chitosan [73].

2.8.5 Degradation of poly(ethylene glycol)

Poly(ethylene glycol) is synthesized by free radical polymerization, and
it contains C-C in the main chains. Therefore, it is defined as a non-biodegradable
polymer. However, the stability of PEG strongly depends on many factors such as
temperature, pH, water content, an appearance of enzyme and oxidants such as reactive
oxygen species (ROS). In in-vivo condition, PEG can be biodegraded through

hydrolysis process and enzymatic oxidation. Reactive oxygen species are generated by
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single electron transfer, and they are catalyzed by enzyme. ROS can react with the
polymer chain by oxidation resulting in polymer biodegradation. The degradation
mechanism of PEG is started from hydrogen abstraction followed by addition of
another oxygen or radical to generate bond scission as shown in Figure 2.16 [74].
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Figure 2.16 Oxidative degradation mechanism of PEG backbone [74].
2.9 Polymer characterizations

2.9.1 Mechanical properties

2.9.1.1 Impact strength
The important objective of impact testing is reliable data to evaluate
impact performance of the materials. There are several methods used to measure the
impact strength of plastic such as lzod, Charpy, Gardner, and tensile impact testing.
The Izod and Charpy methods are usually used to measure impact strength of plastics.
The specimen is tested under rapid loading. The impact machine is installed with a
different pendulum capacity, depending on the testing standard. The pendulum can

rotate around the hinge which is located at the top of the machine (Figure 2.17 (a)) [75].
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The specimens for impact testing are divided into two main types including unnotched-
and notched-specimens. Figure 2.17 (b) [76] demonstrates notched specimen
dimension according to ASTM D256. The different of 1zod and Charpy method
depends on the direction of the specimen located in the holder and the direction of
impact force as shown in Figure 2.17 (c) [77]. In l1zod impact testing, the specimen is
located vertically in the holder and it is broken by hitting of the pendulum at the notched
side of the specimen. In Charpy impact testing, the specimen is located in the holder
and the notched section is in the middle of the holder. The specimen is broken by hitting
of pendulum at the opposite of the notched side of the specimen. The fracture energy
with the unit of Joule (J) is determined from the swing-up angle and swing-down angle
of the pendulum. The impact strength is calculated from fracture energy divided by
cross-section area. The unit is J/m or kJ/m? [78].
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Figure 2.17 (a) Cantilever beam (lzod-type) impact machine, (b) Notched impact
specimen according to ASTM D256 and (c) 1zod and Charpy pendulum;
modified from [75-77].

2.9.1.2 Tensile properties
Tensile testing is normally used to evaluate mechanical properties of
materials. The elastic deformation, strength, ductility and strain-hardening are
mechanical properties obtained from tensile testing. The examples of tensile parameters

are Young’s modulus, yield strength, ultimate tensile strength, % elongation and % area



42

of reduction. The tension test is proceeded by applying tension force at a specific
extension rate to the specimen until the specimen is broken. Force-extension data are
observed and recorded during testing process. The dimension containing gauge length
and cross section area of tensile tested specimens depends on testing standard as shown
in Figure 2.18 [79].

19 mm
19.44 mm

Figure 2.18 Tensile specimen demonstrating length, reduced gauge section and
enlarged width according to ASTM D412 type C [79]

The tensile loading and extension obtained from tensile testing are used
to calculate tensile stress (o) and tensile strain (¢) as defined in the equation 1 and 2,
respectively, where F is the tension force and Ao is the original cross-sectional area at
the gauge of the specimen. Lo and Lt are original length and final length of the specimen,

respectively:
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F 1)

A
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Stress-strain relationship will be observed from stress-strain curve
(Figure 2.19) [78]. Regions of A-B, B-C, and C-D demonstrate elastic deformation,
plastic strain-hardening deformation and necking regions, respectively. The B, C and
D points is yield point, ultimate strength and fracture point, respectively. During the
tensile loading, the specimen will initially undergo the elastic deformation followed by

plastic deformation. During elastic deformation, the specimen loaded by the tension
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force is stretched, and the specimen dimension is temporary changed. It can return to

the original shape after the tension force is removed [79].
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Figure 2.19 Stress-strain curve of polymer film [80].

The slope of the linear stress-strain curve (A-B region) is called Young’s

modulus (E) which is calculated by the equation 3:

=2 (3).
&

The specimen dimension is then permanently changed after yield
strength point in plastic deformation. Polymer typically exhibits three types of stress-
strain behavior which are brittle, plastic and elastomeric stress-strain behavior. These
behaviors depend on chemical structure. Brittle stress-strain behavior exhibits high
strength but very low strain, and it is normally found in amorphous polymer. Plastic
stress-strain behavior is normally found in semicrystalline polymer which shows
moderate strength and relatively high strain. Elastomeric stress-strain behavior is
generally observed in rubber material demonstrating extremely high elongation and

very low stress at fracture point [81].
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2.9.1.3 Flexural properties

Flexural testing is usually utilized to determine the bending force of
material under tree point loading condition. The universal testing machine equipped
with accessories of flexural bending test is used as shown in Figure 2.20 (a) [82]. The
rectangular specimen is placed on the support span with the length of L. The force is
applied to the middle of the specimen at the L/2 position of the support span, and the
loading nose creates three point bending at the specified rate (Figure 2.20 (b)) [83]. A
variety of specimen shapes can be used. However, the specimen length should be long
enough to allow overhanging on each end (at least 10 % longer than support span
length) to prevent specimen slipping. The support span, speed of loading and the
maximum deflection are parameters of flexural testing. ASTM D790 and I1SO 178 are
the standard testing methods typically used for flexural testing of plastics and polymers.
The loading is stopped when the specimen is broken in the ISO 178 standard testing,
and the loading is stopped when the specimen is reached to 5% deflection or the
specimen is broken before 5% deflection for ASTM D790 [82].

L)

L
Support Span

(b)

Figure 2.20 (a) Universal testing machine equipped with bending fixture accessories
and (b) fixture used to set loading nose and support spacing and alignment
[82-83].

A typical of flexural stress-strain curve is shown in Figure 2.21 [83]. It
contains a, b, and c curves. The “a” curve is flexural stress-strain curve of the specimen

that is broken before yielding. The “b” curve is found in the specimen that is reached
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to yield point, and then, it is broken before 5% strain. The “c” curve can be observed in
the specimen that is broken after 5% strain without yielding. The flexural stress (o)

(MPa), the flexural strain (€f) (mm/mm) and the flexural modulus of elasticity (Er)

(MPa) are calculated by the equation 4, 5, and 6, respectively:

3PL
_ ot 4
7t = pLd? )
6Dd
5 =25 (5)
_ ’m
5 4bd?

(6).

P is load at a given point on the load deflection curve (N). L is support
span length (mm), b and d are width of tested beam (mm) and depth of tested beam,
respectively. D is maximum deflection of the center of the beam (mm), and m is slope
of the tangent to the initial straight (N/mm) [83].

5% strain limit
O = Ot

Opa -
O

T =

1

Figure 2.21 Typical curve of flexural stress and flexural strain [83].
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2.9.2 Thermal properties

2.9.2.1 Differential scanning calorimeter

Differential scanning calorimeter (DSC) is thermal analysis technique
widely used to determine amount of energy absorbed by the specimen to undergo the
endothermic phase transition (or amount of energy released from the specimen in
exothermic processes such as crystallization) as a function of time or temperature. The
DSC instrument is shown in Figure 2.22 [84]. There are many kinds of DSC system
including heat flux DSC, power compensated DSC, modulated DSC, hyper DSC and
pressure DSC [85]. Heat flux DSC and power compensated DSC systems are
commonly used (Figure 2.23) [86]. In the Heat flux DSC system, the specimen and
reference are connected and controlled by a single furnace. In power compensated DSC
system, the specimen and reference are separately connected and controlled by using
different furnaces [85]. Figure 2.24 [87] displays typical DSC output showing DSC
thermogram of heat flow versus temperature. The relation of heat flow and temperature
in DSC thermogram can be evaluated to obtain various information including glass
transition temperature, melting point, crystallization temperature and time, degree of
crystallinity, rate and degree of curing, reaction kinetics, purity, oxidative stability and
thermal stability [87].

Sample Pan Reference Pan DSC

AN B
o o) gl

Heat Flow (mW)
]

Control Unit
‘ Heater ‘ } [Heater {

t

50 100 150 2 250
Temperature (C)

Figure 2.22 Diagram of DSC instrument connected with computer and output data [84].
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Figure 2.23 Diagrams of (a) heat flux DSC and (b) power-compensation DSC [87].
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Figure 2.24 DSC thermogram exhibiting the interest transitions [87].

2.9.2.2 Dynamic thermal gravimetric analysis

Dynamic thermal gravimetric analysis (DMTA) is one kind of thermal
analysis technique widely used to observe and to characterize mechanical and
viscoelastic properties of materials including polymers, ceramics and metals. The
specimen will be placed in the specimen holder in the DMTA instrument (Figure 2.25
(a)) [88]. The specimen can be held in the specimen holder with different direction
(deformation modes) as shown in Figure 2.25 (b) [88]. The deformation mode used for
testing depends on material type, degree of stiffness and specimen forms such as film,
foam and fiber forms. The dynamic force with particular frequency is applied to the
specimen and strain is measured as a function of temperature by linear variable

differential transformer (LVDT) displacement sensor. As the specimen is dynamically
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moved in the instrument, the storage modulus (E"), loss modulus (E") and tan delta (tan
d) are determined. The storage modulus (E") is the elastic response (storage energy), it
indicates stiffness of the specimen. The loss modulus (E") is the viscose response or
energy which is dispersed during one testing cycle of the specimen. Tan delta (tan 6) or
damping or loss factor is the ratio of loss modulus to storage modulus (tan 6 = E"/ E")
which is useful to obseve energy absorbing of the specimen. In additon, the glass
transiton temperature can be determined at the temperature of the maximum tan 6 curve

or the maximum loss modulus curve (Figure 2.26) [89].
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Figure 2.25 (a) A one kind of DMTA instrument showing important composition and
(b) the different modes for sample holding [88].
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Figure 2.26 DMTA thermogram of storage modulus, loss modulus and tan delta as a

function of temperature of the material [88].
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2.9.2.3 Thermal gravimetric analysis

Thermal gravimetric analysis (TGA) is a technique to measure amount
or rate of the weight change of materials such as polymer, composites and food as a
function of time or temperature under controlled atmosphere. TGA is primarily ultilized
to determine thermal stability, oxidative stability and composition ratios of materials.
Morever, TGA can be used to estimate lifetime, decomposition kinetics, moisture
content and volatile content of materials. The basical components of thermal
gravimetric analyzer are balance, sample holder, furnace, programing unit (to control
temperature), and recording unit (to recorde weight and temperature changes). The the
pan containing sample (about 5-20 mg) is placed in the sample holder which is
sopported by a precision balance. The sample is heated with a constant rate in a funace
and the sample weight is observed throughtout the experiment. An inert gas such as
nitrogen or oxidizing gas such as oxigen is used to control sample environtment (Figure
2.27) [90]. During experiment, the sample weight change is automatically recorded as
a function of temperature and time. The result is generally displayed as a thermogram
showing the relation of weight remaining (%) as a function of temperature or the
relation of first derivative of thermogravimetric analysis (DTG) as a function of

temperature as shown in Figure 2.28 [91].

Atmosphere control

Furnace \ Sample holder
%
v

V Recorder
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temperature
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Temperature
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Recording Balance control
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Figure 2.27 Diagram of thermogravometic analyzer [90].
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Figure 2.28 TGA and DTG curves of bulk PS-b-PMMA [91].

2.9.3 Fourier transforms infrared spectroscopy

Fourier transforms infrared spectroscopy (FTIR) is a preferred technique
of infrared spectroscopy utilized to identify and determine molecular structure and
quality and quantity of inorganic and organic components. FTIR analysis is based on
the principle of combination of molecular vibrations of the sample. The examples of
molecular vibrations are stretching, scission, rocking, twisting, and wagging (Figure
2.29) [92] which have specific frequencies or wavenumbers occurring in the infrared
region. The typical FTIR analysis process is displayed in Figure 2.30 [93]. Firstly, the
sample is tested in spectrometer, and the particular interferogram signal is obtained
from the detector. Then, the signal is digitized and sent to FFT computer (the computer
that the fourier transformation occur). Finally, the FTIR spectrum representing specific

functional groups of the sample’s molecule is obtained for analysis and interpretation.

—
Symmetric stretching In-plane scission Out of plane twisting

—>

. te. .4

Asymmetric stretching In-plane rocking Out of plane wagging

Figure 2.29 Stretching and bending vibrations in molecules [92].
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Figure 2.30 Schematic diagram of typical FTIR analysis process [93].

2.9.4. Scanning electron microscope

The scanning electron microscope (SEM) is a basic instrument of the
electron microscopes commonly used to create high-resolution images to observe
morphology on the surface of the solid specimen. SEM is very useful to semi-
quantitatively or qualitatively determine chemical compositions, crystalline structure
and crystal orientations of the specimen. The schematic diagram of SEM procedure is
showed in Figure 2.31. The electron gun generates the electron beam which is focused
by magnetic lenses, and it is introduced onto the specimen. The focused beam is
dissipated as individuality of signals which is produced by -electron-specimen
interactions [94]. The obtained signals can be secondary electrons, backscattered
electrons (BSE), diffracted backscattered electrons (EBSD), X-rays, visible light and
heat. These signals are detected by specific detector. Secondary electrons and BSE
signals are normally useful to produce SEM images. Secondary electron signals
produce specimen morphology and topology. BSE signals produce a contrasts in
composition of multiphase specimens. EBSD signals are utilized to observe crystal

structures and orientations of minerals [94].
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Figure 2.31 Schematic diagram of the basic SEM instruments [94].

2.9.5. X-Ray diffraction

X-Ray diffraction (XRD) is analytical techniqgue commonly used to
identify crystal structure and to evaluate atom spacing and unit cell dimension of
materials. The procedure of XRD is shown in Figure 2.32 (a) [95]. The X-ray generated
by cathode ray tube is filtered by the filter to obtain monochromatic radiation. Then, X-
ray is collimated using collimator to the specimen. The interaction between the incident
X-ray and the specimen generates diffracted X-ray with an angle of 20 (Figure 2.32 (b))
[96]. The Bragg’s equation is used (the equation 7), where n is the order of the
reflection, it must be an integer, and A is the wavelength of the incident X-ray beam, it
is obtained from the experiment. The angle (0) between incident X-ray beam and
scattering plane of the specimen is measured, and the diffracted X-ray is given by 2d
sin 0. Therefore, the distance between the lattice planes or d-spacing (d) of the specimen

is calculated from the Bragg’s equation:
nA =2dsin@ (7).

The d-spacing indicates crystal characteristic of the materials in term of
a set of unique d-spacing [96]. After detector recording, the X-ray signal is converted
to a count rate or X-ray intensity. A graph of X-ray intensity versus the angle between
incident and diffracted X-ray beam (20) is obtained, it is called diffractogram (Figure
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2.33) [97]. The XRD diffractogram is useful for qualitative and quantitative analysis,
and it is utilized to determine a unit cell lattice parameters, crystallite size and degree

of crystallinity of the materials.
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Figure 2.32 Schematic representing (a) diagrams of the basic XRD analysis and (b) the
Bragg’s law equation [95-96].
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Figure 2.33 The XRD diffractogram of a count rate versus degree 2-theta (20) [97].
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2.9.6 In-vitro cytotoxicity properties
2.9.6.1 Cell proliferation testing

The cytotoxicity and cell proliferation testing are necessary to evaluate
the opportunity to utilize biopolymer materials in tissue engineering application. The
important factors in cytotoxicity and cell proliferation testing are cells properties, types
and concentration of compounds used in the experiment, duration of the testing and the
medium or serum used in the cell culture. Three basic concepts used to evaluate cell
proliferation or cytotoxicity are measurements of: 1) cell viability, 2) cell survival and
3) cell proliferation from cell metabolism. The methods widely used to measure cell
viability are typan blue exclusion dyes assay, fluorescent based live/dead staining assay,
lactate dehydrogenase (LDH) leakage assay and neutral red assay. The clonogenic cell
survival assay is the example method to measure cell survival. Cytotoxicity or cell
proliferation is evaluated from cell proliferative ability and reproductive ability of
clonogenic cell (the cells forming a bulky colony after receiving testing agent). A result
is assigned as a curve showing the relation between amount of the agent and the fraction
of survival cells (the cells that can retain its ability to procreate new cells). This curve
is called cell survival curve [98]. The last concept is measuring cell proliferation by
determining cell metabolic activities such as DNA/RNA/protein replication, ATP
synthesis and dehydrogenase activity. The example assays of last concept are 3[H]-
thymidine incorporation assays, determining DNA replication assay, ATP assays and
tetrazoliun reduction assays.

Tetrazoliun reduction assays is the method observing dehydrogenase
activity during cell proliferation. Tetrazolium salt is used, and it will be transformed to
formazan dye under the presence of metabolic active cells. The obtained formazan dye
subsequently changes the color of the medium. The absorption of the medium appearing
in dye solution can be detected by using microplate reader or spectrophotometer. MTT,
MTS, XTT and WST-1 are tetrazolium compounds mostly used to detect a living cell.
These compounds are divided into 2 basic types: 1) Positively charged compound such
as MTT which is easily to filtrates into viable cells and 2) Negatively charged
compounds which are water-soluble tetrazolium salts such as MTS, XTT and WST-1.

Negatively charged compounds are not easily to filtrate into the cells. Therefore,



55

intermediate electron acceptor reagents containing cell penetration ability such as
phenazine methyl sulfate (PMS) or phenazine ethyl sulfate (PES) have to be used [99].
The mechanism of the WST-1 reduction is shown in Figure 2.34 [100]. WST-1 can be
reduced and changed by NADH or NADPH in the viable cell using mPMS (1-methoxy-
5-methyl-phenazinium methyl sulfate) as an intermediate electron acceptor. Then,
WST-1 becomes water-soluble colored formazan product which can be detected by

microplate reader or spectrophotometer in the suitable wavelength. [99].

OO AONNOA
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Dehydrogenase
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SO;Na SO;Na
WST-1 Formazan

Figure 2.34 Mechanism of the WST-1 reduction in the presence of intermediate

electron acceptor (mPMs) [100].

2.9.6.2 Cell cytotoxicity assays

Bone tissue engineering requires substitutable materials which can
repair and maintain the function of bone tissue. The porous structure and
biocompatibility of the selected materials which mimic the biological environment also
play important role in bone tissue engineering [101]. The biocompatibility of materials
is associated with cell adhesion and biological environment. Therefore, cytotoxicity
testing using osteoblast cell culture to evaluate the biocompatibility of the materials is
necessary in bone tissue engineering. Many kinds of osteoblast cells have been reported
to use in cytotoxicity testing such as human primary osteoblast (hOB) cells [99], FOST
cells [102], human osteoblast cell line (Saos-2) [103] and MG63 osteoblast-like cell
[104]. The cell adhesion and cell spreading are firstly created by cell-biomaterial
surface touching. Material surface has effect on cell adhesion and cell spreading, and it

affects cell proliferation.
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Figure 2.35 displays SEM images of osteoblast cell adhesion on
different material surfaces. Figure 2.35 (a) [105] shows triangular or elongated shape
of osteoblast cells adhering and spreading on the modified zirconia surface after 1day
incubation. Figure 2.35 (b) [102] shows adhesion of FOST cells on titanium anodic
films after 4 hr incubation demonstrating cell spreading with irregular direction onto
the film surface. Osteoblast cell adhesion on PLA substrate also has been reported by
Liu et al. [103]. Figure 2.35 (c) shows adhesion of human osteoblast cell line (Saos-2)
on the electrospun PLA after cell culture for 5 days. Liu et al. [103] found that the cell
adhesion and spreading were improved when 15% nHA (nano-hydroxyapatite) was

incorporated.

Figure 2.35 SEM images demonstrating various types’ cells adhesion on the difference
material surfaces: (a) osteoblast cells on surface-modified zirconia, (b)
FOST cells on titanium anodic films, and (c) Saos-2 cells on electrospun
PLA [102-103, 105].

MG63, osteoblast-like cell used in cytotoxicity testing of this research,
also has been used to observe biocompatibility of many kinds of biomaterials for using
in tissue engineering such as expanded poly(tetrafluroethylene) (e-PTFE) membranes,
nano-hydroxyapatite/polyamide-66 (nHA/PA-66) membrane [102] and PLA scaffold
fabricated by 3D printing method [106]. The examples of MG63 cell adhesion and cell
spreading on the material surface are displayed in Figure 2.36 (a)-(c). The MG63 cell
exhibited various shape such as long spindle, triangle and square. Figure 2.36 (a) [104]
shows MG63 cell with long spindle shape and pseudopods-like spreading on the e-
PTFE membrane surface after 1 day incubation. An increase of cell culture time leads
to cell growing up and higher cell spreading. Figure 2.36 (b) [104] demonstrates the
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SEM image of MG63 cell spreading on nHA/PA66 membrane after 5 days incubation.
The MG63 cell was long-spindle shape and it is adhered to the edging of or the middle
of the membrane pores with fully pseudopods-like spreading. That demonstrates good
biocompatibility of the nHA/PA66 membrane [104]. The MG63 cell adhesion on the
smooth surface of 3D printed PLA scaffold after 2 day incubation shows in Figure 2.36
(c) [106]. The cells spread on the scaffold surface with resemble oval shaped to spindle-

shaped morphology.

Figure 2.36 SEM images of MG63 osteoblast-like cells adhesion on different material
surface and culture time: (a) e-PTFE membrane/1 days, (b) nHA/PAG6
membrane/5 days, and (c) 3D printed PLA scaffold/2 days [104, 106].
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MATERIALS AND METHODOLOGY

3.1 Materials

3.1.1 Materials for surface treatment of rubber wood sawdust

The materials used in this topic are listed in Table 3.1

Table 3.1 Materials used for surface treatment of rubber wood sawdust

Material name Initials | Formula Producer/Supplier
Rubber wood sawdust RWS | - Khaomahachai Parawood
(size: <75 uymand 212-600 pm) Co, Ltd., Thailand.
3_-egC|doxypropyI trimethoxy GPMS | CoHaoOsSi Slgma-AIdrlch Co., Ltd,
silane Thailand.
3_-am|nopropyl trimethoxy APMS | CeHNOSS Slgma-AIdrlch Co., Ltd,
silane Thailand.

. Sigma-Aldrich Co., Ltd,
Acetic acid - CH3sCOOH )

Thailand.

Ethanol CH-CH.OH RCI Labscan Asia Co.,

ano - 329 1) td, Thailand.
Sodium hvdroxid NaOH RCI Labscan Asia Co.,
odium hydroxide ) a Ltd, Thailand.

3.1.2 Materials for preparation of unfoamed and foamed PLA compounds

The materials used in this topic are listed in Table 3.2

Table 3.2 Materials used for preparation of unfoamed and foamed PLA compounds

Materials name Initials | Formula Producer/Supplier
Poly(lactic acid), 4042D PLA g&COZCH:“)” NatureWorks LLC. USA.
Rubb q dust RWS Khaomahachai Para wood
UbLErwood sawdus ] Co, Ltd., Thailand.
Chit cH Thai Food and Chemical
ttosan ] Co., Ltd, Thailand.
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Table 3.2 Materials used for preparation of unfoamed and foamed PLA compounds

(continued)

Material name Initials Formula Producer/Supplier

Polyethylene glycol

(Molecular weight 6000 | PEG H(OCH2CHy), | Sigma-Aldrich Co., Ltd,

OH Thailand.
g/mol)
. : Greatchem and Supply
Azodicarbonamide AZDC C2H402 N4 Pty., Ltd., China.
i i Kit Phaibun Chemistry
Zine Oxide Zn0O Zn0O

Ltd., Thailand.

3.1.3 Materials for in-vitro degradation and cytotoxicity characterization of
foam samples

The materials used in this topic are listed in Table 3.3

Table 3.3 Materials used for in-vitro degradation and cytotoxicity characterization of

foam samples

Material name Initials Formula Producer/Supplier

Alpha-Minimum essential o-MEM | Gibco™, Invitrogen,

medium medium Carlsbad, CA, USA.

Di-sodium hydrogen RCI Labscan Asia

- Na;HPO4.2H20 .

phosphate dehydrate % e Co., Ltd, Thailand.

L Sigma-Aldrich Co.,
ysozyme enzyme ] ) Ltd, Thailand.

MG-63 cell line h MGE3 Sigma-Aldrich Co.,

-oe cetifine hlman ; Ltd, Thailand.
Sodium hydrogen phosphate NaH-POL2HHO RCI Labscan Asia
dehydrate ) an2ra.cl2t 1 o | Ltd, Thailand.
Penicillin-strept . Sigma-Aldrich Co.,

enicillin-streptomycin - - Ltd, Thailand.

Sigma-Aldrich Co.,

Fungizone } ) Ltd, Thailand.
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Table 3.3 Materials used for in-vitro degradation and cytotoxicity characterization of

foam samples (continued)

Material name Initials Formula Producer/Supplier

Fetal bovi Gibco™, Invitrogen,
elal bovine serum ] ) Carlsbad, CA, USA.

Ost ) gi 0S Sigma-Aldrich Co.,
>teogenic medium i Ltd, Thailand.

3.2 Instruments

The instruments used in this works are listed in Table 3.4

Table 3.4 Instruments

Instruments Model Country
Analytical balance METTLER Toledo® ML204/01 | Switzerland
Dynamic mechanical thermal METTLER Toledo® STARe .
Switzerland
analyzer (DMTA) system DMA1 Module.
Differential scanning calorimeter NETZSCH® DSC 200 F3 USA
(DSC)
Evaporator BUCHI® Rotavapor Switzerland
Fourier transform infrared BRUKER® TENSOR 27
Germany
spectrometer (FTIR) spectrophotometer
High speed grinder NanoTech®NT-500D Thailand
Hot air oven UM 400, MEMMERT Co., Ltd. | Germany
Impact testing machine ZWICK® 5102.202 USA
Simultaneous thermal analyzer NETZSCH® STA 449 F3-
. Germany
(STA) Jupiter
Scanning electron microscope Quanta 400° FEI, JEOL Japan
(SEM)
Twin screw extruder (L:D ratio of PRISM® TSE16TC USA
15:1)
: : _ (1) INSTRON® 5569 USA
Universal testing machine
(2) INSTRON® 3365 USA
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Table 3.4 Instruments (continued)

Instruments Model Country
Vacuum Oven Thermo Fisher® Model 29 China
X-ray diffractometer (XRD) X’ Pert MPD® PHILIPS Netherlands

3.3 Methodology

3.3.1 Preparation of various sizes of rubber wood sawdust

Rubber wood sawdust (RWS) obtained from Khaomahachai Parawood
Co, Ltd. were dried in a hot air oven at 105 °C for 24 h to remove moisture before
separating into four range of RWS particle sizes using a series of sieves. The RWS
particle sizes of <212 um and 212-600 pm were directly obtained from sieving (mesh
no. 70 and 30). The particle sizes of < 75 um and 75-150 pum were obtained by two
steps, grinding using high speed grinder followed by sieving (mesh no. 200 and 100).
All four ranges of RWS particles were used to prepare unfoamed PLA/RWS
compounds. The particle sizes of < 75 um and 212-600 um were used for surface

treatment and for preparing foamed PLA/RWS compounds.

3.3.2 Alkaline treatment of rubber wood sawdust (NaOH-treated RWS)

The alkaline treatment was applied to RWS by using 5% (w/v) NaOH
solution [1]. The first step was the addition of RWS in NaOH solution under continuous
stirring for 1 h at room temperature and then washed with water until the pH was
neutral. The second step, RWS was dried by using an evaporator at 80 °C for 1 h
followed by using a vacuum oven at 70 °C for 15 h. The final step was done by drying
in a hot air oven at 70 °C until the constant weight was reached. The obtained RWS
were called NaOH-treated RWS 75 and NaOH-treated RWS 212-600, respectively.

3.3.3 Silane treatment of rubber wood sawdust
The silane treatment was carried out using 3 methods: A, B and C. The

preparation conditions are displayed in Table 3.5.



Table 3.5 Surface treatment conditions of RWS in the method A-C
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NaOH Silane RWS pH solution Bath
Sample Method treatment content size (um) 5 temp.
(%) i ] ()
1,3,5 <75
_ / k) k) —_— ‘/
GPMS-A A 0.51,3,5 | 212-600 70
APMS-A A v 1,5 212-600 v 70
APMS-WA A 5 212-600 X 70
5 <75
GPMS-B B X 135 912-600 X 70
GPMS-C C X 5 <75 v 70

Footnotes: *The silane content unit was wt% of RWS.

3.3.3.1 Method A

GPMS was applied to the NaOH-tretaed RWS. Firstly, GPMS was
hydrolyzed in 60% (v/v) ethanol solution under continuous stirring for 1 h at room
temperature and, then, the solution was adjusted to pH 5 with acetic acid. Secondly, the
NaOH-tretaed RWS (7.5 % wi/v of ethanol solution) was added in the hydrolyzed
GPMS solution with continuous stirring followed by heating up to 70 °C. After the
solution temperature reached to 70 °C, the solution was then continuous stirred for 1 h.
The obtained product (GPMS-A) was washed with water until pH was neutral and
dried. The smaller particle size (< 75 um) was dried by using an evaporator at 70 °C
for 1 h and the larger particle (212-600 um) was dried by using a vacuum filter at room
temperature. Finally, GPMS-A was dried at 105 °C for 2 h in a vacuum oven and, then,
drying in an oven at 70 °C until the constant weight was obtained [1].

APMS was applied to the NaOH-treated RWS by using a similar
procedure to GPMS treatment as described above. The larger particle RWS (212-600
pm) was used. The obtained product was referred to APMS-A. There was another
condition for APMS treatment which was the method A without pH adjusting of the
hydrolyzed APMS with acetic acid in the first step. This condition was used to
determine effect of pH. The obtained product was referred to APMS-WA.
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3.3.3.2 Method B
This method was similar to method A, except the virgin RWS (non-
treated RWS) was used and the hydrolyzed GPMS solution was not adjusted to pH 5
with acetic acid.

3.3.3.3 Method C
The procedure of method C was done similar to method A, except the
virgin RWS (non-treated RWS) was used.

The treated-RWS obtained from silane treatment were named as “a%B-
X xxx”, where “a@” was silane content (%), B was silane type, “X” was a treatment
method and “xxx” was RWS particle size, respectively. For example, “1%GPMS-A
75” was the NaOH-treated RWS with RWS particle size of < 75 um treated with
1%GPMS using method A, and “5%APMS-WA 212-600” was the NaOH-treated RWS
with RWS particle size of 212-600 pum treated with 5%APMS using method A without
pH adjusting.

3.3.4 Preparation of unfoamed PLA/RWS compounds

The RWS with various particle size (< 75 pm, 75-150 pm, < 212 pm
and 212-600 um) were prepared as mentioned in topic 3.3.1. The compositions of
unfoamed PLA/RWS compounds are listed in Table 3.6 and Table 3.7. PLA pellets and
RWS were dried at 105°C in a hot air oven over night to remove moisture then kept in
desiccator. Because of a short length of the screws of the twin screw extruder, PLA
pellets and RWS were blended in a twin screw extruder for two times to obtain
homogeneous blending. The first extrusion was performed at a temperature profile of
120, 165 and 165 °C for a feed, middle and die zone, respectively. The screw speed was
100 rpm. The extrudates were pelletized and extruded again at the same temperature
and the screw speed was 150 rpm. After that, extrudates were pelletized to obtain the

compounded pellets.



Table 3.6 Composition of unfoamed PLA/nontreated-RWS compounds

Composition No. 1 2 3 4 5 6 7 8 9 10 11 12
PLA 95 95 95 95 90 90 90 90 85 85 85 85
RWS (212-600 pm) 5 - - - 10 - - - 15 - - -
RWS (<212 pum) - 5 - - - 10 - - - 15 - -
RWS (75-150 pum) - - 5 - - - 10 - - - 15 -
RWS (<75 um) - - - 5 - - - 10 - - - 15

Footnotes: PLA and RWS contents were used in wt% unit.

Table 3.7 Composition of unfoamed PLA/treated-RWS compounds

Composition No.

12345 ]6|7]|8

9\10\11\12\13\14\15]16]17

RWS size

<75 um

212-600 pum

PLA

95

95

95

95

95

95

95

95

95

95

95

95

95

95

95

95

95

NaOH-treated

5

0.5%GPMS-A

1%GPMS-A

3%GPMS-A

5%GPMS-A

1%APMS-A

1%GPMS-B

3%GPMS-B

5%GPMS-B

Footnotes: PLA and RWS contents were used in wt% unit.
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3.3.5 Preparation of unfoamed PLA/PEG/chitosan compounds

The compositions of unfoamed PLA/PEG/chitosan (CH) compounds are
listed in Table 3.8. PLA pellets and chitosan were dried at 105°C and 50°C,
respectively, over night in a hot air oven to remove moisture then kept in a desiccator.
PLA/PEG/CH compounds were prepared by using a twin screw extruder. The first
extrusion was carried out at a temperature profile of 140, 165 and 165 °C for a feed,
middle and die zone, respectively and the screw speed was 80 rpm. Then, the extrudates
were pelletized and extruded again at a temperature of 130, 150 and 150 °C for a feed,

middle and die zone, respectively, and the screw speed was 150 rpm.

Table 3.8 Composition of unfoamed PLA/PEG/CH compounds

Sample name Contents (wt%) -
PLA PEG Chitosan

PLA 100.0 0.0 0.0
PLA-CH1 100.0 0.0 1.0
PLA-CH3 100.0 0.0 3.0
PLA-PEG-CHO 95.0 5.0 0.0
PLA-PEG-CH1 94.1 4.9 1.0
PLA-PEG-CH3 92.2 4.8 3.0
PLA-PEG-CH5 90.3 4.7 5.0

3.3.6 Preparation of PLA compounded foams

The first extrusion was performed without AZDC and ZnO at a
temperature profile of 140, 165 and 165°C for a feed, middle and die zone, respectively.
The screw speed was 100 rpm. The extrudates were then pelletized and melt blended
again with AZDC and ZnO at a lower temperature profile (130, 150 and 150°C for a
feed, middle and die zone, respectively) to avoid AZDC decomposition in the extruder.
The higher screw speed of 150 rpm was used in order to reduce residence time in the
extruder. AZDC and ZnO were used as chemical blowing agent and accelerator,
respectively. The compositions for foam preparation are listed in Table 3.9. The content
of PLA compounded pellets obtained from the first extrusion was 98 wt% and the
content of the compound of AZDC and ZnO was 2 wt%. The AZDC/ZnO weight ratios
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were varied to prepare PLA foams (foam no. 1-5). The RWS type and RWS particle
size used to prepare the PLA/RWS foams (foam no. 6-9) were different depending on
the foam name, and the RWS added in PLA/RWS/chitosan foams (foam no. 15-16) was
the 1%GPMS-A 212-600 RWS.

3.3.7 Preparation of sample sheet by compression molding

3.3.7.1 Preparation of unfoamed sheet

A 2 mm-thick sheet of unfoamed sample was obtained by compression
molding at 150°C. The compounded pellets were pre-heated at a pressure of 100 kg/cm?
for 5 min and then heated at a pressure of 150 kg/cm? for 12 min. After that, the sample
was cooled under this pressure for 10 min. The unfoamed PLA/nontreated-RWS
compounds were prepared in order to determine the effect of RWS particle size and
RWS content by considering the mechanical properties of the molded samples. The
appropriate compositions were used to prepare the unfoamed PLA/treated-RWS

compounds which were blended in the twin screw extruder as described above.

3.3.7.2 Preparation of foamed sheet

The compression molding was carried out in a close mold to obtain a
foamed sheet. Three mold dimension were used: (1) 130 x 130 x 2 mm, (2) 100 x 100
X 25.4 mm and (3) 130 x 130 x 3 mm by using the compounded pellet contents of 40 g,
190 g and 80 g, respectively. The mold dimension 130 x 130 x 2 mm was finally used
to prepare all foam samples. The foam no. 1 and 3-5 (Table 3.9) were performed at 150
°C for 10 min under the pressure of 150 kg/cm?. The foam no. 2 and 6-16 were
performed at 145 °C under similar compression pressure and time. The foam sample,
foam name, the composition of the first extrudates, AZDC and ZnO content (wt%) and
AZDC/ZnO weight ratios are listed in Table 3.9. The foam no. 1 and 3-5 were prepared
in order to study influence of AZDC/ZnO weight ratios. The foam no. 2 and 6-9 were
designed to study influence of RWS particle size and RWS surface treatment on the
properties of the foams including pore morphology, mechanical and thermal properties,
in-vitro degradation and cytotoxicity. The foam no. 10-16 were prepared to study
influence of chitosan and/or PEG and treated-RWS on the characteristic of the foams.



Table 3.9 Composition for preparation of PLA compounded foams
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No. S;nirgle Foam name TET_ZLA Comssznded pe':;content F(:\\/I\t:) AZDC (Wt%) | ZnO (wt%) gﬁgsc(/ﬁtr/‘\?n)
1 |PLAO  |PLA3I0O 100.0 i i i 2.00 0.00 3/0.0
2 | PLAO1 |PLABOL 100.0 - i i 1.94 0.06 3/0.1
3 | PLAO3 |PLA303 100.0 i i i 1.82 0.18 3/0.3
4 | PLAOS |PLA3/0S5 100.0 i i i 171 0.29 3/0.5
5 | PLALO |PLA3/LO 100.0 - i i 1.50 0.50 3/1.0
6 | Tis PLA/NaOH 75 95.0 i i 5.0° 1.94 0.06 3/0.1
7 | T2s PLA/L%GPMS-A 75 95.0 i i 5.0° 1.94 0.06 3/0.1
8 | ToL PLA/RWS 212-600 95.0 i i 5.0° 1.94 0.06 3/0.1
9 |ToL PLA/1%GPMS-A 212-600 | 95.0 - i 5.0° 1.94 0.06 3/0.1
10 [1cOP | PLA-CHL 99.0 i 1.0 i 1.94 0.06 3/0.1
11 [3COP | PLA-CH3 97.0 i 3.0 i 1.94 0.06 3/0.1
12 |0oc5P | PLA-PEG 95.0 5.0 i i 1.94 0.06 3/0.1
13 | 1C5P | PLA-PEG-CH1 94.1 4.9 1.0 i 1.94 0.06 3/0.1
14 |3C5P | PLA-PEG-CH3 92.2 48 3.0 i 1.94 0.06 3/0.1
15 | 1COPRL | PLA-CH1-R1 98.0 ] 1.0 1.0° 1.94 0.06 3/0.1
16 | 1COPR3 | PLA-CH1-R3 96.1 ] 0.9 3.0° 1.94 0.06 3/0.1

Footnotes: 1. ® The RWS type and RWS size were different depending on the foam name.
2.° The RWS type was 1%GPMS-A 212-600.
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3.3.8 Characterizations

3.3.8.1 Fourier transforms infrared spectroscopy (FTIR)
The chemical structures of treated and untreated RWS were analyzed by
using FTIR spectroscopy in attenuated total reflectance (ATR) mode. The RWS was
pressed under the pressure of 25 bar to form a disc. The specimens were scanned in the

frequency range of 4000 to 400 cm™ with a resolution of 4 cm™ by 132 scan.

3.3.8.2 X-Ray diffraction spectroscopy (XRD)

Crystallinity of treated and untreated RWS was determined using X-ray
diffactometer. The specimens were scanned at a speed of 1 sec per step over a 20
ranging from 3.5 to 63.5°. A generator voltage of 40 kV and a current of 30 mA were
applied. The amorphous contribution in the RWS was subtracted from XRD pattern.
The crystallinity Index (Ic) was calculated from the equation (1) [2], where | (o2) was
the peak intensity at 20 equal to 22.72° and attributed to a specific characteristic of
crystalline cellulose and lam) was the intensity at 20 equal to 18.01°, which

corresponding to the amorphous portion of the cellulose material:

Uon ~lam), 09 (1).

(002)

.=

3.3.8.3 Surface morphology
The surface morphology of treated and untreated RWS were
investigated using SEM at the voltage of 20 kV and magnification of 175X and 1000X.
The RWS were mounted on a stub before sputter coating with gold.

3.3.9 Physical and mechanical properties

3.3.9.1 Density and void fraction (VF)
Foam density was measured by the buoyancy method according to
ASTM D792. The foamed sheets were cut into square shape with the width and length

of 25 mm x 25 mm and specimen thickness was 2.5-3.0 mm depending on the thickness
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of the foamed sheet. The specimens were precisely weighed on an analytical balance in
air and in n-hexane with density of 0.6954 g/cm®. The densities of five specimens of
every sample were measured and the average values calculated from at least 3
specimens were reported. The void fraction (VF) was calculated from the equation (2)
[3], where p1 and p2 were density of foamed specimens and unfoamed PLA (1.223

g/cmd), respectively. The density and VF were reported in a unit of g/cm?® and %,
respectively:

%VF :1—(&J x 100 ).
P2

3.3.9.2 Pore morphology
The pore morphology of the foams were investigated using the scanning
electron microscope at the voltage of 20 kV and magnification of 35X. The foamed
sheet was cut into 9 zones as shown in Figure 3.1. The specimen from each zone was
immersed in liquid nitrogen and then immediately fractured before coating with gold.
Base on pore size, approximately 50 to 150, 100 to 200, and 100 to 500 pores were
investigated for foam no. 1-5, foam no. 6-9 and foam no. 10-16, respectively. The

average pore size in a unit of micron (um) were calculated and reported.

A B C
u Au Bu Cu
m Am Bm Cm
d Ad Bd cd

Figure 3.1 The foam sheet showing the specimen zones used to observe pore
morphology by using SEM.
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3.3.9.3 Impact strength
The 1zod and Charpy impact resistance of unfoamed and foamed PLA
compounds were determined according to ASTM 256 and ASTM D6110, respectively.
The notched and unnotched specimens with rectangular shape were prepared and the
specimen dimension was 12.7 x 65.0 mm? with the thickness approximately 2.00 mm.
Ten specimens for each sample were tested using a 4 J pendulum. An average value

and a standard deviation calculated from at least 6 specimens were reported.

3.3.9.4 Tensile properties

The tensile modulus, tensile strength and elongation at break of
unfoamed and foamed PLA compounds were investigated according to ASTM D412
Test C using INSTRON®5569. Twelve specimens for each sample were tested at room
temperature. The crosshead speed of 50 mm/min was used for testing the
PLA/nontreated RWS samples. The crosshead speed of 5 mm/min was used for testing
the unfoamed PLA/treated RWS samples and the PLA compounded foam samples. An
average value with standard deviations calculated from at least 6 specimens were

reported.

3.3.9.5 Flexural properties
The flexural properties of PLA compounded foams were determined
according to ASTM 790 using INSTRON® 3365. Ten specimens for each sample with
rectangular shape were cut in a width (w) of 12.7 mm and a span length (L) of 50 mm.
The testing speed was 1.5 mm/min. An average value with standard deviations
calculated from at least 6 specimens were reported [4-5].

3.3.10 Thermal properties

3.3.10.1 Differential scanning calorimeter
The DSC thermograms of PLA compounded pellets and PLA/PEG/CH
foams were recorded. The first heating scan was performed from 20°C to 200°C, and
then the sample was cooled at the rate of -10°C/min from 200°C to 20°C. The second
heating scan was performed from 20°C to 200°C. Both heating scans were performed
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at the rate of 10°C/min. The heat of fusion of pure crystalline PLLA (AHpLa) was 93
Jig [6]. The degree of crystallinity (Xc1) by considering an area under the cold
crystallization peak (AHcc) and the degree of crystallinity (Xc2) by neglecting AHcc were
calculated from the equation (3) and (4), respectively. The AHm was the heat of fusion

of the samples:

L= AH, —AH %100 3)
AH PLA
X, = AH, x100 (4).
AH PLA

3.3.10.2 Dynamic mechanical thermal analysis
Dynamic mechanical thermal analysis (DMTA) of the foam specimens
was performed in a single cantilever mode. The specimens were trimmed to dimension
of 25 mm x 6 mm x 2.5-3.0 mm (length x width x thickness) before testing at a
temperature range of 10°C to 140°C with a heating rate of 3°C/min. The frequency was
1 Hz.

3.3.10.3 Thermogravimetric analysis
Thermogravimetric analysis (TGA) of RWS, PLA compounded pellets
and PLA compounded foams were carried out at a heating rate of 5°C/min from 30°C
to 500°C under nitrogen atmosphere. 7-15 mg of the sample were used.

3.3.11 In-vitro degradation testing
The in-vitro degradation testing of the foam specimens was performed
by 2 methods.

3.3.11.1 In-vitro degradation according to Rakmea et al. [7]
A phosphated-buffered solution (PBS) at a concentration of 0.1 M and
pH 7.4 was in-house prepared by mixing of 0.2 M Na;HPO4-2H0 solution and 0.2 M
NaHPO4-2H>0 solution and then adding distilled water to obtain total volume of 200

ml. In-vitro degradation was determined by soaking the foam specimens in PBS. Three
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specimens with a dimension of 10 mm x 60 mm x 2 mm (width x length x thickness)
from each sample with initial weight (Wo) were vertically placed in a test tube filled
with 35 ml PBS. The immersed specimens were incubated at 37 °C for 8 weeks. The
PBS in all test tubes was weekly replaced by the fresh PBS. At the end of each period,
the specimens were removed from PBS, then rinsed by distilled water for 3 times and
vacuum dried at a temperature of 65 °C to a constant weight (Wg). The percentage of
weight loss of the specimen during immersion in PBS was calculated from the equation
(5), where Wy was an initial weight and Wqwas a weight after degradation:

W,

%Weight loss = {WOV;

}x 100 (5).
0
3.3.11.2 In-vitro degradation according to Zhang and Cui, [8]

Five dry foam specimens (1 x 1 cm) for each sample were added in 500
pl of a lysozyme solution (4 mg of lysozyme in 1 ml of PBS with pH 7.4). The sample
was then incubated at 37°C for 8 week. The lysozyme solution was weekly replaced
with a fresh solution. At determined time intervals, the specimens were removed from
the solution, then washed with distilled water and finally dried in a freeze dryer. The %

weight loss was also calculated from the equation (5).

3.3.12 Cell cytotoxicity assay

MG-63 cells were cultured in a 75 ml flask containing alpha-MEM
medium with the addition of 1% penicillin-streptomycin, 0.1% fungizone, and 10%
fetal bovine serum at 37 °C in an incubator with fully humidified atmosphere at 5%
CO2. MG-63 cells (5 x 10* cells) were seeded onto the surface of foam specimens. The
medium was changed every 3 days during the cells culture. An osteogenic medium (OS)
was used for osteoblast differentiation of the MG-63 cells [9]. This medium contained
10 mM of p-glycerophophate, 50 mg/ml of ascorbic acid, and 100 nM of
dexamethasone. The MG-63 cells were cultured in a culture plate for 1, 3, 5 and 7 days.
The MG-63 cell proliferation was measured by WST-1 assay. The quantification of cell
proliferation was measured according to manufacturer’s instructions [10]. The

absorbance of each specimen was recorded at 420 nm using Multiskan™ GO
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Microplate Spectrophotometer. The morphology of cells that adhered on the foam
specimen was investigated by scanning electron microscope (FEI® Quanta 400). The
seeded foam specimens were washed with PBS and fixed using 10% neutral formalin
buffer for 5 h at 4°C. The specimens were dried in a freeze dryer and the specimen

surfaces were sputter coated with gold prior to investigation.

3.3.13 Statistical analysis of data
One-way analysis of variance (one-way ANOVA) was performed using
SPSS software (version 20.0) at 0.05 significance level (p < 0.05). The significance
differences among the specimens were analyzed using Tukey’s honestly significant
difference (HSD) test. Different letters, e.g. A, B, C, D, AB and CD, were used to
identify the samples when the average values are significant different at p < 0.05.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Preparation and properties of unfoamed PLA/RWS compounds

4.1.1 Suitable RWS particle sizes and RWS content
Mechanical properties including impact strength and tensile properties
were used to determine the suitable RWS particle sizes for surface treatment and RWS
content for preparation of unfoamed PLA/treated-RWS.

4.1.1.1 Impact strength

(i) Particle size of 212-600 pm

Figure 4.1 shows the Charpy impact strength of PLA compounds
containing various nontreated-RWS contents. It was found that the Charpy impact
strength of the unnotched specimens decreased as increased RWS contents. This trend
was also found in the 1zod impact strength (Figure 4.2). The addition of 5 wt% and 10
wt% RWS slightly changed the Charpy impact strength of the notched specimens. The
PLA/RWS compound containing 15 wt% RWS was very brittle; therefore, the
compression molded samples could not be cut as a notched specimen. The Izod impact
strength of the notched specimens of PLA and PLA/RWS compound containing 5 wt%
and 10 wt% RWS were similar but the addition of 15 wt% of RWS to PLA significantly

decreased the 1zod impact strength of the notched specimens.
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Figure 4.1 Effect of nontreated-RWS contents on Charpy impact strength of PLA
(particle size: 212-600 um).
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Figure 4.2 Effect of nontreated-RWS contents on lzod impact strength of PLA
(particle size: 212-600 um).

Figure 4.3 and 4.4 display the impact strength obtained from Charpy and
Izod testing of unnotched and notched specimens, respectively. It was found that the
impact strengths of unnotched and notched specimens tested by lzod method were
higher than those of the specimens tested by Charpy method. The difference of the
impact strength obtained from Charpy and lIzod testing was due to the difference of
direction of the specimen placed in the holder and the direction of impact force
(pendulum).
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Figure 4.3 Effect of nontreated-RWS contents on unnotched impact strength of PLA
(particle size: 212-600 um).
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Figure 4.4 Effect of nontreated-RWS contents on notched impact strength of PLA
(particle size: 212-600 pm).

(i) Particle size of <212 pm

The addition of RWS decreased the Charpy impact strength of the
unnotched specimens of PLA for all PLA/RWS ratios (Figure 4.5). This trend was also
found in the 1zod impact strength (Figure 4.6). The impact strength slightly changed as
increased RWS content from 5 wt% to 10 wt% but it significantly decreased when 15
wt% RWS was used (Figure 4.5 and 4.6). The notch sensitivity of PLA compouds was
observed in both Chrapy and Izod testing due to significant decreasing of impact

strength of notched specimens as compared with the unnotched one.
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Figure 4.5 Effect of nontreated-RWS contents on Charpy impact strength of PLA

(particle size: <212 pm).
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Figure 4.6 Effect of nontreated-RWS contents on Izod impact strength of PLA (particle

size: <212 pm).

Figure 4.7 shows that the unnotched Izod tested specimens showed

higher impact strength than those tested by Charpy method whereas the notched

specimens did not show this trend (Figure 4.8). In addition, PLA compounds

incorporated with RWS particle size of 212-600 um and < 212 um exhibited notch

sensitivity as shown in Figure 4.1-4.2 and Figure 4.5-4.6, respectively. The impact

strength significantly decreased when the specimens were notched. Figure 4.4 and 4.8

demonstrated that PLA compounds incorporated with the larger particle RWS showed

lower notch sensitivity than those of the smaller particle size.
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Figure 4.7 Effect of impact testing method on unnotched impact strength of PLA
(particle size: <212 pm).
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Figure 4.8 Effect of impact testing method on notched impact strength of PLA (particle
size: <212 pm).

The Charpy and Izod impact testing were applied to the specimens with
different direction of specimen located in the holder and the direction of impact force
resulting in the difference of impact strength values. In this experiment, the Izod impact
strength of the samples was higher than Charpy impact strength, and the 1zod testing is
commonly used. Thus, only 1zod testing method was applied to the specimens in the
next experiment. Moreover, the results mentioned above showed that the PLA
compounds with the PLA/RWS ratio of 85/15 were very low impact strength.

Therefore, this composition was not tested in the next experiment.
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(iii) Particle size of 75-150 pm and < 75 pm

The impact strength of PLA compounds containing the RSW particle
sizes of 75-150 pum and < 75 pum is shown in Figure 4.9 and 4.10, respectively. The
addition of both particle sizes RWS to PLA slightly decreased the impact strength of
the unnotched specimens whereas the impact strength of the notched specimens slightly
changed, except the addition of 10 wt% of smaller particle RWS (< 75 um), it showed
very low impact strength.

Figure 4.11 and 4.12 demonstrate effect of RWS on Izod impact strength
of PLA containing various particle size RWS at 5 wt% and 10 wt%, respectively. The
addition of RWS at 5 wt% and 10 wt% (all particle size) to PLA slightly decreased the
impact strength of the unnotched specimens. The impact strength of PLA compounds
containing 10 wt% RWS slightly decreased as increased RWS particle size, whereas
PLA compounds containing 5 wt% RWS did not show this trend. The addition of RWS
at 5 wt% and 10 wt% to PLA slightly changed the impact strength of the notched
specimens, except the addition of 5 wt% RWS with particle size of <212 pm (Figure
4.11) and 10 wt% RWS with particle size of <75 um and < 212 pum (Figure 4.12), it
decreased the impact strength of PLA.
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Figure 4.9 Effect of nontreated-RWS contents on l1zod impact strength of PLA (particle
size: 75-150 pm).
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Figure 4.10 Effect of nontreated-RWS contents on 1zod impact strength of PLA

(particle size: <75 pum).
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Figure 4.11 Effect of particle size on lzod impact strength of PLA compounds
containing 5 wt% of RWS.
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Figure 4.12 Effect of particle size on Izod impact strength of PLA compounds
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4.1.1.2 Tensile properties

Figure 4.13 displays effect of RWS content and particle size on tensile
properties of PLA. In the present study, the specimens were tested using crosshead
speed of 50 mm/min. All composition of PLA compounds showed brittle fracture
without yield point. The result demonstrated that the tensile modulus of PLA
compounds containing 5 wt% RWS slightly increased as increased RWS particle size,
whereas the compounds containing 10 wt% RWS did not show this trend. The
compound containing 5 wt% of the smallest particle (<75 um) showed the highest stress
at break and strain at break. The compound containing 10 wt% of the smallest particle

(<75 um) showed the highest tensile modulus, and the compound containing 10 wt%

the largest particle (212-600 pum) showed the highest stress at break.
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Figure 4.13 Effect of particle size and contents on tensile properties of PLA
compounds: (a) modulus, (b) stress at break and (c) strain at break.

The lzod impact strength and tensile properties of PLA compounds
containing various sizes of 5 wt% and 10 wt% RWS are listed in Table 4.1. Based on
RWS content, the compounds containing 5%wt RWS showed higher mechanical
properties than those of the compounds containing 10%wt RWS. Based on using 5 wt%
RWS obtained by grinding and sieving (<75 pm and 75-150 pum), the addition of the
smaller particle RWS (<75 um) to PLA showed the highest mechanical properties.
Based on using 5 wt% RWS obtained by sieving (<212 pm and 212-600 pm), the
compound containing the larger particle (212-600 pm) showed the highest notched
impact strength and tensile properties. Therefore, the nontreated-RWS with particle size
of <75 um and 212-600 pum was selected to prepare treated-RWS using alkaline and/or
silane treatment. The PLA/RWS ratio of 95/5 (wt/wt) was used to prepare unfoamed
PLA/treated-RWS compounds in the next experiment.
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Table 4.1 Mechanical properties of PLA compounds containing 5 wt% and 10 wt% of

RWS with various particle size

PL _A/RWS sPizir(;[icle Izod 'TE;:;?; rength Tensile properties

HE 1M Umnotched | Notohed | Mool | Sessat | stait &t
<75 117215 | 26+£0.1 | 426+£29 | 53.3+£22 |205%£21

955 75-150 106+0.3 | 3.1+£0.3|443+32 | 406+£6.0 |129+3.2
<212 11.8+09 | 10+04 | 490+46 | 34.0+85 | 10.8+5.3
212-600 | 11.5+1.3 | 28+£0.2 | 531+£37 | 429+6.6 | 12626
<75 108+16 | 1.3£03[598+10| 39.2+7.2 | 9.1+24

90/10 75-150 104+03 | 27+0.1 | 536+12 | 31.6+£0.8 | 7.4+0.58
<212 99+£08 |12+03|425+£26| 383+58 | 15749
212-600 | 85+10 |3.1£03|562+17 |46.1+12.3|128%£55

4.1.2 Characterizations of treated-RWS

4.1.2.1 Chemical structures of RWS

(i) Particle size of 212-600 um

RWS is a one kind of lignocellulose containing of cellulose,
hemicellulose, lignin, pectin and non-essential parts such as waxes, oil and impurities.
PLA contains some hydroxyl and carboxylic end groups similarly to RWS; however,
its polarity is much lower than that of RWS. This results in low interfacial adhesion
between PLA and RWS, causing poor mechanical properties. Therefore, alkaline
treatment is required to remove impurities and decrease hydrophilicity of RWS, and
silane treatment is required to improve interfacial adhesion between PLA and RWS.
Alkaline treatment using NaOH is a typical pathway to eliminate non-essential parts on
the surface of cellulosic materials, for example, natural fiber and wood sawdust and
reduce hydrophilicity of RWS [1-3]. Silane coupling agents are widely used to improve
the interfacial adhesion between polymer and cellulosic materials via the hydrolyzable

and organofunctional reactions [2, 4-5]. In the present study, the surface treatment using
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GPMS was divided into three method, method A, B and C. In the method A, nontreated-
RWS was treated by NaOH followed by GPMS treatment. FTIR technique was utilized
to characterize the surface of RWS before and after NaOH and/or silane treatment.
Figure 4.14 shows the FTIR spectra of the larger particle RWS (212-600 um) before
and after treatment and the spectra of GPMS and hydrolyzed GPMS. FTIR assignment
is listed in Table 4.2. Nontreated-RWS showed strong peaks of OH group at
approximately 3000 to 3500 cm™, C=0 of hemicellulose at 1735 cm™ and acetyl group
of xylan at 1230 cm™ [6]. After NaOH treatment, the peak at 1735 cm™ was not
observed in the spectrum of NaOH-treated RWS and 1%GPMS RWS-A demonstrating
disappearance of hemicellulose. The peak in the spectrum of nontreated-RWS at 1230
cm™ became a double peaks in the spectrum of NaOH-treated RWS and 1%GPMS
RWS-A, at 1227 cm™ and 1267 cm™. The first and second split peak were assigned to
the vibrations of the syringyl structure and guaiacyl structure of lignin, respectively [6].
This results demonstrated that the hemicelluloses and non-essential parts were mostly
removed by NaOH treatment. It was in accordance with the previous study [2, 6]

The GPMS treatment, the proposed interaction mechanism of GPMS
with RWS and PLA is shown in Figure 4.15 [4]. After hydrolysis, GPMS is transformed
to hydrolyzed GPMS or silanols which contain a large number of hydroxyl groups
(Figure 4.15(a)). During the hydrolysis process, the Si-O-Si groups can be together
formed via self-condensation as shown in Figure 4.15(b). The -Si-O-Si- network
structure is formed after the addition of RWS into hydrolyzed GPMS solution obtaining
GPMS-treated RWS (Figure 4.15(c)). After melt blending with PLA, GPMS-treated
RWS can be grafted with PLA through epoxide ring opening as displayed in Figure
4.15(d). In the present study, after hydrolysis, the peak in the spectrum of GPMS at
1255 cm™ and 909 cm™ assigned to the epoxide ring vibration (Table 4.2) were
transformed to 903 cm™ and 844 cm?, and the peak at 1087 cm™ assigned to Si-O bonds
in Si-O-CH3 of GPMS was transformed to 1102 cm™ assigned to Si-O bonds in Si-O-
H (Figure 4.14) which corresponded to the previous study [7]. The spectrum of
1%GPMS-A RWS representing the product of Figure 4.15(c) shows that the presence
of hydrolyzed GPMS on the surface of RWS after condensation reaction was not clearly
observed. This might because a very small concentration of GPMS and an overlapped
peak. The peaks of hydrolyzed GPMS at 2927 and 2861 cm™ corresponded to C-H
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stretching vibration overlapped the broad peak of all RWS samples at 2900 cm™.
Similarly, the epoxide ring peaks in hydrolyzed GPMS overlapped with C-H bending
of RWS (Table 4.2) at approximately 900 cm™ and Si-O in the —Si-O-Si— network
structure or Si-O-RWS bond overlapped with C-O stretching of RWS in the wave
number range of 1000-1110 cm™ [8]. Although the GPMS treatment could not be
clearly observed, the intensity of the overlapped peaks of C-H stretching vibration at
approximately 2971 cm™ and 2901 cm™ increased with increasing GPMS content as

shown in Figure 4.16. This indicated relatively good potential of surface treatment by
using method A.

GPMS RWS size: 212-600 pm
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Figure 4.14 FTIR spectra of GPMS and RWS (212-600 um) before and after surface
treatment with NaOH and GPMS using method A.



Table 4.2 FTIR assignment of nontreated RWS and GPMS [2, 6-7, 9].
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Peak (cm™) Nontreated-rubber wood sawdust | GPMS
3339 OH stretching vibration -
2943, 2842 - C-H stretching vibration
2900 C-H stretching vibration -
1735 C=0 stretching vibration of i
hemicellulose
1643, 1597, 1505 | Carboxylic groups -
1456, 1149 Symmetric bending of CH3 -
1370, 1324 C-O stret_chlng vibration of i
carboxylic group
1255, 909 - Epoxide ring vibration
1230 Acetyl group of xylan
1195 - C-O stretching vibration
1087 - Si-O stretching vibration
1027 CCO or C-O-C stretching i
vibration
899 C-H bending of carboxylic -
822 - Si-O-CHz3 deformation
OCH;3 Hydrolysis OH
a ?i—OCH —
(®) W/\O/\/_OCH;, ’ -CH,CH30OH W/\C'/\/_OH
GPMS Hydrolyzed GPMS (silanols)
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Figure 4.15 Proposed interaction mechanism of GPMS with RWS and PLA [4].
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Figure 4.16 FTIR spectra of RWS (212-600 pum) treated with various GPMS content
using method A.

APMS silane coupling agent was used for surface treatment of the larger
particle RWS (212-600 um) using method A and method A without pH adjusting to
study effects of silane type and pH condition on the surface treatment of RWS. The
RWS particle size of 212-600 um was used because the treatment procedure of this
particle size was easier than those of the smaller particle. In addition, Xie et al. [5] have
been reported that the alkoxy groups of APMS could not be efficiently hydrolyzed in
acid condition. Therefore, the method A without pH adjusting to 5 was carried out to
study effect of pH condition. FTIR spectra of APMS and treated RWS are shown in
Figure 4.17. The characteristic peaks of APMS were the peaks at 2940 cm™ and 2841
cm assigned to CH stretching, the peaks at 1596 cm™ and 1463 cm™ assigned to
vibration of NH. group [3], the peak at 1192 cm™ assigned to C-O stretching, the peak
at 1085 cm™ assigned to Si-O stretching, and the peak at 816 cm™ assigned to Si-O-
CHz deformation [7]. It was found that APMS surface treatment of RWS could not be
clearly confirmed by FTIR results. This may be due to the overlapped peaks of APMS
and RWS. In addition, no obvious differences were found for APMS treatment between
method A and method A without pH adjusting indicating no effect of pH condition on

the surface treatment of RWS.



100

5% APMS-WA RWS RWS size: 212-600 um

5% APMS-A RWS

NaOH-treared RWS

2901 CH

3334 OH

Transmittance (%)

o -
<
33
NN

4000 3400 2800 2200 1600 1000 400
Wavenumber (cm-t)

Figure 4.17 FTIR spectra of APMS and treated RWS (212-600 um) before and after
surface treatment with APMS using method A and method A without pH

adjusting.

In the GPMS treatment using method B, the nontreated-RWS was not
firstly treated by NaOH, and the treatment was carried out without pH adjusting. The
spectra of RWS before and after GPMS treatment using method B are shown in Figure
4.18. The presence of the peaks at approximately 1737 cm™ and 1230 cm™ in the FTIR
spectrum of 1%, 3% and 5% GPMS RWS-B indicated that the GPMS treatment using
method B could not eliminate hemicelluloses and non-essential parts from the surface
of nontreated-RWS. In addition, the intensity increment of the overlapped peaks of the
C-H stretching vibration as increased GPMS content was not observed in the method B
(Figure 4.18). This was because the nontreated-RWS was not firstly treated by NaOH.
Therefore, the presence of hemicellulose and non-essential parts on the surface of

nontreated-RWS might disrupt the GPMS treatment on the surface of RWS.
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Figure 4.18 FTIR spectra of GPMS and RWS (212-600 um) before and after surface

treatment with various GPMS content using method B.

(i) Particle size of <75 pym

The FTIR spectra of smaller particle RWS (<75 um) before and after
surface treatment with GPMS using method A are displayed in Figure 4.19. The
chemical structure changes after NaOH treatment and GPMS treatment using method
A of the smaller size RWS were found similarly with those of the larger particles. The
hemicellulose and non-essential parts were partially removed by NaOH treatment. In
addition, GPMS treatment could not clearly observed due to the peak overlapping.

Figure 4.20 displays FTIR spectra of GPMS and the smaller size RWS
(<75 um) before and after treatment with GPMS using method B and C. In the treatment
using method B, the FTIR spectra showed the similar results to those of the larger
particle RWS (Figure 4.18). In the GPMS treatment using method C, the treatment
procedure was similar to the method A but nontreated-RWS was not firstly treated by
NaOH. The presence of the peaks at about 1735 cm™ and 1230 cm™ in the FTIR
spectrum of 5% GPMS RWS-C indicated that GPMS treatment using method C could
not eliminate hemicelluloses and lignin and change chemical structure of nontreated-
RWS.
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Figure 4.19 FTIR spectra of GPMS and RWS (<75 um) before and after surface
treatment with NaOH and GPMS using method A.
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Figure 4.20 FTIR spectra of GPMS and RWS (<75 um) before and after surface
treatment with GPMS using method B and C.

All FTIR results showed that NaOH treatment in both particle sizes of
RWS could partially eliminate hemicellulose and non-essential parts such as wax and
oil from the RWS surfaces. In the GPMS treatment using method A, FTIR results
showed the peak overlapping and the increment of the overlapped peak intensity with
increasing GPMS content indicated the potentials of this method. The GPMS treatment
using method B and C which were applied to nontreated-RWS could not eliminate

hemicellulose and non-essential parts. In addition, no difference of FTIR results
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between GPMS treatment with and without pH adjusting was found. The surface
treatment of RWS with APMS using method A and method A without pH adjusting
could not be confirmed by FTIR. The nontreated-RWS, NaOH-treated RWS and
GPMS-treated RWS using method A (both particle sizes) were selected to observe

crystallinity and thermal degradation properties.

4.1.2.2 Surface morphology of RWS
Effect of surface treatments on the surface of the larger particle RWS
(212-600 um) is shown in Figure 4.21. The SEM images of nontreated-RWS (Figure
4.21(a) and (d)) showed a small particle on the RWS surface. After NaOH treatment
(Figure 4.21(b) and (e)) and GPMS treatment (Figure 4.21(c) and (f)), the surface
became cleaner and showed a grooved surface due to eliminating of hemicellulose and
non-essential parts [2].

——_
S0pm. .

Figure 4.21 SEM images at 175X and 1000X of RWS with particle size of 212-600
pm: (a, d) nontreated-RWS, (b, e) NaOH-treated RWS and (c, f)
1%GPMS-A.
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4.1.2.3 Crystallinity Index and thermal degradation of RWS

XRD analysis was used to determine crystallinity of RWS. The XRD
pattern of RWS demonstrated the characteristic peaks at 26 = 17°, 22.5° and 35° which
corresponded to the crystal plane diffraction peaks of (1 0 1), (0 0 2) and (0 4 0) in
cellulose, respectively [10] (Figure 4.22 (a) and (b)). No change in the XRD peak
position was found after NaOH treatment and GPMS treatment. It indicated no change
in the crystal structure of RWS. This was due to using low concentration of alkaline
solution (5% NaOH) which was corresponded to the previous study. Kamphunthong et
al. [1] found that the crystal structure of rubber wood was not changed until treatment
with 17.5% NaOH was applied. The crystallinity index (CI) calculated from the XRD
analysis of various types of RWS is listed in Table 4.3. The CI of the smaller particle
RWS (<75 pum) significantly increased after NaOH treatment and it slightly increased
after GPMS treatment. A slightly change in CI of the larger size RWS (212-600 pm)
after surface treatment was found (Table 4.3). The CI of the smaller particle
(nontreated-RWS 75) was lower than that of the larger particle (nontreated-RWS 212-
600) because the smaller particle was prepared from the larger particle by very high
speed grinding (25,000 rpm). That might be because the high speed grinding provided
very high shear rate which was able to destroy a certain of crystal structure of the larger
particle RWS.

Table 4.3 Thermal degradation temperature and crystallinity index of nontreated RWS
and RWS treated with NaOH and GPMS using method A

RWS types Tdonset (°C) | Ta (°C) Crystallinity Index (%)
Nontreated-RWS 75 265 342 61.7
NaOH-treated RWS 75 311 355 87.7
1%GPMS-A 75 319 358 93.1
Nontreated-RWS 212-600 293 332 91.7
NaOH-treated RWS 212-600 291 331 88.6
1% GPMS-A 212-600 311 353 94.4
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Figure 4.22 XRD patterns of nontreated-RWS, NaOH-treated RWS and 1%GPMS-A
with different particle size: (a) <75 um and (b) 212-600 pum.

TGA and DTG thermograms of the smaller and the larger particle RWS
obtained from TGA are displayed in Figure 4.23(a) and (b), respectively. The onset
degradation temperature (Td onset) and the degradation temperature (Tq) of RWS are
listed in Table 4.3. Tqonset Was the temperature of degradation at initial weight loss
obtained from TGA thermogram, and Tq was the temperature at the peak of DTG
thermogram. For the smaller particle RWS (<75 pm), it was found that surface
treatment increased thermal stability of RWS. NaOH treatment significantly increased
the thermal degradation temperatures of RWS which might be because of elimination

of some hemicellulose and impurities, and its thermal degradation temperatures slightly
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increased after GPMS treatment [1]. For the larger particle RWS (212-600 pum), NaOH
treatment did not change thermal stability of RWS, whereas GPMS treatment increased
its thermal stability. The higher thermal stability of GPMS treatment might be relevant
to the occurrence of Si on the surface of RWS as displayed in Figure 4.15(c).

These results demonstrated that surface treatment by method A could
eliminate hemicellulose and non-essential parts which corresponded with FTIR and
SEM results. In addition, the eliminating of hemicellulose and non-essential parts
which were an amorphous parts increased the crystallinity index (CI) resulting to
increase the thermal stability of RWS [1].

160

RTG
-2
120 A =
_ 4 E
S S
=
£ 80 65
2 =
=
]
40 - o
1% GPMS RWS-A
— — = NaOH-treated RWS
0 - :
100 200 300
Temperature (°C)
160 0
-2
120 - <
4 E
—_ (=)
g S
=
£ 80 1 6 5
— (5]
2 s
-8 2
[«
40 a
<SS~ e - -10
1% GPMS RWS-A
0 - = - Nontreated-RWS RWS size: 212-600 um 12
100 200 300 400 500

Temperature (°C)

Figure 4.23 TGA and DTG graph of RWS before and after treatment with different
particle size: (a) <75 um and (b) 212-600 pm.
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4.1.3 Effect of surface treatment on unfoamed PLA/RWS properties

4.1.3.1 Impact strength

(i) Particle size of <75 um

Figure 4.24 and 4.25 show the impact strength of PLA compounds

containing the RWS treated with GMPS using method A and B, respectively. The

PLA/RWS sample was the PLA compound containing nontreated-RWS. It was found
that NaOH treatment and 1%GPMS-A treatment slightly improved the 1zod impact
strength of PLA. The addition of 1%GPMS-A 75 to PLA showed the highest impact
strength, and the impact strength decreased as increased GPMS-A concentration. It

seem that the addition of RWS treated by method A produced the compound showing
higher impact strength than that of the addition of RWS treated by method B (Figure

4.26).
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Figure 4.24 Effect of alkaline treatment and GPMS treatment using method A on Izod

impact strength of PLA compounds (particle size: <75 um).
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Figure 4.25 Effect of alkaline treatment and GPMS treatment using method B on Izod
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Figure 4.26 Effect of surface treatment method on (a) unnotched Izod impact strength
and (b) notched Izod impact strength of PLA compounds (particle size: <
75 um).

(i1) Particle size of 212-600 pm

Effect of surface treatment of the larger particle RWS with NaOH and
GPMS using method A and B on Izod impact strength are shown in Figure 4.27 - 4.29.
It was found that the addition of NaOH-treated RWS to PLA significantly decreased
the impact strength (Figure 4.27 and 4.28), and the addition of RWS treated with GPMS
by method A produced the compound showing higher impact strength than that of the
addition of RWS treated with GPMS by method B, at all GPMS content except at 5
%GPMS (Figure 4.29). GPMS content had effect on the impact strength of PLA
compounds depending on the treatment method. For example, the compound of
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PLA/5%GPMS-B showed the highest impact strength in the unnotched specimen, and
it showed the similar impact strength to PLA and to other PLA/RWS compounds in the
notched specimens (Figure 4.28). In addition, PLA/GPMS-A RWS compound using
only 1%GPMS showed relatively high impact strength (Figure 4.27), whereas
PLA/GPMS-B compound showed high impact strength when the highest GPMS
content was used (Figure 4.28). In the GPMS treatment using method A, the RWS was
firstly treated by NaOH which could remove hemicellulose and non-essential parts.
This resulted to increase surface treatment efficiency, hence, a small amount of GPMS
could be used.
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Figure 4.27 Effect of alkaline treatment and GPMS treatment using method A on Izod
impact strength of PLA compounds (particle size: 212-600 pm).
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(iii) Effect of RWS particle size

Effects of RWS particle size and surface treatment method, method A
and B, on impact strength of PLA are shown in Figure 4.30 and 4.31. It demonstrated
that PLA compounds containing the smaller particle RWS (< 75um) showed higher
impact strength than that of PLA compounds containing the larger particle RWS.
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Figure 4.30 Effect of RWS particle size on: (a) unnotched impact strength and (b)
notched impact strength of PLA compounds (method A).
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4.1.3.2 Tensile properties

Tensile properties of PLA compounds containing the smaller particle
RWS (< 75 um) are displayed in Figure 4.32(a)-(c). It was found that the addition of

nontreated-RWS to PLA decreased tensile properties but the tensile properties

increased when the NaOH-treated RWS was used. No significant difference of tensile

properties was found when the RWS treated with GPMS by method A and B was used.

It seems that the tensile properties of PLA compound containing RWS treated by GPMS

using method A was slightly higher than those of the compound containing RWS
treated by GPMS using method B.
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Figure 4.32 Effect of surface treatment method on tensile properties of PLA
compounds: (a) modulus, (b) stress at break and (c) strain at break (particle

size: <75 pm).

Tensile properties of PLA compounds containing the larger particle
RWS (212-600 um) as displayed in Figure 4.33(a)-(c) demonstrated that the addition
of nontreated-RWS and NaOH-treated RWS to PLA decreased the tensile properties.
The compound incorporated with RWS treated by method A with the suitable GPMS
content (1% GPMS-A) showed the highest stress at break and strain at break. The tensile
properties of PLA compounds containing GPMS-treated RWS using method A in all
GPMS content was slightly higher than those of PLA compounds containing GPMS-
treated RWS by method B, except PLA compound containing 5%GPMS-B RWS. The
mechanical properties of PLA compounds containing both particle size RWS treated
with different surface treatment method at the ratio of 95/5 (PLA/RWS) are listed in
Table 4.4.



113

@

OMethod A Method B

RWS size: 212-600 um

1200

m
e)
o
z €
g 5
B 3
©
N
—
A [qV]
T ©
2 5
g0 P
22 8
o o o o o o
O Te) < ™ N —
(edN) >eauq e ssa1s

OMethod A = Method B
| RWS size: 212-600 um

12

o
-

T T T
[ce) © < N o

(9%) eaiq 1e urens

Figure 4.33 Effect of surface treatment method on tensile properties of PLA

compounds: (a) modulus, (b) stress at break, and (c) strain at break.

(particle size: 212-600 pum).



114

Table 4.4 Mechanical properties of PLA composites containing 5 wt% of RWS with
particle size of <75 pum and 212-600 pm

Particle Izod iTE;i;;s;rength Tensile properties
Composition ?E;) Unnotched | Notched Modulus | Stress at Strain at
(MPa) break (MPa) | break (%)
PLA - 129+19 | 27+06 | 780+25 | 32523 6.2+ 0.6
PLA/nontreated-RWS 11.7+15 | 26+£01 | 722+72 | 181+3.2 34+£04
PLA/NaOH-RWS 17.0+17 | 32+06 |806+40 | 41044 8.7+1.2
PLA/1%GPMS-A 183+05 |41+£10 | 723+82 | 348%36 6.2+0.8
PLA/3%GPMS-A 131+16 |34+£06 | 747+26 |31.2+13 56+04
PLA/5%GPMS-A =7 129+20 | 34+£06 |769+31 | 30918 57+05
PLA/1%GPMS-B 153+14 | 33+£04 | 72615 |317x14 6.1+04
PLA/3%GPMS-B 89+14 37+05 | 750+£17 | 28.0+4.3 52+0.9
PLA/5%GPMS-B 145+14 | 25+£03 | 701+53 | 30.8+18 6.4+0.8
PLA/nontreated-RWS 115+13 | 28+0.2 | 758+53 | 19.6+5.2 39+10
PLA/NaOH-RWS 83+04 16+06 | 674+£50 |225+3.3 46+0.7
PLA/0.5%GPMS-A 11.0+25 | 3.0+£03 |819+16 | 34.7+09 6.2+0.3
PLA/1%GPMS-A 126+20 |31+£03 |851+27 |483%+18 93+14
PLA/3%GPMS-A Zég 121+15 | 29+0.1 | 861+35 | 40.6+26 78+11
PLA/5%GPMS-A 57+0.7 1.3+04 | 665+37 |25.0+5.1 52+1.2
PLA/1%GPMS-B 9.6+1.2 23+06 |851+17 |351+26 5.6+0.5
PLA/3%GPMS-B 10.7+11 | 27+£03 | 78572 | 329+4.2 5.6+0.8
PLA/5%GPMS-B 145+19 | 25+04 |827+27 |38.0%£29 6.5+0.9

4.1.4 Effect of silane type on unfoamed PLA/RWS properties
Based on mechanical properties in Table 4.4, the PLA/RWS compounds
exhibiting relatively high mechanical were selected to compare with PLA compounds
containing RWS treated with 3-aminopropyl trimethoxysilane (APMS). The
compositions were shown in Table 4.5 and effect of silane type on mechanical and

thermal properties of PLA compounds were observed as following.
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Table 4.5 Composition of unfoamed PLA/treated-RWS compounds to observe effect

of silane type on mechanical properties of PLA compounds

Compounds Particle size (um) PLA/treated-RWS ratios
2" ext PLA - 100/0
PLA/NaOH 75 <75pum 95/5
PLA/1% GPMS-A 75 <75pum 95/5
PLA/1% APMS-A 75 <75pum 95/5
PLA/1% GPMS-A 212-600 212-600 pm 95/5
PLA/1% APMS-A 212-600 212-600 pm 95/5

4.1.4.1 Impact strength

Effect of silane type on Izod impact strength is shown in Figure 4.34. It
was found that the PLA compounds containing 1%GPMS-A (both particle sizes)

showed higher impact strength than that of PLA compounds containing 1%APMS-A.
In addition, the compounds of PLA/NaOH-treated 75 and PLA/1%GPMS-A 75
showed the higher impact strength than that of the neat PLA, and the compound of
PLA/1%GPMS-A 75 showed the highest impact strength.
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Figure 4.34 Effect of silane type on Izod impact strength of PLA compounds.
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4.1.4.2 Tensile properties

Effect of silane type on tensile properties of the PLA compounds are
displayed in Figure 4.35(a)-(c). The tensile stress and strain at break of PLA blended
with 1%GPMS-A RWS (both particle sizes) were higher than those of PLA blended
with 1%APMS-A RWS (Figure 4.35 (b) and (c). The compound of PLA/1%GPMS
212-600 showed the highest tensile properties. The mechanical properties of PLA
compounds indicated that the PLA compounds containing RWS treated with NaOH or
GPMS by method A showed the higher mechanical properties than those of PLA
compounds containing with RWS treated with APMS.
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Figure 4.35 Effect of silane coupling agent type on tensile properties of PLA

compounds: (a) modulus, (b) stress at break and (c) strain at break.

4.1.4.3 Thermal properties

Thermal properties of PLA and PLA compounded pellets containing 1
wt% RWS were characterized by DSC. Figure 4.36 and 4.37 display DSC thermograms
PLA and PLA blended with the smaller particle RWS (<75um) and the larger particle
RWS (212-600 um), respectively. The thermal transition temperature determined from
the first and second heating scan DSC thermograms are listed in Table 4.6 and 4.7,
respectively. In the first heating scan DSC thermograms (Figure 4.36(a) and 4.37(a)),
the cold crystallization peak was not found in the PLA curve but it was observed in
PLA 2" ext (the PLA pellet obtained from twice time extrusion) and all PLA
compounds. It indicated that recrystallization of the polymer occurred during heating
caused by a small molecule occurred during twice time extrusion. The cold
crystallization had not effect on mechanical properties of the PLA 2" ext and PLA
compounds but it had effect on their melting transition. Two endothermic melting with
border peaks were found in all PLA compounds, except the compound of PLA/RWS.
The endothermic peaks were at around 152 °C and 158 °C corresponding to melting
temperatures of o” crystalline form occurred during recrystallization and ordered o
crystalline form of PLA, respectively [11]. The PLA/RWS compound showed only one
endothermic melting peak but the peak was wider and border than that of PLA. In

addition, all samples showed the glass transition peaks due to residual stress caused by
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quickly cooling after melt blending in extruder which normally found in polyester such
as PLA. It could be seen that the glass transition peaks disappeared after second heating
by DSC (Figure 4.36(c) and 4.37(c)).

The second heating scan DSC thermograms were used to observed
thermal properties of PLA and PLA compounds because the different thermal history
of all samples were completely deleted. Tq and Tm of PLA were 56.8°C and 155°C,
respectively. After twice time extrusion, the Tq and Tm of PLA 2" ext were slightly
increased to 61.6°C and 158°C, respectively. The cold crystallization peaks and two
melting peaks were clearly observed in PLA 2" ext and all PLA compounded samples.
No significant changes of thermal temperature were found in all PLA compounds. The
Tg and Tm of PLA blended with smaller particle RWS (< 75 pm) were ranging from
56.0 to 60.6°C and 155 to 158°C, respectively. The Tg and Tm of PLA blended with
larger size RWS (212-600 um) were ranging from 53.2 to 55.9°C and 154 to 156°C,
respectively (Table 4.7).
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Figure 4.36 DSC thermograms of PLA and PLA compound pellets containing 1 wt%
RWS (particle size: <75um).
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Figure 4.37 DSC thermograms of PLA and unfoamed PLA composite with 1 wt% of

RWS (particle size: 212-600 pum).

Table 4.6 Thermal properties determined from the first heating and cooling scan of

DSC thermograms
First heating Cooling
Sample
Tg (°C) Tm (°C) Tee(°C) | Tg(°C)
PLA 64.8 - 155 - 51.0
PLA 2" ext 68.3 155 160 122 55.1
PLA/RWS 75 65.8 - 157 133 50.1
PLA/NaOH-RWS 75 68.0 - 159 124 54.9
PLA/1%GPMS-A 75 68.2 154 159 124 53.6
PLA/1%APMS-A 75 65.2 153 158 120 52.6
PLA/RWS 212-600 65.8 - 158 134 50.3
PLA/NaOH-RWS 212-600 64.7 149 159 109 46.1
PLA/1%GPMS-A 212-600 65.4 151 158 117 48.2
PLA/1%APMS-A 212-600 62.7 151 158 118 49.7

Footnote: (PLA/RWS = 95/5, wt/wt)
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Table 4.7 Thermal properties determined from the second heating scan of DSC

thermograms
¢S | 0| eS| ag | ow | o9 | oo
PLA 56.8 - 155 - 4.1 - 4.4 4.4
PLA 2" ext 61.6 | 151 | 158 | 116 | 36.1 | -33.2 3.1 38.8
PLA/RWS 75 56.0 | 145 | 155 | 104 | 40.6 | -32.8 8.4 43.7
PLA/NaOH-RWS 75 60.6 | 150 | 158 | 116 | 34.5 | -33.8 0.8 37.1
PLA/1%GPMS-A 75 60.3 | 150 | 158 | 116 | 34.7 | -32.9 1.9 37.4
PLA/1%APMS-A 75 58.3 | 148 | 157 | 111 | 38.7 | -35.0 4.0 41.7
PLA/RWS 212-600 55.6 | 145 | 156 | 104 | 39.7 | -31.9 8.5 42.7
PLA/NaOH-RWS 212-600 53.2 | 142 | 154 | 93.8 | 39.8 | -20.8 | 205 42.9
PLA/1%GPMS-A 212-600 54.6 | 145 | 155 | 104 | 34.1 | -29.6 4.8 36.7
PLA/1%APMS-A 212-600 55.9 | 146 | 156 | 107 | 42.3 | -37.2 55 455

Footnote: (PLA/RWS = 95/5, wt/wt)

The degree of crystallinity by excluding AHcc (Xc1) and the total degree
of crystallinity (Xc2) were determined from the second heating scan DSC curves as
listed in Table 4.7. By excluding AHcc, the addition of the larger particle RWS (212-
600 pum) to PLA increased Xc1. It was clearly showed in the compound of PLA/NaOH-
RWS 212-600. The addition of NaOH-RWS 212-600 to PLA increased Xc1 from 4%
(PLA) to 21%. The addition of the smaller particle RWS (<75um) to PLA decrease Xc1
of PLA, except the addition of nontreated-RWS (RWS75), it increased X¢1 of PLA from
4% to 9%. The addition of RWS (both particle sizes) to PLA increased the total degree
of crystallinity (Xc2).

4.2 Properties and characterization of PLA foams

The suitable average pore size is required for using as scaffold in tissue
engineering. Thus, amount of blowing agent and accelerator in PLA foam preparation
is important. In the present study, AZDC and ZnO were used as chemical blowing agent
and accelerator, respectively. The effect of ZnO content on cellular structure and
average pore size was observed to determine a suitable AZDC/ZnO ratio for preparation
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PLA/RWS, PLA/PEG/CH and PLA/CH/RWS foams. The AZDC/ZnO ratio was varied
to 3/0, 3/0.3, 3/0.5 and 3/1.0 as shown in Table 3.9. The PLA foam prepared by using
AZDC/ZnO ratio of 3/0.1 was not used in this experiment because it was prepared with
different instrument condition. This foam was discussed in the topic 4.3 and 4.4. Three
mold dimension were used to prepare PLA foam (Topic 3.3.7.2). It was found that the
PLA foams were successfully prepared by using the mold dimension of 13 cm x 13 cm
X 2 mm at 150°C for 10 min at the pressure of 150 kg/cm?2. The PLA foam properties
including pore structure, average pore size, foam density, void fraction, mechanical and

thermal properties and in-vitro degradation were observed.

4.2.1 Morphology and physical properties
The SEM images demonstrating nine zones of pore morphology of foam
specimens in the present study are displayed in appendix A (Figure A2 to A4). The
SEM images of PLA foams containing different AZDC/ZnO ratio, 3/0.3, 3/0.5 and
3/1.0, are shown in Figure 4.38. The pore morphology of PLA foam containing 3/0
AZDC/ZnO ratio was not examined because the foam sample was very dense. The

closed cell morphology with irregular direction was observed in all PLA foam samples.

Figure 4.38 SEM image of PLA foams with different AZDC/ZnO ratios: (a) 3/0.3, (b)
3/0.5 and (c) 3/1.0.

The average pore size for each zone (Zone A, B and C), the average pore
size of 3 zones, density and void fraction (%VF) of PLA foam were determined as listed

in Table 4.8. Average pore sizes of zone A and B of PLA foam increased as increased
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ZnO content whereas average pore size of zone C did not show this trend (Figure 4.39).
The PLA foam without ZnO (PLAO) exhibited the highest density and the lowest %VF
(Table 4.8). As increased ZnO content, the average pore size and %VF of PLA foam
increased, whereas its density decreased (Figure 4.40). It was due to increasing the
efficiency of AZDC decomposition by increasing of ZnO content [12].

Table 4.8 Average pore size and physical properties of PLA foams with different ZnO

contents
Foam Average pore size for each zone (um) Average Density
| pore size Iem? %VF

sample Zone A Zone B ZoneC | of 3 zones | (/€M)
PLAO N/A N/A N/A N/A 0.815 334
PLAO.3 | 684+ 106 890 + 77 808+ 110 | 794+104 | 0.695 43.1
PLAO.5 | 904 + 165 1131 £59 746 + 33 927 + 193 0.652 46.7
PLA1.0 | 1238 +298 | 1156+ 191 | 1280+ 132 | 1224+63 | 0.628 48.7
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Figure 4.39 Effect of ZnO content on average pore size of PLA foams.

3/0.5

AZDC/ZnO (wt/wt)




123

2000 0.80
0.695
0.652
1600 1 .\?\Of%
£ L 0.60
= 1224 o
@ 27 I 3
& 1200 | 9 T 2
~—
= 794 [ L 040 <
o o
S 800 | : | s
2 3,
o 020
> r .
X 400
0 : : 0.00
3/0.3 305 3/1.0
AZDC/ZNnO (wtiwt)

Figure 4.40 Effect of ZnO content on the relation of average pore size and density of
PLA foams.

4.2.2 Mechanical properties
The notched 1zod impact strength of PLA foam significantly decreased
with the incorporation of ZnO and it slightly decreased as increased ZnO content
(Figure 4.41). The effect of ZnO content on tensile and flexural properties was found
similarly to the impact strength as shown in Figure 4.42 and 4.43, respectively. As
mentioned above, ZnO acted as the accelerator to increase AZDC decomposition
efficiency resulting to decrease density and increase average pore size of PLA foams.

The lager average pore size caused the lower mechanical properties of PLA foams.
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Figure 4.43 Effect of ZnO contents on flexural properties of PLA foams: (a) flexural

modulus and density and (b) flexural stress.

4.2.3. Thermal degradation properties

The thermal decomposition of AZDC was determined using TGA
technique. The TGA and DTG thermograms are displayed in Figure 4.44. Reyes et al.
[13] reported that the decomposition of AZDC generated from the competition of at
least 3 exothermic reactions. The decomposition of AZDC produces solids and gaseous
mixtures of nitrogen, carbon monoxide, ammonia and cyanic acid. The present study
found that AZDC demonstrated three decomposition temperatures (Tq) containing
218°C, 242°C and 316°C corresponded to 3 different exothermic reactions [13].

Figure 4.45 shows TGA and DTG thermograms of PLA pellets and PLA
foams with different ZnO content and the thermal degradation temperature are listed in
Table 4.9. The thermal stability of PLA foam decreased as increased ZnO content. PLA

pellet showed only one thermal degradation temperature (Tq2) at 359°C but PLA foams
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showed 2 thermal degradation temperature: the very small peak (Tq1) and the sharp peak
(Ta2). The Tq41 was expected to be a decomposition of remaining AZDC and Tq.
corresponded to thermal degradation temperature of PLA. In addition, it could be seen
that the Tq onesetz and Tq1 of PLA foam decreased with increasing ZnO content. This
demonstrated that ZnO activated decomposition rate and decreased decomposition

temperature of AZDC (Table 4.9). It was in accordance with the previous study [12].
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Figure 4.44 TGA and DTG curves of AZDC.

(b)

l«— PLA pellet 06

.15 { 034 PLAO

PLAL0Y PLA0.3

Weight (%)

251 7]

1 o5

Deriv. weight (%/min)

150 200 250 300 350
-35 4
PLA pellet

T T T T T X 7 7 45 ; : : .
50 100 150 200 250 300 350 400 450 500 50 100 150 200 250

300 350 400 450 500
Temperature (°C) Temperature (°C)

Figure 4.45 (a) TGA and (b) DTG curves of PLA and PLA foams with different
AZDC/ZnO ratios



126

Table 4.9 Thermal degradation temperatures of PLA and foamed PLA with different

ZnO contents

Sample Tdonset1 (°C) | Tdonsetz (°C) | Ta1 (°C) | Ta2 (°C) | Tdend (°C)
PLA (pellet) i 344 i 359 368
PLAO 201 334 213 356 367
PLAO.3 196 329 206 342 348
PLAO.5 188 317 201 346 346
PLAL.0 182 314 197 338 338

4.2.4.FTIR analysis
FTIR technique was utilized to confirm the remaining AZDC in the PLA
foams as shown in Figure 4.46. The shifted characteristic peaks of AZDC/ZnO (3/1)
was observed in the FTIR spectrum of PLAL.0 foam. The characteristic peak at 1115
cm corresponded to the stretching vibration of C=0 and N-C of AZDC shifted to 1127
cm?, and the peak at 1364 cm™ corresponded to the bending vibration of N-C=0 of
AZDC shifted to 1361 cm™ [14]. The thermal degradation and FTIR results indicated
the remaining of AZDC in the PLA foams.
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Figure 4.46 FTIR spectra of PLA pellet, AZDC/ZnO (3/0.1 wt/wt) and PLA1.0 foam.
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4.2.5 In-vitro degradation properties

Scaffold requires a suitable time in degradation and resorption until the
tissue engineering transplant process is successfully remodeled by the host tissue [15].
Thus, in-vitro degradation testing in term of weight loss percentage (%weight loss) was
used in this research to preliminary evaluate the suitability of the PLA foams for bone
scaffold application. The %weight loss after immersion in PBS for 8 weeks of PLA
foam specimen is displayed in Figure 4.47. It was found that ZnO content influentially
affected foam degradation behavior. The degradation rate of all foam specimens was
similar in the first week. Since the second week, the %weight loss and in-vitro
degradation rate increased with increasing ZnO content. The rate of degradation
decreased after 4 weeks, and the %weight loss and degradation rate still increased with
increasing ZnO content. It was because the higher ZnO content provided the lager
average pore size which enhanced the PBS penetration to degrade the foam specimens
[16]. After the end of testing, the % weight loss of PLA foams ranked from 0.66 to
1.73%. It was lower than those of PLA scaffold fabricated by solvent casting followed
by porogen leaching method [17]. This indicated that PLA foams showed relatively low

in-vitro degradation.
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Figure 4.47 Effect of ZnO contents on in-vitro degradation of PLA foams.
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4.3 Properties and characterization of PLA/RWS compounded foams

Based on mechanical properties of unfoamed PLA blended with various
nontreated-RWS particles sizes and contents (Table 4.1), we concluded that the 5 wt%
RWS with particle sizes of <75 um and 212-600 pum were the optimal condition in this
topic. The mechanical properties of unfoamed PLA blended with nontreated- and
treated-RWS as shown in Table 4.4 demonstrated that PLA blended with the larger
particles of nontreated RWS (212-600 um) showed slightly higher mechanical
properties than those of PLA blended with the smaller particles of nontreated RWS (<
75 pm). In addition, PLA blended with the smaller particles of NaOH-treated RWS (<
75 um) showed higher mechanical properties than those of PLA blended with the larger
particles of NaOH-treated RWS (212-600 um). It was found that GPMS treatment by
method A had better treatment efficiency than other methods. After silane treatment by
method A, the mechanical properties of PLA blended with the smaller and the larger
particles RWS were similar and 1wt% GPMS was the optimal concentration. Therefore,
the compositions for foam preparation in this topic were PLA/NaOH-RWS 75,
PLA/1%GPMS-A 75, PLA/nontreated RWS 212-600 and PLA/1%GPMS-A 212-600.
The nomenclature of the foams prepared in this topic are listed in Table 3.9 (foam no.
2 and foam no. 6 to 9). In addition, based on the topic 4.2, the PLA foam containing
3/0.3 AZDC/ZnO ratio showed the least average pore size, 794 + 104 um, but the pore
size suggested for bone regeneration is in the range of 50-710 um [18]. Therefore, The
AZDC/ZnO ratio of 3/0.1 was used to prepare PLA/RWS compounded foams in this
topic for lowering foam average pore size. All of PLA/RWS compounded foams were
successfully prepared by compression molding at 145°C with the pressure of 150
kg/cm? for 10 min. The physical, thermal, mechanical properties, in-vitro degradation

and cytotoxicity of the foams were observed as following.

4.3.1 Morphology and physical properties
The SEM images demonstrating nine zones of PLAO.1 foam and
PLA/RWS compounded foam specimens are displayed in appendix A, Figure Al and
Figure A5 to A8, respectively. The effect of surface treatment and particle size of RWS
on pore morphology of the foams is shown in Figure 4.48. All foam samples showed

the oval-shaped and closed-cell morphology. Figure 4.48(a) displays pore structure of
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PLAO.1 foam without RWS. The pore morphology of All PLA compounded foams,
except TOL foam, looked similar to that of the PLAOQ.1 foam. The very large and very
small pore size were found in TOL foam (Figure 4.48(d)), resulting in the largest
average pore size and the highest standard deviation. Surface treatment of RWS
significantly changed cellular structure which was visible in the T2L foam (Figure
4.48(e)). This foam showed smaller average pore size, lower pore size distribution and
better pore uniformity. The surface treatment improved interfacial adhesion between
PLA and treated RWS providing a finer pore structure of the foams. This was in
accordance with the previous study reported by Mihai et al. [19]. They found that the
interfacial modification using maleated-PLA as a coupling agent was necessary to
obtain fine pore structure in thermoplastic starch (TPS)/PLA blended foam. This
phenomena also has been found in wood fiber/HDPE composite foam prepared by
extrusion foaming using maleic anhydride grafted HDPE as a coupling agent reported
by Guo et al. [20].

1 mm
T —

Figure 4.48 Effect of particle size and surface treatment of RWS on pore morphology
of the foams: (a) PLAO.1, (b) T1S, (c) T2S, (d) TOL and (e) T2L.
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The effect of RWS particle size on pore size was clearly observed. The
PLA compounded foams containing the smaller particle RWS (T1S and T2S foams)
exhibited smaller average pore size than that of the foams containing the larger particle
RWS (TOL and T2L) (Table 4.10). This was because RWS acted as a nucleating agent
for heterogeneous foam nucleation, and the smaller particle RWS with higher
nucleation sites than those of the larger particle RWS affected to enhance foam
nucleating. It was in accordance with the previous work reported by Guo et al. [20].
They found that the addition of the smaller wood fiber size provided the foam with
smaller pore size and lower foam density. The foam density importantly depended on
its void fraction. The foam exhibiting higher void fraction also showed lower density.
The lowest density and the highest void fraction were found in T1S foam, whereas the
highest density and the lowest void fraction were found in TOL foam. This was because
the foam density and void fraction are related to each other. High void faction means
high amount of void in the foam samples resulting in low density. In addition, the
average pore size of the foams did not depend on void fraction. However, T1S foam
showed the smallest pore size, and TOL showed the highest pore size. This might due
to the effect of surface treatment of RWS and RWS particle size.

Table 4.10 Average pore size and physical properties of PLA/RWS compounded foams

Foam Average pore size for each zone (um) Avgrage POTe | Density
sample Zone A Zone B Zone C size Of 3 (g/em?) v
zones (um)

PLAO.1 | 61117 579 +31 396 + 47 495 + 200 0.746 | 39.0
T1S 328 £ 38 367+ 34 328 + 15 336 + 111 0.593 | 51.9
T2S 436 +86 | 509+ 178 566 + 58 466 + 196 0932 | 244
TOL 1144 + 306 | 755+ 376 | 1418 £508 | 1022 + 651 1.018 | 17.2
T2L 648 +235 | 609 +25 637 + 43 608 + 235 0.790 | 36.0
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4.3.2 Mechanical properties

The mechanical properties including Izod impact strength, tensile
properties and flexural properties of PLA/RWS compounded foams were determined.
The data were statistically analyzed, and the various letters were utilized to identify the
foam sample when the average value were significant different at p < 0.5. The
mechanical properties data are listed in Table 4.11. The relation between density and
Izod impact strength, tensile properties and flexural properties of the foam samples
display in Figure 4.49, 4.50 and 4.51, respectively. It was found that the tendency of
the impact strength and the tensile properties were relatively similar whereas these
properties were slightly different to the flexural properties. The addition of the smaller
particle RWS (< 75 um) to PLA decreased the lzod impact strength and the tensile
properties of the foams (T1S and T2S foams), and the mechanical properties of the PLA
foam slightly changed when the larger particle RWS (212-600 um) was added. The
surface treatments were proved to be necessary. The unnotched impact strength, tensile
properties and flexural strength of T2L foam were better than those of TOL foam. The
necessary of GPMS treatment using method A was clearly observed when the
mechanical properties between T1S and T2S foam were compared. The unnotched
impact strength, tensile and flexural properties of T2S foam which was the foam
containing 1%GPMS-A 75 RWS were significantly higher than those of T1S foam
which was the foam containing RWS without GPMS treatment. In addition, T1S foam
exhibited the smallest pore size but showed the worst mechanical properties, and T1S
foam showed the lowest density and the highest void fraction (Table 4.10). It should be
note that some of mechanical properties (notched impact strength and flexural modulus)
of TOL foam was relatively higher than those of T2L foam because TOL foam showed
higher density and lower void fraction, and the effect of GPMS treatment provided T2L
foam with higher some of mechanical properties than TOL foam. The results
demonstrated that the mechanical properties of PLA/RWS foams were controlled by
many factors and any specific factor may not play an important role in all of foam

samples.



Table 4.11 Izod impact strength, tensile properties and flexural properties of PLA/RWS foams
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Izod impact strength Tensile properties Flexural properties
Foam sample ™ Unnotched Notched Modulus Stress at Strian at break Modulus Strength
(k/cm?) (kd/cm?) (MPa) break (MPa) (%) (MPa) (MPa)

PLAO.1 49+1.0" 1.6 +£0.278 366 + 20” 18.4 + 2.1 83+13" 1923 + 615¢ 29.5 +3.38
T1S 1.3+1.0¢ 1.1+1.0¢ 206 + 208 54+1.1¢ 3.9+0.7¢ 1189 + 129° 6.9 +£0.5°
T2S 3.1+058 1.4 +1.08¢ 341 + 307 17.1+0.2° 75+0.55 2187 + 1694 36.5+3.6"
TOL 45+1.0" 2.0+ 0.4 349 + 73 11.1+2.78 43+1.2¢ 2123 +18078 23.7 £2.8C
T2L 5.2+05" 1.8+ 1.0 350 + 28~ 20.1 +1.6* 10.4 +1.6” 1835 + 149°€ 24.8 + 3.48¢

Footnotes: Average values with different letters in the same column are significantly different at p < 0.05.
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Figure 4.49 Effect of particle size and surface treatment of RWS on lzod impact

strength of the foams: (a) unnotched specimens and (b) notched specimens.
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4.3.3 Characterizations of PLA compounded foams

4.3.3.1 DMTA analysis

The influence of particle size and surface treatment of RWS on storage

modulus (E") and damping factor (tan &) are displayed in Figure 4.52(a) and (b),

respectively. Similarly to mechanical properties, T1S foam exhibited the lowest storage

modulus (E"), and T2L foam exhibited the highest storage modulus (Figure 4.52(a)).

At below glass transition temperature, storage modulus of TOL and T2L foams was
higher than PLA foam, T1S and T2S foams. At the temperature range of 50°C to 60°C,
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the storage modulus of the foams was sharply decreased which correspond to the a-

relaxation of amorphous region of PLA [21]. No significant different of storage

modulus was found in this temperature range.

Figure 4.52(b) displayed tan 6 peak as a function of temperature. An

increase of area under the a-relaxation in tan & peak of a polymer indicates increasing

degree of molecular chains mobility affecting to increase damping properties of

material [21]. The maximum tan d peak corresponding to the a-relaxation temperature
of PLA foam and PLA compounded foams ranked from 61.4 to 63.6 °C. The higher

relaxation temperature ranging from 85 to 105 °C was due to cold crystallization of

PLA. It was found that both relaxation temperatures of PLA foam were insignificantly

changed by the addition of RWS.
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4.3.3.2 TGA analysis
The thermal stability of PLA and PLA compounded foams was

characterized by TGA as shown in Figure 4.53(a) and (b). The very small peak of
transition temperature at around 200 °C corresponding to decomposition of AZDC was
also observed (Figure 4.53(a)), as mentioned in the topic of 4.2.3. The Tq onset and Tq of
the foams are listed in Table 4.12. It showed that the presence of RWS decreased
thermal stability of PLA foam, and the thermal stability of the foams containing the
smaller particle RWS (<75 pum) and the foams containing the larger particle RWS (212-

600 um) were similar.
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Figure 4.53 (a) TGA and (b) DTG curves of PLA foam and PLA/RWS foams.



138

Table 4.12 Thermal degradation temperatures of PLA foam and PLA/RWS foams

Foam sample Td onset (°C) Ta (°C)
PLAO.1 332 356
T1S 302 337
T2S 312 343
TOL 319 347
T2L 310 344

4.3.4 In-vitro degradation properties

The % weight loss of PLA and PLA/RWS compounded foams after
incubation in PBS in the presence of lysozyme for 8 weeks is displayed in Figure 4.54.
The data were statistically analyzed. Different letters were utilized to identify the foam
samples when the average %weight loss were significantly different at p < 0.05. The
weight loss of all samples increased as increased incubation time. The PLAO.1 foam
showed a rapid weight loss at first 2 weeks and then the % weight loss remained
constant at 5% until the end of experiment. All of PLA compounded foams, except TOL
foam, exhibited a similar change of weight loss. A quick change of weight loss occurred
in the first week and, then, the rate of weight loss decreased and became constant after
2 weeks of incubation. The TOL foam showed very slow rate of weight loss and
remained constant at approximately 2% after incubation for 6 weeks. After 3 weeks of
incubation, the rates of weight loss of T1S and T2S foam were similar and higher than
that of T2L foam. At the end of the experiment, the weight loss of the foam samples
could be ranked in the following order: TOL < T2L < PLA0.1 < T2S < T1S. A higher
weight loss demonstrates more degradation. Although the larger particle RWS (212-
600 pum) reduced the weight loss of PLAQ.1 foam and the smaller particle RWS (< 75
pum) increased the weight loss, it should be remembered that surface treatment, pore
morphology, density and void fraction have to be considered as well. The very low
weight loss of TOL foam came from the relatively high density and low void fraction.
The degradation resistance of T2L foam was higher than that of PLAOQ.1 foam, implying
a high interfacial adhesion between PLA and RWS that could correspond to the good

mechanical properties of this sample. Two factors were presumed to be involved in the
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low degradation resistance of T1S foam including the high void fraction and low

interfacial adhesion. Both factors also affected the mechanical properties of T1S foam.
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Figure 4.54 Weight loss (%) as a function of incubation time of foam specimens,
average values with different letters in the same week are significantly
different at p < 0.05.

4.3.5 Cytotoxicity properties

The cytotoxicity were determined to preliminary investigate the
suitability of obtained foams for bone scaffold applications. The culturing of MG-63
cell, osteoblast-liked cell, and cell proliferation testing by using WST-1 assay were
utilized to evaluate cytotoxicity of the foam samples. The WST-1 assay is colorimetric
method to measure viable cells in cell culture [22]. When added to the sample, WST-1
is reduced by living cells to water soluble formazan through cellular dehydrogenase.
The dark yellow water soluble formazan can be measured from absorbance at 420 nm.
The degree of conversion, indicated by the intensity of color, is directly correlated with
the amount of metabolic activity in viable cells. An increase of viable cells with
increasing culture time indicates increased cell proliferation [23]. MG63 cell
proliferation is shown in Figure 4.55. The data were also statistically analyzed as

described in the topic 4.3.4. The PLAO.1 foam sample was used as a control sample.
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Cell proliferation increased with cell culture time, demonstrating the non-cytotoxicity
of the foam samples. MG63 cell proliferation on the surface of the foam samples could
be ranked as following order: PLAO.1 > TOL > T2S > T2L > T1S. The trend of cell
proliferation of TOL foam was unpredictable. The relatively large pore sizes of TOL
foam might have contributed to this result. In contrast, T1S foam which had the highest
void fraction, did not promote the cell proliferation so much, it might be due to its small
pore size. PLA is a polymer with low hydrophilicity, thus, large pores may be helpful
for cell proliferation.
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Figure 4.55 Cell proliferation on the polished surface of foam specimens at 1, 3, 5 and
7 days, average values with different letters in the same day are

significantly different at p < 0.05.

Cell adhesion on the surface of foam samples was observed by SEM.
Figure 4.56(a) displays the surface of PLAO.1 foam without cell culture, it was referred
to as a blank. Figure 4.56(b)-(f) show the surface of the foam samples after cell culture
for 7 days. MG-63 cells of various shape were observed and are indicated by white
arrows in the figures. The spindle-shaped cells were present on the surface of the
PLAO.1 foam (Figure 4.56(b)). The appearance of cell adhesion on the surfaces of the

foam samples also demonstrated non-cytotoxic reactivity.
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In the present study, the % VF and average pore size of the obtained
foams were in the range of 17.2 to 51.9% and 336 to 1022 um, respectively (Table
4.10). The porosity of cancellous bone is in the range of 30 to 90%. [24] The optimum
pore sizes for bone regeneration and collateral bone ingrowth were in the range of 50-
710 pm and 100-1000 pum, respectively [25-26]. In addition, bone fixations must have
a slow rate of degradation [17], and both PLA foam and PLA/RWS foams showed slow
rates of degradation (< 6% after 8 weeks in T2L foam). All experimental results in this
topic including average pore size, void fraction, mechanical properties, cytotoxicity and
in-vitro degradation indicated the suitability of PLAO.1, T2S and T2L foams for bone

applications.

100 um
Py

Figure 4.56 SEM images of freeze-fractured surfaces of foam specimens
demonstrating cell adhesion after 7 days: (a) blank, (b) PLAO.1, (c) TOL,
(d) T1S, (e) T2S and (f) T2L.
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4.4 Properties and characterization of unfoamed and foamed PLA

compounds

4.4.1 Properties of unfoamed PLA/PEG/chitosan
The effect of chitosan (CH) and PEG on mechanical of unfoamed PLA
compounds was observed by impact and tensile testing in order to obtain appropriate

compositions to prepare PLA compound foams.

4.4.1.1 Mechanical properties

The 1zod impact strength and tensile properties were used to study the
mechanical properties of PLA/PEG/CH compounds. Figure 4.57(a) and (b) show the
Izod impact strength of the unnotched and notched specimens, respectively, and Figure
4.58(a)-(c) display the tensile properties of the unfoamed PLA compounds. The
compound of PLA-PEG-CH5 was very brittle so that the compression molded sample
could not cut as a tensile specimen for testing. It was found that the addition of chitosan
and increasing of chitosan content decreased the impact strength of PLA and plasticized
PLA. This trend was also found in the tensile properties (Figure 4.58(a)-(c)). The
addition of PEG significantly increased the impact strength of the unnotched specimens
of PLA and slightly increased the impact strength of PLA-CH1 blends, whereas the
addition of PEG to PLA and PLA/chitosan blends decreased the tensile properties.

The mechanical properties of the PLA compounds demonstrated that a
small content of chitosan acted as a microdomain in the continuous phase of PLA and
inherent incompatibility between PLA and chitosan resulted in a decrease of the impact
strength and the tensile properties of PLA and PLA blends. It was in accordance with
the previous study reported by Rapa et al. [27]. Tributyl o-acetyl citrate (ATBC) was
used as a plasticizer, and they found that the addition of chitosan and increasing
chitosan content (1, 3, 5 wt%) decreased the tensile strength and the strain at break of
plasticized PLA. In the present study, the addition of PEG to PLA could increase the
impact strength, whereas the addition of PEG could not improve the tensile properties
of PLA. Although the addition of chitosan and/or PEG to PLA could not improve the

mechanical properties, good biocompatible and non-toxicity of chitosan remain
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interesting. Thermal properties characterized by DSC of the compounds of PLA,
chitosan, and PEG were tested, and PLA/PEG/CH foam samples were prepared in the
next experimental.
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Figure 4.57 Effect of chitosan and PEG on Izod impact strength of unfoamed PLA (a)

unnotched specimens and (b) notched specimens, average values with

different letters are significantly different at p < 0.05.
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4.4.1.2 Thermal properties

Figure 4.59 shows DSC thermograms of PLA and PLA compounded
pellets. The thermal transition temperature evaluated from the first and the second
heating scan DSC thermograms are listed in Table 4.13 and 4.14, respectively. The first
heating scan DSC thermograms (Figure 4.59(a)), all samples exhibited the glass
transition peaks, and it disappeared after the second heating (Figure 4.59(c)). In
addition, the glass transition temperatures evaluated from the first heating scan DSC
thermograms of PLA and PLA compounded pellets were deceased as compared with
those evaluated from the second heating scan of DSC thermograms. This was due to
the second heating scan deleted its thermal history. In the second heating scan DSC
thermograms (Figure 4.59(c)), the plasticization effect of PEG in PLA was clearly
observed by the reduction of T4 from 56.2°C to 48.1°C. It seem that chitosan also acted
as a plasticizer of PLA and promoted plasticization effect of PEG, it was observed by
a slightly decreased T4 of plasticized PLA after the addition of chitosan. The cold
crystallization temperature (Tcc) corresponding to recrystallization during heating was
found in all samples, except PLA pellets. The addition of chitosan generated cold
crystallization peak (PLA-CH1 and PLA-CH3), and it slightly decreased Tc. of
plasticized PLA (PLA-PEG-CH1 and PLA-PEG-CH3). In addition, the degree of
crystallinity (Xc1) and the degree of crystallinity by excluding AHe (Xc2) of PLA
increased with the addition of PEG and/or chitosan (Table 4.14). This results indicated
that chitosan and PEG acted as nucleating agent of PLA which was in accordance with
the previous study [28-29]. Two melting peaks were found after the addition of chitosan
and/or PEG at approximately 142°C and 154°C. The smaller melting peak at lower
temperature corresponded to melting of disordered a” crystals of PLA formed during
cold crystallization, and the melting peak at higher temperature corresponded to melting

of ordered a crystals of PLA as explained in the topic 4.1.4.3 [11].
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Table 4.13 Thermal properties determined from the first heating and cooling scan of

DSC thermograms
First heating Cooling
Sample
T3 (°C) | Tee(°C) Tm (°C) Ty (°C)
PLA pellet 63.6 - - 152 49.4
PLA-CH1 63.8 119 152 155 51.0
PLA-CH3 63.3 104 149 155 48.1
PLA-PEG 57.4 101 150 155 40.9
PLA-PEG-CH1 54.7 95.1 143 154 36.9
PLA-PEG-CH3 56.5 97.7 144 155 38.4

Table 4.14 Thermal and crystallinity properties determined from the second heating
scan of DSC thermograms

Sample S| eq | ™ | G | g | oo | eo
PLA pellet 56.2 - - 153 0.78 - 0.8 0.8
PLA-CH1 56.7 116 148 | 155 38.6 -34.9 40 | 41.6
PLA-CH3 55.2 107 145 154 36.6 -33.4 3.4 | 39.3
PLA-PEG 48.1 93.6 141 154 39.2 -30.2 9.6 | 42.1
PLA-PEG-CH1 43.8 86.7 139 | 153 31.8 -195 | 13.2 | 34.2
PLA-PEG-CH3 459 87.2 140 154 37.0 -21.1 | 17.1 | 39.7
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Figure 4.59 DSC thermograms of unfoamed PLA compounds.

4.4.2 Properties of PLA/PEG/chitosan foams

4.4.2.1 Morphology and physical properties

SEM images demonstrating 9 zones of PLAO.1 foam and PLA
compounded foam samples are shown in appendix A, Figure Al and A9 to Al3,
respectively. SEM images compared between PLAO.1 foam and PLA compounded
foams containing PEG and/or chitosan display in Figure 4.60. A closed-cell
morphology with oval shape was visible in all foam samples. These have been found in
polyethylene foam [29] and PLA foam [30] prepared by compression molding using
AZDC. Figure 4.60(a) shows the cell morphology of the neat PLA foam. The addition
of chitosan and PEG decreased the average pore size and pore size distribution of the
foams (Table 4.15). It seems that chitosan and PEG acted as nucleating agent for



148

heterogeneous foam nucleation which was in accordance with the previous study by
Vazquez et al. [31]. They found that chitosan acted as nucleating agent for
heterogeneous foam nucleation and decreased pore size of polystyrene (PS) and
polypropylene (PP) foam processed by extrusion foaming using AZDC as a blowing
agent [31]. In addition, it also has been found that the addition of 10 wt% of PEG
decreased pore size of PLA porous scaffold produced by supercritical CO, foaming
with particle leaching [32]. The similar characteristics of nucleating agents used in
thermoplastic foaming have been reported in previous study by Abbasi et al. [33] and
Zhai et al. [34]. Nucleating agents used in thermoplastic foaming were nano-calcium
carbonate in LDPE foams [33] and nano-silica in polycarbonate foams [34]. Density
and void fraction (%VF) of foam samples are listed in Table 4.15. The foam density
was intently effected by void fraction. The foam with higher void fraction demonstrated
the lower density. These values were ranking in the same order. The average pore size

could not be ranked in the same order with the void fraction or the density.

Table 4.15 Physical properties and average pore diameters of PLA foam samples

Foam sample Average pore size (um) Density (g/cm®) VF (%)

PLAO.1 495 + 200 0.746 = 0.007 39.0+£05
1COP 450 £ 175 0.723 £ 0.002 40.9+0.2
3COoP 316 + 60 0.819 + 0.009 33.0+0.7
0C5P 355 + 157 0.760 = 0.003 37.8+£0.2
1C5P 282 + 107 0.816 + 0.004 33.3+0.3
3C5P 300 + 77 0.759 +0.014 379+1.1
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Figure 4.60 SEM images of foam samples: (a) PLA0.1, (b) 1COP, (c) 3COP, (d) 0C5P,
(e) 1C5P and (f) 3C5P.

4.4.2.2 Thermal properties

(i) DSC analysis

Figure 4.61 displays DSC thermograms of the PLA and PLA
compounded foams. The thermal transition temperatures evaluated from the first and
the second heating scan of DSC thermograms are listed in Table 4.16 and 4.17,
respectively. The first heating scan DSC thermograms of all foam samples (Figure
4.61(a)) showed the glass transition peaks, and the glass transition temperatures
evaluated from the first and the second heating scan DCS thermograms were significant
different which were similar to those of PLA compounded pellets (Topic 4.4.1.2). The
glass transition temperatures in the cooling and the second heating scan of the foams
containing PEG (0C5P, 1C5P and 3C5P foams) could not clearly observed in the
temperature range of the testing (Figure 4.61(b) and (c)). In addition, the thermal
characteristics of polymeric foams have been studied from the first heating scan DSC
thermograms in the previous works by Zimmermann et al. [30], Litauszki and Kmetty
[35] and Sun et al. [36]. Therefore, the thermal characteristic of PLA compounded
foams in the present study was examined from the first heating scan DSC thermograms
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(Figure 4.61(a)). All foam samples showed cold crystallization temperature (Tcc)
resulting to a double endothermic peaks, and the glass transition peaks were found. The
thermal transition temperature (Tg, Tce, Tmz and Tm2) and degrees of crystallinity (Xci
and Xc2) are listed in Table 4.16. The addition of PEG showed effective plasticization
on PLA foam by significant decreasing Ty of PLA when approximately 5 wt% was
added to the blend. Chitosan also acted as a plasticizer and enhanced plasticization
effect of PEG. It could be observed in the 3C5P foam demonstrating the lowest Tq. Both
PEG and chitosan were acted as nucleating agent indicated by decreasing Tcc of PLA,
and the lowest T¢c was found in 3C5P sample containing a mixture of PEG and chitosan.
Chitosan had no effect on the degree of crystallization by excluding AHcc (Xc1) of PLA
in the foam without PEG, whereas the addition of PEG and a mixture of PEG and
chitosan significantly increased Xci1 of PLA. Nevertheless, the total degree of
crystallinity (Xc2) of the samples insignificantly changed by the addition of PEG and

chitosan.

Table 4.16 Thermal and crystallinity properties determined from the first heating and

cooling scan of DSC thermograms of PLA compounded foams

First heating Cooling

Tg Tee Tm1 Tm2 Xet Xe2 Ty Tec
G | G | O | (C) | () (o) | (°C) | (°C)
PLA 59.6 101 145 155 9.0 43.4 41.2 -
1COP 60.5 102 145 155 7.8 41.6 41.2 -
3COoP 57.4 97.6 142 152 7.4 39.8 33.6 77.7
0C5P 51.8 85.8 139 151 24.1 44.4 - 77.8
1C5P 50.3 82.4 132 147 43.7 49.7 - 67.1

3C5P 49.7 82.0 134 147 36.3 44.1 - 68.7

Foam
sample
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Table 4.17 Thermal and crystallinity properties determined from the second heating

scan of DSC thermograms of PLA compounded foams

Normalized Heat Flow Endo Up (mW/mg)

Normalized Heat Flow Endo Up (mW/mg)

-0.3

-0.3 1

-0.6

Foamsample | Tg(°C) | Tec(°C) | Tm1(°C) | Tm2(°C) | Xe1 (%) | Xez2 (%)
PLA 47.2 96.1 139 151 11.4 474
1COP 46.8 95.2 139 151 9.0 45.6
3COP 39.2 80.9 132 146 34.5 48.0
0C5P - 76.9 - 145 34.5 46.7
1C5P - 70.7 - 133 28.0 41.6
3C5P - 74.6 - 136 24.2 43.2
4.5
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Figure 4.61 DSC thermograms of PLA compounded foams.

(i) TGA analysis

Thermal stability of PLA compounded foams was determined by
thermogravimetric analysis. TGA and DTG curves are shown in Figure 4.62(a) and (b),
respectively. Tqonsetand Tqendset €valuate d from TGA curve and T4 evaluated from DTG
curve are listed in Table 4.18. The addition of chitosan to PLA slightly changed thermal
degradation temperature of the foams without PEG. The addition of PEG in to PLA
decreased thermal stability of the foam (0OC5P foam) but the addition of chitosan
slightly increased thermal stability of the foams containing PEG, (1C5P and 3C5P

foam).
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Figure 4.62 (a) TGA and (b) DTG curves of PLA foam and PLA compounded foams.

Table 4.18 Thermal degradation properties of the foams

Foam sample Td onset (°C) T4 (°C) Td endset (°C)
PLAO.1 332 356 366
1COP 326 354 364
3COP 327 356 365
0C5P 314 340 357
1C5P 326 354 365
3C5P 323 354 365

4.4.2.3 Mechanical properties

The 1zod impact strength, tensile and flexural properties were utilized to

observe mechanical properties of the foam samples as listed in Table 4.19 and Figure

4.63-4.64. The data were statistically analyzed. In the present study, chitosan was not

expected to improve mechanical properties of PLA. The addition of chitosan reduced

the Izod impact strength and tensile properties of PLA (Table 4.19). The incompatibility

between PLA and chitosan might have been due to the relatively large particle size of

the chitosan (~ 149 um). Reduced tensile properties were previously reported for

PLA/chitosan blend [27]. Likewise, chitosan decreased the tensile strength of LLDPE
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[37]. The plasticized PLA without chitosan (0C5P) showed increased the Izod impact
strength and the highest toughness of all the samples tested. The impact strength of the
plasticized PLA foams decreased with increasing chitosan content (3C5P<1C5P
<0C5P). All the plasticized PLA foams, with and without chitosan, showed poorer
tensile properties than those of PLA foam. The impact strength might be more affected
by chitosan than by the degree of crystallinity, foam density and pore size. Notably,
1C5P, having higher density, the highest degree of crystallinity and the lowest average
pore size, showed lower impact strength, modulus and tensile strength than OC5P. The
data presented in Figure 4.63-4.64 confirmed that, as with impact strength, density did

not have a significant effect on the modulus and tensile strength

Table 4.19 Impact strength and tensile properties of foam samples

Foam Izod impact strength (kJ/m?) Tensile properties

sample Unnotched Notched E (MPa) ob (MPa) &b (%)
PLA0.L | 49%10° | 16+02% | 366+20" | 184+21~ | 83+13°
1COP 3.4+04° 1.3+0.3% | 216 +12PF | 75+14C | 56+1.2°P
3COoP 48+ 055 1.5+0.178 | 275+408¢ | 10.8+1.8% | 6.6 +1.65€
0C5P 73+0.8% 20+0.3* | 319+30% | 16.6+0.6" | 7.8+0.55C
1C5P 50+1.08 1.7+0.478 | 258 +27°P | 10.6 +0.58 | 10.7 +2.1°
3C5P 3.7+0.88 | 15+03% | 194+24F | 50+0.8° | 37+05°

Footnotes: Average values with different letters in the same column are significantly different

atp <0.05.
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Figure 4.63 Tensile properties of foam samples: (a) tensile modulus and (b) tensile

strength, average values with different letters are significantly different at

p <0.05.
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Figure 4.64 Flexural properties of foam samples: (a) flexural modulus and (b) flexural
strength, average values with different letters are significantly different at
p <0.05.

4.4.2.4 In-vitro degradation properties

The %weight loss of PLA compounded foams were weekly determined
after incubation is shown in Figure 4.65. The data were statistically analyzed and the
average values were significantly different at p < 0.05. The weight loss of all samples
increased with increasing incubation time, and PLA showed the highest weight loss
(Figure 4.65). At the end of the second week, PLA showed a 5% weight loss while the
weight loss of the other samples ranged from 0.5% to 1.3%. After 2 weeks, the weight
loss of PLA was almost constant, whereas the other samples showed a constant weight
loss from the 6th week. At the end of the experiment, the samples could be ranked by
weight loss in the following order: 3COP<OC5P<1COP<3C5P<1C5P<PLA. PLA
showed a 5.7% weight loss while the weight lost by of the other samples ranged from
1.4% to 3.0%. The addition of chitosan to PLA significantly reduced weight loss.
Chitosan reduced %weight loss by neutralizing the acid product of the degradation of
PLA and restraining self-catalysis in the PLA degradation process [38]. Paradoxically,
0C5P showed relatively little weight loss. This sample will be investigated more deeply

in future study.
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Figure 4.65 Weight loss as a function of incubation time of PLA compounded foams.

4.4.2.5 Cytotoxicity properties

The WST-1 assay used in the cytotoxicity evaluation is a colorimetric
assay using tetrazolium salt (WST-1) for the quantitation of viable cells as described in
the topic 4.3.5. The data were statistically. The proliferation of MG-63 cells increased
with cell culture time (Figure 4.66). This result demonstrated the non-cytotoxicity of
all the foam samples. The addition of 1 wt% chitosan (1COP) slightly changed cell
proliferation on PLA whereas 3 wt% chitosan (3COP) reduced proliferation more
significantly. The addition of PEG (0C5P) did not inhibit cell proliferation on PLA.
The addition of chitosan in conjunction with PEG inhibited cell proliferation on PLA.

This result was similar to the result from the in-vitro degradation test.

MG-63 cells on the surface of samples after 7 days of cell culture are
shown in SEM micrographs (Figure 4.67). The white arrows indicate areas covered by
spreading cells [39]. Cell adhesion is visible in the white circles. The appearance of
cells on the surfaces of all samples verified the non-cytotoxic reactivity of the samples.
Scaffold for bone tissue engineering requires relatively low weight loss and high cell
proliferation. In the present study, 1COP and OC5P were better in regard to these
properties than PLA.
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Figure 4.66 MG-63 cell proliferation on the polished surface of samples at 1, 3, 5 and
7 days, average values with different letters in the same day are

significantly different at p < 0.05.

100tm

Figure 4.67 SEM images of cell adhesion on the polished surface of foam samples after
7 days of cell culture: (a) PLA, (b) 1COP, (c) 3COP, (d) 0C5P, (e) 1C5P
and (f) 3C5P.
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4.5 Properties and characterization of PLA/chitosan/RWS foams

4.5.1 Morphology and physical properties

Based on properties of the foam samples prepared in the topic 4.4, the
1COP foams exhibited relatively low in-vitro degradation and high cell proliferation but
its mechanical properties was relatively low. In addition, the PLA/RWS foams prepared
in the topic 4.3 showed that the addition of treated RWS (1%GPMS-A 212-600)
obtained T2L foam showed relatively high impact strength, tensile strength and tensile
strain. Therefore, in the present study the 1COP foam was incorporated with 1%GPMS-
A 212-600 RWS with the content of 1wt% and 3 wt% to obtain 1COPR1 and 1COPR3
foams, respectively, to study effect of the treated RWS (1%GPMS-A 212-600) on the
1COP foam. The pore morphology showing nine zones of 1COPR1 and 1COPR3 foam
samples are shown in appendix A (Figure A14 and A15). Influence of treated RWS on
pore morphology of the foams is shown in Figure 4.68. All foam samples showed
closed cell with oval shape. Density, void fraction (%VF) and average pore size of the
foam samples are listed in Table 4.20. The addition 1 wt% of 1%GPMS-A 212-600
RWS (1COPR1) increased foam density whereas it lowered void fraction, average pore
size and pore size distribution as compared with PLAO.1 and 1COP foams. As
increasing of 1%GPMS-A 212-600 RWS content to 3 wt%, the foam density and void
fraction slightly changed, whereas average pore size increased. It was found that foam
density was effected by void fraction, similarly to the foams in the topic 4.4. The
average pore size could not be ranked in the same order with the void fraction or the
density.

Table 4.20 Physical properties of foam samples

Foam sample Average pore size (Um) Density (g/cm®) VF (%)

PLAO.1 495 + 200 0.746 + 0.007 39.0+05
1COP 450 £ 175 0.723 £ 0.002 40.9+0.2
1COPR1 371+ 104 0.828 + 0.005 32.3+04
1COPR3 439 + 130 0.826 + 0.004 37.8+03
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Figure 4.68 Cell morphology of PLA compounded foams: (a) PLAO.1, (b) 1COP, (c)
1COPR1 and 1COPR3 foam.

4.5.2 Mechanical properties

The effects of 1%GPMS-A 212-600 RWS on the 1zod impact strength,
tensile properties and flexural properties of the foams are displayed in Figure 4.69, 4.70
and 4.71, respectively. The data were statistically analyzed, and these are listed in Table
4.21. All of mechanical properties exhibited the similar trend, except strain at break.
The addition of 1%GPMS-A 212-600 RWS increased the mechanical properties as
compared with PLAO.1 and 1COP foams. However, the mechanical properties
decreased with increasing treated-RWS content from 1 to 3 wt%. It seems that
mechanical properties of the foams were influenced by foam density and void fraction.
The 1COPR1 foam exhibiting the highest density and the lowest void fraction showed
the highest mechanical properties, whereas the 1COP exhibiting the lowest density and
the highest void fraction showed the lowest mechanical properties.
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Figure 4.70 Tensile properties of foam samples: (a) tensile modulus and (b) stress at

break, average value