
 
Copyright Warning & Restrictions 

 
 

The copyright law of the United States (Title 17, United 
States Code) governs the making of photocopies or other 

reproductions of copyrighted material. 
 

Under certain conditions specified in the law, libraries and 
archives are authorized to furnish a photocopy or other 

reproduction. One of these specified conditions is that the 
photocopy or reproduction is not to be “used for any 

purpose other than private study, scholarship, or research.” 
If a, user makes a request for, or later uses, a photocopy or 
reproduction for purposes in excess of “fair use” that user 

may be liable for copyright infringement, 
 

This institution reserves the right to refuse to accept a 
copying order if, in its judgment, fulfillment of the order 

would involve violation of copyright law. 
 

Please Note:  The author retains the copyright while the 
New Jersey Institute of Technology reserves the right to 

distribute this thesis or dissertation 
 
 

Printing note: If you do not wish to print this page, then select  
“Pages from: first page # to: last page #”  on the print dialog screen 

 



The Van Houten library has removed some of
the personal information and all signatures from
the approval page and biographical sketches of
theses and dissertations in order to protect the
identity of NJIT graduates and faculty.



ABSTRACT

MODIFICATION OF BIODEGRADABLE POLYESTERS

WITH INORGANIC FILLERS

by

Georgia Chouzouri

In attempts to address the growing need of materials with controlled degradation

characteristics and good mechanical properties for tissue engineering applications,

composites based on biodegradable polymers and a potentially bioactive novel inorganic

synthetic filler were produced and characterized. Composites were produced by solution

mixing of a commercial polylactic acid, as well as a biodegradable thermoplastic

polyester based on butylene adipate/succinate, with synthetic magnesium/aluminum

carbonate minerals, known as hydrotalcites. Two types of hydrotalcites, at 30 wt% filler

level, were used: surface coated and uncoated. Composites were also melt-mixed in a

twin-screw extruder for comparison.

Differential Scanning Calorimetry (DSC), Thermogravimetric Analysis (TGA),

and Melt Rheology were used to characterize the unfilled polymers and their composites.

Results of long-term degradation data in vitro in a PBS solution are also presented. The

polylactic acid composites showed significant differences compared to the unfilled

polymers and the copolyester composites. The copolyester composites showed only slight

thermal and hydrolytic short and long-term degradation. By contrast, hydrotalcites appear

to promote in all cases degradation of the matrix in the polylactic acid composites.

During the course of long-term degradation of the polylactic acid and its composites,

Elemental Analysis for released Mg and Al ions was performed, as well as measurement



of pH changes. Scanning Electron Microscopy was also used to study morphological

changes of the composites. Further investigation is needed involving degradation

experiments in vivo for the most promising polylactic acid/hydrotalcite composites.
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CHAPTER 1

INTRODUCTION

During the past two decades, significant interest has been developed in the area of

biomaterials based on biodegradable and bioresorbable polymers. It is already well

known that polymers with a combination of desirable mechanical and physical properties,

good degradation characteristics and biocompatibility have been widely used in

biomedical applications such as sutures, tissue engineering scaffolds, tissue replacements

and drug delivery carriers. Nevertheless, the never ending necessity for more improved

and precise solutions in tissue engineering applications, has led to the development of

biomaterials with better mechanical properties and controlled degradation characteristics.

As a result, in the past few years, researchers have started to study systems of

biodegradable polymers reinforced with inorganic or organic bioactive fillers.

1.1 Definitions

According to Vert et al. (1992), there are certain definitions given to the words

"biodegradable", "bioerodible", "bioresorbable" and "bioabsorbable" that one should be

familiar with, in order to better understand the tissue engineering literature; these are as

follows:

"Biodegradable" polymeric materials are the ones that follow macromolecular

degradation when they are dispersed in vivo, without any evidence of elimination from

the body being noticeable. Some biological elements attack these systems resulting to

1
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remains or other degradation by-products that are capable of moving away of their

location but not necessarily from the body.

"Bioerodible" are polymers that undergo surface degradation and also resorb in

vivo. Ihere is also the possibility of bioerosion, which leads to total elimination of the

initial material as well as of the low molecular weight substances with no residual side

effects.

"Bioabsorbable" are the polymeric materials that undergo bulk degradation and

resorb in vivo. Ihey can also follow bioresoption, which in this case involves total

elimination of the initial material and of the bulk degradation by-products with no side

effects left behind.

"bioresorbable" are the polymers that can dissolve in body fluids without any

polymer chain cleavage or decrease of molecular mass. An example is a water-soluble

implant that can follow slow dissolution in body fluids. When the dispersed

macromolecules are excreted, a bioabsorbable polymer can also be considered as being

bioresorbable.

Another definition that is essential to be aware of, is "biocompatibility".

"Biocompatibility" is the ability of the material to perform with the appropriate host

response in the particular biomedical application. Generally, biocompatible is a material

that has no toxic or injurious defects on biological systems. A polymer is considered

being biocompatible when the degradation by-products have no toxicity to the biological

environment they are dispersed in.
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1.2 Degradation Characteristics

Degradation of a polymer follows different pathways depending on the medium in which

this takes place. According to Ray et al. (2003), degradation under compost is a complex

process that involves water absorption, chain cleavage and formation of oligomeric

compounds, solubilization of the oligomeric compounds, and diffusion of the soluble

compounds by bacteria. Iherefore, the rate of the degradation depends on the factors that

increase the hydrolysis of the polymer.

Hydrolysis is also a very important step during the degradation of a polymer in

the body. Kim (2002) claimed that hydrolysis of a polymer to oligomeric compounds

implicates two different mechanisms depending on whether the system follows enzymatic

or non-enzymatic pathways. In the case of an enzymatic system the enzymes interact with

the polymer and decomposition results. When a non-enzymatic system is operational the

decomposition depends on the structure of the main chain. Ihe other step that fulfills the

degradation is the absorption that takes place with the metabolic cycle of the

bioorganisms. Ihere are certain differences in biodegradability depending on the kind of

the polymer. When the degradation involves a natural polymer, complete

biodegradability occurs with certain disadvantages such as complexity to estimate the

degradation rate, and poor strength of the polymer due to water absorption. However,

when the degradation involves a synthetic polymer, selected biodegradability can ensue.

On the whole, certain features exist, which have an effect on the degradability of a

polymer such as the chemical structure that includes the polarity of the main chain, the

side groups, and the hydrophobic or hydrophilic character of the polymer. Added features

are the architecture (block, branches, etc), the molecular weight, the morphology and the
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surface area. Ihe character of the medium that the polymer is surrounded with is also a

very important degradability factor. In general, the higher the molecular weight and the

strength of the polymer, the slower the degradation rate, according to Kim. All of the

above factors provide the criteria of selecting a suitable polymer for a specific application

with certain degradation characteristics.

1.3 Polymers Suitable for Biomedical Applications

Some of the most common biodegradable polymers that have been used for biomedical

applications and, according to Iormala et al. (1999), are suitable for biocomposites are

polylactic acid, polyglycolic acid, polycaprolactone, poly-d-valerolactone, poly-b-

hydroxybutyrate, polyorthoesters, ethylene-vinyl alcohol, polybutylene/succinate, and

polybutyleneladipate, as well as blends of the above polymers. In the case of polylactic

acid, one can also use its stereocopolymers like poly-L-lactide, poly-DL-lactide and L-

lactide/DL-lactide copolymers.

All the previous polymers have been studied to variable degrees and results have

been reported regarding their usage as well as their properties and characteristics. Iheir

reinforcement with organic or inorganic fillers has led to a significant modification of

their properties so that a variety of new applications can now be attained.
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1.4 Reinforcements Suitable for Polymers in Biomedical Applications

Depending on the intended application of the biopolymer, there are several types of

reinforcing materials. Ihese can be organic or inorganic. In the category of the organic

reinforcements starch is one of the most widely studied materials having been blended

with many different polymers in order to produce scaffolds for tissue engineering

applications.

Inorganic fillers have also been used, especially those being bioactive. Bioactivity

is the ability of promoting an interfacial bone bonding with the host tissue and,

consequently, supporting tissue regeneration. During the last few years, as mentioned by

Engin and Ias (2002) there is a growing demand of such bioactive materials. Iheir

biocompatibility, bioactivity and osteoconduction characteristics have made these

materials necessary for all kinds of biomedical applications where a bone bonding with

the host tissue is crucial. Examples of these reinforcing materials as stated by Iormala et

al. (1999) are synthetic hydroxyapatite, tricalcium phosphate, other calcium phosphates,

Bioglass, Ceravital, Alumina, Zirconia, bioactive gel-glass, bioactive glasses and Alpha

Wollastonite glass ceramics.

It is very essential to empathize that no one reinforcement is suitable for all

applications. As stated by Hench (1996), depending on the type of the tissue attachment

that needs to be fixed, only certain bioceramic materials can be used. For example,

tricalcium phosphate and other calcium phosphates are grafted in a way that they can be

gradually replaced by the bone. In the case of bioactive glasses, bioactive glass ceramics

and hydroxyapatite, Hench states that they are attached directly to the bone by chemical

bonding. Hench uses the term "bioactive fixation" for this attachment type. Another term
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called "biological fixation", takes place in the case of Al203 and hydroxyapatite-coated

porous metals where the bone is mechanically attached to them and bone ingrowth

occurs.

According to Lutton et al. (2001), the major elements of the bone are: type I

collagen, calcium phosphate minerals (mainly hydroxyapatite), carbonate-substituted

apatite and water. Ihese constituents, in addition to the facts that the bone remodels in

response to age and health and also has the ability to regenerate in case of injury, led to

the investigation of these minerals as potential reinforcements in biocomposites.

1.5 Acid Neutralizing Ability of Carbonated Minerals

Although biodegradable polymeric composites with the above reinforcing materials have

certain advantages in biomedical applications, a considerable problem arises due to the

formation of acidic low molecular weight fragments during polymer degradation. Schiller

and Epple (2003) investigated the behavior of carbonated calcium phosphates materials

acting as basic fillers to neutralize the acidity and provide pH control. According to the

authors, the choice of the filler is important for the long-term performance of the

composite in a given application. Even though in some cases the body can compensate

for the release of the acid, it is healthier if the released acid can be compensated by

appropriate buffer capacities that surround the tissue. As Schiller and Epple suggested,

this can be provided by the use of carbonate calcium phosphates that may keep the pH

within the physiological range (around 7.4).
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1.6 Objective of This Study

Based on the above considerations, the objective of the present study is to investigate

biocomposites based on degradable polyesters, such as a thermoplastic polyester based on

butylene adipate / succinate and a commercial polylactic acid, containing a synthetic

inorganic mineral as a novel bioactive reinforcement. Ihis is a coprecipitated magnesium

/ aluminum carbonate compound known as hydrotalcite. Hydrotalcite has been orally

administered as acid neutralizing compound for gastric fluids. Although the use of the

hydrotalcite as an implant material is not well known, the Mg and Al ions that it contains

in its layers have been already found, according to Hench (1996), in the form of Mg0 and

Al203 in bioceramics used in medical devices. Its reinforcing characteristics, degradation

enhancement, bioactivity and acid neutralizing ability as well as its capacity for pH

control during degradation were the fields of examination. Long-term degradation

experiments were performed in vitro in the presence of a phosphate buffered saline

solution and compared with short-term data.



CHAPTER 2

LITERATURE REVIEW

Biomaterials are in the center of interest for many researchers. Ihroughout the years,

significant research has been performed and a wide range of techniques has been

developed for producing materials for biomedical applications. Iissue engineering

implants where the biomaterial plays a significant role of tissue replacement or fixation

have been examined.

Malafaya et al. (2002), consider the need of better biocompatible filler materials

in orthopedic applications that can actually improve the patients' lives. According to

them, one can apply a tissue engineering approach successfully, if takes into

consideration three main factors, such as the cells, the growth factors and their scaffolds.

In general, there is a necessity to increase the number of cells around the tissue and have

the appropriate structure to support those cells. In addition, the usage of growth factors

that can promote cell proliferation is essential, since this helps the regeneration of the

tissue.

2.1 Biocomposites with Organic Fillers

In this context, Malafaya et al. (2002), studied and reported results on a blend of corn

starch with ethylene vinyl alcohol (SEVA-C) using a microwave based processing route

for the production of a porous delivery system. Following the full characterization of this

system, Malafaya et al. developed a material with interesting mechanical behavior,

which, in turn, can be used as non-loaded or loaded scaffolds for bone tissue-engineering

8
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applications. In the second part of their work, they produced starch microspheres using an

emulsion crosslinking technique, which can be applied to drug delivery carriers. Ihis

development needs further exploitation to confirm its applicability. Although further

studies are needed, it is of interest that this system seems to be pH-dependent. Ihe release

of the drug in vivo applications seemed to be slower after a certain period due to lower

pH than the physiological of the body. It is also of interest, as stated by the authors that

for longer release periods an increase in the pH causes increase in the drug release.

Similarly, Reis (2002) reviewed the development of numerous natural origin

polymers such as starch blended with ethylene vinyl alcohol, cellulose acetate, polylactic

acid and polycaprolactone, casein and soybean proteins, chitin and chitosan. Based on

these materials, scaffolds with suitable properties that can be used in tissue engineering

applications are developed and characterized. According to the author, a material that will

be used in load bearing sites must have mechanical properties similar to the regenerated

human tissue. Simultaneously, degradation characteristics suitable for the healing of the

tissues to be regenerated as well as surface characteristics capable of cell adhesion,

proliferation and differentiation are required. In addition, this performance should be

coupled with biocompatible behavior. Various processing methods for the production of

the 3D porous architectures have been discussed. In this work two main types of

scaffolds have been developed: materials with a compact dense surface layer and a

foamed porous core, and fully porous architectures. The processing methods depending

on the type of the scaffold constitute the following: (a) Injection molding and Extrusion,

(b) Compression molding — particulate leaching, (c) Solvent casting — particulate

leaching, (d) Microwave baking and (e) In — situ polymerization. Occasionally, the
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polymers are reinforced with bioactive ceramics, so that the scaffolds intake bioactive

characteristics. Several characterization techniques have been implemented, such as

scanning electron microscopy (SEM) for the porous structure of the materials as well as

for testing bioactivity, dynamic mechanical tests (DMA), nuclear magnetic resonance

(NMR) for surface characterization and others.

Gomes et al. (2002), reported the use of cellulose acetate and ethylene vinyl

alcohol to produce scaffolds based on starch blends. Scanning electron micrographs were

taken in order to display the structure of scaffolds obtained by extrusion and in situ

polymerization. Ihe scaffolds that were obtained from extrusion showed an important

development in the percentage of porosity and interconnectivity in the porous surfaces,

whereas the ones obtained by in situ polymerization had the advantage of treating the

defect by being injected directly and consequently taking immediately the appropriate

shape. Degradation behavior was characterized by immersing the materials in an isotonic

saline solution at 37°C and measuring weight changes after several periods to determine

the water uptake. Ihe study revealed different results depending on the processing

method, processing conditions and also on the final porosity of the obtained biomaterials.

Reis et al. (2001), had further explored the design of tissue engineering scaffolds

based on three different blends of starch with ethylene vinyl alcohol, cellulose acetate and

poly-s-caprolactone. Iheir main scope was for the scaffolds to have three-dimensional

geometries, adequate porosity and porous size and tissue matching mechanical properties.

All of the above are very important for tissue regeneration. By using different methods,

scaffolds with different structures were obtained, which can be suitable in specific tissue

engineering applications.
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2.2 Biocomposites with Inorganic Fillers

A preliminary study on the development of a new method for tissue engineering scaffolds

from biodegradable polymers reinforced with hydroxyapatite was published by Gomes et

al. (2001). Blends of starch with ethylene vinyl alcohol (SEVA-C) and cellulose acetate

(SCA) were premixed with the blowing agent in a biaxial rotating drum and then

reinforced with 10 and 30-wt% of hydroxyapatite by processing in an injection molding

machine. Ihese porous scaffolds showed good mechanical and degradation properties as

well as a bioactive behavior due to the hydroxyapatite. Ihe authors concluded that there

is a possibility to modify the final properties and the morphology of the scaffolds by

varying the processing parameters, the materials formulation and quantity of blowing

agent.

Sousa et al. (2002), explored composites of starch blends with ethylene vinyl

alcohol (SEVA-C) filled with 10, 30 and 50 wt% of hydroxyapatite molded by two

different molding techniques: injection molding and shear controlled orientation in

injection molding (SCORIM)TM. Ihe hydroxyapatite reinforcement proved again to

improve mechanical properties and provide bioactivity to the composites. In comparison

with the injection molding technique, the composites that were molded by SCORIM had

enhanced stiffness, which in turn allowed for an effective control of their mechanical

performance.

Since it has been already shown that a blend of starch with ethylene vinyl alcohol

(SEVA-C) has a degradable behavior with good mechanical properties, and it can be

bioactive when reinforced with hydroxyapatite, Leonor et al. (2003), studied in vitro

bioactivity of such a composite. Ihe polymer was reinforced with 30% by weight of
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hydroxyapatite. Ihe composite was immersed in a simulated body fluid (SBF) and the in

vitro bioactivity of the composite was studied as a function of time. Atomic force

microscopy (AFS) was used in situ and confirmed results previously obtained from the

scanning electron microscopy (SEM). Ihe polymer absorbs water while it is in the SBF,

degradation occurs, which results to the exposure of the hydroxyapatite particles in the

solution and consequently supplies the nucleation and growth of the calcium phosphate

layer. Ihe ion concentration of the Ca and the P were measured by inductively coupled

plasma emission (ICP) spectroscopy. Ihese results indicate the potential use of the

composites in bone bonding applications by in vivo experiments. A concern that arises is

that when just the polymer matrix is immersed in the SBF, the pH drops; however, when

the composite was immersed in the SBF, a pH balance over a period of time was

observed. Further investigation was necessary according to the authors, to elucidate the

effect of the neutralizing capacity of the filler.

Lewandrowki et al. (2002), explored in vivo screw implants made of poly(L-co-

D,L)lactide, reinforced with 25 wt% hydroxyapatite. Ihe composites were mixed

overnight in a rotary blender and the screw implants were obtained by injection molding.

One screw was implanted per rabbit in a total of 24, and follow up times were 8 and 16

weeks. Radiographic as well as histological studies were performed for all specimens,

which showed that repaired tissue was formed around the area of the implant. Ihis was

mainly consistent with newly formed bone. Ihe specimens that were implanted for a 16-

week period were the ones with the highly osteoid formation. Ihe formation of the new

bone is considered to be achieved due to the addition of the hydroxyapatite.

Hydroxyapatite, according to the authors was used both due to its bioactivity and
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neutralizing capability. Specifically, hydroxyapatite reflects 6S% neutralization of the

acidic degradation by-products of the polymer. Ihe above composites might be suitable

for fixation of small bone fractures, as Lewandrowki et al. stated.

Lutton et al. (2001), developed a method of producing nano-composites by poly

(hydroxybutyrate valerate) (PHBV) as a matrix and up to 50%vol nano sized

hydroxyapatite as a reinforcement and also techniques of designing scaffolds capable of

load bearing applications. When PHBV degrades hydrolytically, produces

hydroxybutyric acid, which can be found in human blood. In addition, PHBV has longer

degradation times allowing the scaffold to maintain its mechanical properties until the

bone growth is satisfactory around the implant. For a scaffold to be successfully

designed, it is very essential for researchers to achieve the control of its architecture,

which includes features as pore size and shape. Lutton et al. solved that difficult technical

challenge by developing a laser ablation process that provides accurate controlling

structural characteristics.

Calandrelli et al. (2000), used ossein, a biological hydroxyapatite which consists

of elemental calcium and phosphorous, as a filler for biodegradable composites.

Polylactic acid (PLLA), polycaprolactone (PCL), and three different copolymers of the

above were used as matrices for the obtained composites. According to the authors these

polymers have poor hydrophilic properties and consequently prevent cell adhesion. By

preparing such composites with Swt % of ossein, hydrophilic behavior was enhanced and

a positive cellular response was achieved. Ihe amount of the filler added was decided,

taking into consideration the improvement of the physical and morphological

characteristics without sacrificing mechanical performance. Ihe thermal, morphological,
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mechanical and biochemical properties of the resulting materials were tested. Calandrelli

et al. demonstrated that by using this biological hydroxyapatite filler with 60 gm or less

particle size, modulus of the composites appeared to improve even at this low

concentration. Biocompatibility tests using primary cultures of human osteoblastic cells

as model systems were reported. Surface adhesion of the growing cells, as investigated

by SEM micrographs, was enhanced due to the hydrophilic characteristics of the ossein

component. Some preliminary positive results in the synthesis of proteins were also

observed.

Iaking an extra step in their research Laurencin et al. (2001), investigated a

biodegradable poly(lactide-co-glycolide)- hydroxyapatite scaffold in which a growth

factor was added, in order to promote bone formation. Particularly, bone morphogenetic

protein-2 (BMP-2), which is an osteoinductive protein and has been reported to elicit the

healing of bone defects, was used. In vitro studies showed bioactivity of the system,

which was also confirmed by studies in vivo. Ihe models used were severe combined

immune deficient mice. Ihe scaffolds were found to function effectively as delivery

carriers for BMP-2 and according to the researchers they may be considered as an

alternative to usual bone grafting techniques.

Ihere also exists another group of researchers that investigated the preparation of

nanocomposites, based on biodegradable polymers filled with different types of

montmorillonites. Paul et al. (2003) considered the modification of plasticized poly(L-

lactide) with organo-modified or unmodified montmorillonites as reinforcements.

Poly(L-lactide), poly(ethyleneglycol) which acted as a plasticizer and the clay particles

were blended in a Brabender counter-rotating mixer. Ihe obtained materials were
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analyzed and characterized by wide-angle X-ray scattering (WAXS), thermogravimetic

analysis (IGA) and differential scanning calorimertry (DSC). Ihe formation of

intercalated nanostructures was suggested by WAXS. Both WAXS and DSC showed that

poly(L-lactide) and poly(ethyleneglycol) competed with each other for intercalation.

Furthermore, an increase in the amount of clay appears to delay thermal degradation. Ihe

nanoscale distribution of high aspect ratio fillers like montmorillonites, contributed to the

remarkably improved mechanical properties of the composite as compared to the matrix.

In two similar studies, Ray et al. (2002, 2003), produced polylactide —

montmorillonite nanocomposites. 0rganically modified layered silicate (OMLS) was

produced by exchanging Na ion in montmorillonite with trimethyl octadecyl —

ammonium cation. Ihe OMLS was dry mixed with polylactide and then melt extruded.

Ihree different nanocomposites were obtained, having 4,S and 7 wt% of OMLS

respectively. WAXD and transmission electron microscopy were used for product

observation. Ihe silicate layers of the clay were intercalated and randomly distributed in

the polymeric matrix. All the nanocomposites revealed enormous improvement in

mechanical melt and solid properties including flexural properties. Ihese results are in

agreement with the study of Paul et al. Ray et al. took the extra step in examining

biodegradability of the nanocomposites concluding that OMLS enhances biodegradability

after one month; this is considered to be critical for the heterogeneous hydrolysis to start.

Mitsunaga et al. (2002), used polycaprolactone and polybutylene succinate as

biodegradable polymeric matrices to create nanocomposites. Each of the polymers was

grafted with malefic anhydride to increase the compatibility between the matrix and the

clay. Ihe filler that was used for the production of the nanocomposites was once more
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montmorillonite organoclay as in the previous studies. Ihe degree of delamination of the

nanocomposites was examined by using X-ray diffraction measurements (XRD), which

also showed an increase in crystallinity of the polymer. Delamination, led to remarkable

improvement on the material strength of each composite as expected.

A composite produced from biodegradable polymers and bioactive glasses as

fillers is another difficult technical challenge that researchers have to face in the

biomaterials field. Fujibayashi et al. (2003), studied materials consisting of five different

types of bioactive glasses having varying compositions of Na20, Ca0 and Si02 and being

free of P20 5 . As mentioned above, these materials are capable of creating a bond to the

living bone through formation of an apatite layer. Ihis can be proven in vivo as well as in

vitro in simulated body fluid (SBF), containing certain concentration of phosphate ions.

In this study, scanning electron microscopy (SEM) was used to demonstrate the depth of

bone ingrowths after the bioactive materials were implanted into a defected femoral

condyle of rabbits.

In the case of the biologic behavior of a composite, Nahri et al. (2003), explored a

copolymer of poly(c- caprolactone-co-DL-lactide) filled with bioactive glass (SS3P4) in

experimental bone defects in rabbits. Bioactive glass was in the form of granules and

different amounts of small and large granules acted as fillers for each composite in order

to enhance bone healing. The bone bonding ability of bioactive glasses was established

by the release of Si and Ca ions that led to formation of an apatite layer. Bone ingrowth

was mainly investigated in the composites with the large glass granules. Also, their

presence in the composites appeared to enhance degradation since the granules increased
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the water absorption. Ihe study of these composites concluded that bioactive glass

granules improve the bone response of the copolymer matrix.

A number of different bioabsorbable scaffolds have designed by Kellomaki et al.

(2000) using bioabsorbable polymers and bioactive glass. The polymers used in that

study were: self reinforced polyglycolide (SR-PGA), self reinforced poly L-lactide (SR-

PLLA), copolymer of caprolactone and L-lactic acid, other stereocopolymers of lactic

acid, and Polyactivee ®' which is a block copolymer of polyethylene oxide and

polybuylene terephthalate. Ihe bioactive glass no. 13-93 used, was in the form of

crushed particles or spheres with

S3% Si02 weight composition. Ihe obtained composites were incubated in phosphate

buffer saline, pH 7.4, at 37 ° C for up to S2 weeks for in vitro analysis. After certain

periods, the materials were removed from the buffer solution, rinsed with distilled water

and dried in vacuum for seven days. Morphological changes were studied using scanning

electron microscopy. Bioactivity of the composites was shown after the formation of a

silica rich layer, which turned to apatite precipitation, having, as a result, enhancement of

the bone growth to the surface. In vivo analysis was also performed in 30 growing rabbits

addressing bone formation as well as interactions between the bone and the

biodegradable materials. Ihe authors concluded that, depending on the application and

the strength needed by the composite, different development techniques are to be used.

Rhee (2003) examined composites of poly(s-caprolactone) with bioactive silica

nano-hybrids, produced by a sol-gel method. Ihe variable to be studied was the different

molecular weights of the polymer. Ihe bioactivity of the PCLlsilica nano-hybrids that

also contained a fixed content of calcium salt resulted from the inorganic part of the
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hybrid, such as Si-OH and Ii-OH groups, as expected. By immersing the materials in the

SBF rapid and homogeneous nucleation and growth of the apatite crystals were observed

for the systems containing the low molecular weight polymer. According to the author,

the main reason for such a result was the even distribution and fine dispersion of the

silica-rich domains in the low molecular polymer matrix. An additional reason is the

faster degradation of the polymer phase, which led to faster release of calcium in the

SBF.

In the patent literature, Iormala et al. (1999) reported on a composite material

used for bone fracture fixation devices, that had a biodegradable polymer as a matrix and

two reinforcements, a biodegradable polymer reinforcement and a bioceramic or bioglass

filler as a second reinforcement. According to the inventors, having a polymeric

reinforcing element solves the problems of inadequate strength and brittleness of the

device, whereas having a bioactive reinforcing element provides bone growth and

accelerates the healing time for bone defects. In the case of the bioceramics, it was

proven that the particle size of the ceramic element has an important role in the

biocompatibility of the device. Specifically, the larger the particle size of the ceramic, the

better the biocompatibility of the composite. Certain additives and modifiers have been

used to improve the processability of the composites and also some pharmaceutical active

agents, such as wound healing agents and growth hormones to develop a faster healing

process. Melt, powder or solvent mixing had been used for the polymeric matrix and the

bioactive reinforcement. Ihe polymeric reinforcement was used as a plain fiber or in a

modified form. Composites of several biodegradable polymers and bioactive fillers as
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hydroxyapatite, tricalcium phosphates were obtained and studied in vivo showing

promising results.

As a result of the growing demand of biomaterials and the significant research

work reported in this chapter, it is clear that there is a need of developing biocomposites

with a good balance of degradation characteristics and physical properties. In the present

study, two biodegradable polymers including a copolyester based on butylene

adipatelsuccinate and a commercial polylactic acid, containing the synthetic reinforcing

inorganic mineral hydrotalcite, potentially bioactive, were evaluated. Methods for

producing such biocomposites as well as their characterization and studies in vitro will be

reported in the following chapters.



CHAPTER 3

EXPERIMENTAL

3.1 Materials

3.1.1 Polyesters

Iwo different polyesters were chosen and used for the experimental study. Both of them

are biodegradable and can be processed as conventional thermoplastic polyesters. Ihey

are as follows:

1. Poly (1, 4-butylene adipate-co-1,4-butylene succinate) [PSI], extended with 1,6-

diisocyanatohexane, a biodegradable thermoplastic polyester (CAS No. 1195S3672)

obtained from Sigma-Aldrich. Ihe measured carboxyl content CCp of the pellets was

0.0S3S eq.1106g, corresponding to an acid number of 3.0. Ihis polyester was used for

producing biocomposites by solution as well as melting mixing techniques.

2. Poly-L-lactate [PELLA] (trade name Biomer L9000) (CAS No. 26680-10-4) obtained

from Biomer. Polylactic acid is derived from naturally occurring lactic acid, which has

two isomers as can be seen in Figure 3.1. Ihe measured carboxyl content CC p of the

pellets was 0.0247 eq.1106g, corresponding to an acid number of 1.4. Ihis resin was used

only for producing composites by solution mixing.

Ihe properties and characteristics of the polyesters are listed in Table 3.1.
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3.1.2 Minerals Used as Fillers

The composites were formed by adding uncoated hydrotalcite (HT-U) (trade name CLC-

120), and a surface coated with stearic acid version (HI-C), as per company's sources

(Doobon Yuhwa Co, Ltd, S. Korea). Stearate coating is presumably added to facilitate

dispersion and melt processability. Ihe hydrotalcites are synthetic inorganic minerals,

belonging to the group of layered double hydroxides, or so called anionic clays (Carlin,

1997). The Mg/Al ratio in the hydrotalcite used is 4.0-5.0. Ihe molecular structure of the

hydrotalcite can be seen in Figure 3.2. Ihe alkaline hydrotalcite is also able to

compensate acidity that may occur from the degradation of the polymers.

Properties and characteristics of the hydrotalcites as provided by the supplier are listed in

Iable 3.2.

Figure 3.2 Molecular structure of hydrotalcite.
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* Measured in Polymer Chemistry laboratories.

3.2 Processing

Solution Mixing: Both poly (1, 4-butylene adipate-co-1,4-butylene succinate) and

polylactic acid were dissolved in chloroform at room temperature. Ihe addition of each

hydrotalcite followed at a polyester / mineral weight ratio of 7:3. Ihe samples were left

in the fumehood for five days at room temperature to complete the evaporation of

chloroform. After most of the chloroform was evaporated, the remaining solid, was

transferred in Pyrex Dishes and put into a vacuum oven for drying overnight.

Extrusion Mixing: A grinder was used to crush PSI pellets to a fine powder of variable

particle size, but less than 1 mm, under liquid nitrogen. Each of the minerals was

premixed with the resin at a polyester / mineral weight ratio of 7:3, before feeding the

mixture in a co-rotating 15mm twin-screw extruder (APV MP-201S) at 130 °C and S0
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rpm. PLLA pellets alone, were also extruded at 220 ° and 100 rpm for producing disc

samples.

Compression Molding:  All samples obtained from solution and extrusion mixing were

compression molded in a PHI press for 2 1/2 minutes to form standard test disc specimens

with nominal thickness of 0.7Smm and diameter of 33mm. Iemperatures used were

130°C and 200°C for the PSI and the PLLA samples, respectively. Designation and

composition of compression molded disc samples are shown in Iable 3.3.
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3.3 Testing and Characterization

Acid Number: Carboxyl Content or Acid Number of the polyesters before processing

were determined according to Pohl's method (Pohl 29S4) by titrating each solution of the

polymer in chloroform with standard KOH in methyl alcohol in the presence of

phenolphthalein as an indicator. Ihe Acid Numbers of the polyesters are listed in Iable

3.2.

Differential Scanning Calorimetry (DSC): Information on glass transition temperature,

melting temperature as well as crystallization effects were obtained by DSC (Perkin -

Elmer DSC7). For all samples, scanning heating and cooling rates were 20 °Clmin and the

final temperatures were 230°C and 200°C for the co-polyester and the polylactic acid,

respectively.

Isothermal Ihermogravimetric Analysis  (IGA): Stabilities of the predried polyesters and

composite samples as well as those of the inorganic hydrotalcite minerals were studied by

IGA (IA instruments, model QA S0) ramp up to 500 ° C with 20°Clmin heating rate

under nitrogen blanket for a total time of approximately 62 minutes. During the

experiments, weight percentage losses were monitored.

Rheology: Rheological data were collected using a Rheometrics Mechanical

Spectrometer (RMS-800) in parallel disc mode under nitrogen. Ihe discs obtained by

compression molding were predried in a vacuum oven at room temperature to avoid any

possible hydrolytic degradation. The RMS-800 system was programmed for steady shear

at 2s4 and Ss-1 shear rates and 230°C for the PSI and its composites and melt viscosity

data were obtained.
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Degradation: Degradation behavior was followed by immersing discs in triplicate in 30

ml of a Phosphate Buffer Saline (PBS) solution with pH of 7.4 at 37 °C. At predetermined

immersion periods (over a total period of three months) the discs were removed from the

solution, rinsed with methanol, and were weighted after wiping the excess.

Morphology: Ihe surface structures of the PLLA composites before and after exposure to

the buffer solution, as well as the ones for the hydrotalcite minerals were characterized by

Scanning Electron Microscopy (LEO Field Emission Gun Digital SEM) at 3keV working

voltage.

Elemental Analysis: Inductive Coupled Plasma Analysis (ICP) was performed at QII

Laboratories in order to detect Al and Mg elements that were released from a PLLA

composite disc sample to the buffer solution after 239 days of immersion.



CHAPTER 4

RESULTS AND DISCUSSION

Ihis section will provide results from the experiments carried out to elucidate the effects

of the hydrotalcites on the properties of the polymer composites. Results for the

polymeric matrices alone will also be reported in order to understand the overall structure

of the biocomposites. Ihis chapter is divided into three main sections, including a) the

composite manufacturing, b) characterization of the composites by Differential Scanning

Calorimetry, Ihermogravimetric Analysis, and Melt Rheology and lastly, in the third

section (c), results of long-term degradation data.

4.1 Composite Manufacturing

As mentioned in the experimental section, two types of polymers, as well as two different

processing methods were used to obtain the biocomposites. Both poly (2, 4-butylene

adipate-co-2,4-butylene succinate) and polylactic acid were used as polymeric matrices

for the composites produced by solution mixing. Both polymers were dissolved in

chloroform, and coated and uncoated hydrotalcites were added at a polyesterlmineral

weight ratio of 7:3. After the evaporation of the chloroform, the materials were left to

totally dry in the vacuum oven overnight. Ihe resulting mixtures appeared quite uniform

and were compression molded into the desired samples.

Ihe second processing method used was extrusion mixing at a polyesterlmineral

weight ratio, also, of 7:3. Given the limited quantities available of the polyesters, a small

2S mm twin-screw extruder was used. Ihe major problem during this method was the dry

premixing of the polymers with the minerals. Both polyesters were supplied in pellet

27



28

form, whereas the fillers were in powder form. It is obvious that it was not easy to obtain

good mixing and feeding in the extruder due to segregation and the small size of the feed

throat. For these reasons, the polyesters had to be ground. A grinder operating under

liquid nitrogen was used to crush the co-polyester PSI to a fine powder. This method was

not applicable to the polylactic acid, given the high toughness of the material; thus, only

melt extruded PLLA was used as control in some characterization experiments, whereas

PLLA melt composites were not produced. Ihe designation and composition of the

biocomposites are described in Iable 3.3.

4.2 Characterization of Composites

4.2.1 Differential Scanning Calorimetry

Iable 4.2 contains DSC data for the PLLA and its composites. In the absence of unfilled

PLLA sample prepared in solution, one would expect that unprocessed PLLA-pel and

perhaps PLLA-melt samples could be used as comparative controls to the PLLA-S2 and

PLLA-S2. However, such comparison would be only valid during the second heating

scan when the prior thermal history is expected to be substantially erased.



29

* After normalizing for 30vvt4/0 filler content.

During the DSC heating experiments up to 220°C, the decomposition temperature

of hydrotalcite has been exceeded and decomposition products such as water may interact

with PLLA initiating degradation. This degradation, and molecular weight reduction,

may have affected the crystallization characteristics and be responsible for the lower I g

of PLLA in the two composites, during second heating as well as the lower I mp. Coated

hydrotalcite seems to increase somewhat I g and I. versus its uncoated version and shift

the cold crystallization temperature to lower values. Ihe polymer in the coated

hydrotalcite sample PLLA-S seems to have the same crystallinity as the unfilled melt

sample, whereas the uncoated appears to prevent full crystallization of the polymer in

sample PLLA-S 1. Both unfilled PLLA samples seem to have the same I g and I. values,

although % crystallinity in the PLLA-pel is much lower suggesting that the thermal

history of the pellets may not have been fully erased.

Iable 4.2 contains DSC data for PSI and its composites. During the DSC first

heating experiments up to 220°C, the samples do not appear to have any significant



30

differences. Ihere are small differences that may be due to the different sample weight at

the beginning of the experiment, and to degradation that possibly occurred during sample

preparation. It was noted that when the starting weight of the sample was higher than

about 3.0 mg, the DSC curve tended to shift to higher peak temperatures.

*After normalizing for 3Owt% filler content.

Similarly to the PLLA samples, after the second heating of the PSI samples and

their composites the thermal history of the polymers (with the exemption of the I ee value

of the unfilled unprocessed PST-pel) appeared to be fully erased. In all cases T g was not

detectable. Ihe type of the hydrotalcite does not affect, in general, the I ee or I. of the

polymer present for either the solution, or the melt prepared samples. Ihe heat of fusion

for samples PSI-S2 2 and PST-S2 does not change significantly. Coated hydrotalcite in the

melt-processed samples appears to enhance crystallization producing even higher

crystallinity than the unfilled PST-melt. In conclusion, no major changes in the properties

of all PSI samples could be detected by the DSC experiments.
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The DSC thermograms for all the polymers and composites can be found in

Appendix A.

4.2.2 Thermogravimetric Analysis

Figures 4.2, 4.2 and 4.3 show the results of the TGA experiments, whereas Table 4.3

summarizes the results for all the samples used during these experiments. Both uncoated

and coated hydrota1cites show a very similar degradation between losing first bound

water and then water and CO2 up to 500 °C, where a predominantly AllMg silicate residue

is remaining, according to information provided by Kyowa Chemical Industry Co., Ltd.

With respect to PLLA (Figure 4.2), at 200 °C the unfilled polymer and its composites

seem to be very stable, although for the PLLA-S2 composite there is a trend for more

degradation than for the PLLA-S 2. This trend seems to be confirmed at 300°C where the

coated hydrota1cite appears to affect the thermal/hydrolytic degradation of PLLA more

than the uncoated one. At 300 °C both composites suffer severe weight losses not

corresponding to the observed lesser weight losses of their individual compounds at the

same temperature. Finally, at S00°C the presence of the uncoated hydrotalcite appears to

promote less weight loss to the composite than the coated one.

With respect to PST (Figures 4.2 and 4.3), at 200°C unfilled polymer and both

melt and solution composites seem to be very stable. By contrast to the PLLA

composites, PST composites suffer much less weight loss at 300 °C. At 300°C, the

uncoated hydrotalcite appears to catalyze slightly more than the coated one the thermal

degradation of both types of PST composites. This is not confirmed at S00 °C, where the

trends for the two hydrota1cites in the PST composites, appear to be reversed.
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At this temperature both the polymeric matrices have been totally degraded and

the residue is, in most cases, consistent with the inorganic components remaining in the

hydrotalcites. In the absence of detailed information on the type and amount of stearate

coating, and the method of its applications, it is difficult to speculate on the observed

different effects of the two grades of hydrotalcite on the TGA results.

In summary, the presence of hydrotalcites in the PLLA matrix promotes

significant polymer weight losses in the temperature region 200-300 °C; this is in contrast

to the small weight losses of the PST composites in the same temperature region, which

correspond to a large extent to the weight losses of the individual compounds. This may

be partly due to the higher hydrolytic stability of the PST, presumably resulting from its

chain extended block copolymer structure. The effect of the degradation products on the

hydrotalcite on such a structure appears to be less pronounced than in the case of PLLA.



Figure 4.1 Combined TGA curves of hydrotalcite fillers, PLLA pellets, and composites prepared by solution mixing, at
10°C/min under nitrogen.



Figure 4.2 Combined TGA curves of hydrotalcite fillers, PST pellets, and composites prepared by solution mixing, at
10°C/min under nitrogen.



Figure 4.3 Combined TGA curves of hydrotalcite fillers and PST polymer and composites prepared by melt
processing, at 10°C/min under nitrogen.
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4.2.3 Melt Rheology

Melt rheology data were obtained only for PST and its composites. There was an attempt

to obtain melt rheology data for PLLA and its composites, but this could not be

accomplished since PLLA samples did not have a stable torque over time, possibly due to

their continuing degradation.

The rheology experiments for PST samples were initiated with a shear rate sweep

at 130°C. The ones that resulted to a relatively stable torque were those run at shear rates

of 2s -1 and 5s -1 . The resulting graphs can be found in Appendix B. After all the rheology

data were collected for the PST samples, statistical analysis appeared to be necessary due

to time dependent variations. Values for Coefficient of Variation (CV) were necessary, in

order to measure reliability of the measurements. More than 29 values for the viscosity,

during the first 200 sec of the experiment were used to ca1culate the average value (AVR)

and standard deviation (STDEV), as follows:
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Table 4.4 contains melt viscosity data of PST and its composites at two different

shear rates, 2s4 and Ss-1 . All polymer composites are typically non-Newtonian with the

melt processed PSI-M2 showing higher shear sensitivity. Polymer alone does not seem

to degrade at all during measurements, as shown by the very low CV values. The

inorganic minerals increase at about 3.S to 4 times the melt viscosity of the matrix, as

expected theoretically and shown experimentally by many authors. At these low shear

rates flake orientation is not expected; such orientation could bring the viscosity of the

filled system closer to that of the matrix. There is no significant difference between the

PST-S1 and PST-S2 in terms of viscosity values, although there is a trend for the melt

viscosity of PST-S2 to be higher than that of PSI-S1, at both shear rates. For the unfilled

system, PST- melt has a lower (4.5%) viscosity than PST-pel as anticipated, based on

possible slight thermomechanichal and hydrolytic degradation expected to occur during

extrusion in the absence of nitrogen blanket. It also appears, based on statistical analysis,

that PSI-M2 is less stable than PST-S2, during the steady shear measurements.
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4.3 Long Term Degradation Studies

The degradation experiments were performed in vitro in the presence of a phosphate

buffered saline solution, and the results were compared with structural and chemical

changes from the short-term characterization tests. All samples of unfilled polymers and

their composites were tested in triplicate, and graphs of percentage weight change versus

time were obtained. The percentage weight change is given by the following equation:

where Wt, is the sample weight at time t and

Woe, is the initial sample weight

In addition, pH measurements were taken to determine if the minerals had any

acid neutralizing capacity towards the acidic low molecular weight fragments formed

during the polyester hydrolytic degradation. Furthermore, the buffer solution after 139

days immersion of one of the PLLA composites was analyzed for Al and Mg content by

Inductive Coupled Plasma Analysis, ICP, to examine if elements had passed from the

hydrota1cite composites to the buffered solution. Lastly, for observation of any

morphological changes on the surface of selected composites, SEM microphotographs

were taken before and after 21 days immersion in the phosphate buffered solution.
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4.3.1 Physical and Chemical Changes

It is well known that the molecular weight of the polymer plays an important role to its

swelling. There are also other significant parameters such as the method of polymer

processing, and the thermal history of the disc samples, which may change the molecular

weight or the molecular weight distribution of the polymer. The existence of monomers

or oligomers in the polymer sample, which may be responsible for the flexibility of the

chain and the higher hydrophilicity of the polymer, is also important. Lastly, the carboxyl

groups present in the polymer matrix catalyze the hydrolysis reaction.

According to Zhang et al. (1993) and Ming et al. (1990), the swelling

development of an unfilled polymer follows two stages. During the first stage, the disc

samples swell as a result of water penetration, and hydrolysis of the ester bonds takes

place. When the first stage is over, hydrolysis involves additional penetration. The water

acts as a plasticizer and the polymeric chains become more flexible, which result to a

lower glass transition temperature. In this way, the discs are more sensitive to

degradation. In particular, their surface becomes more prone to degradation than their

nucleus. Carboxyl groups, which are present on the polymer surface, promote hydrolysis,

so degradation rate rises and molecular weight decreases. The diffusion rate of

degradation by-products that are formed inside the system is slower, and as a result they

become entrapped into the sample. Consequently, more carboxyl groups exist in the

center of the system and the hydrophilicity of the matrix is higher, resulting to higher

water absorption. In addition to lower molecular weight, molecular weight distribution is

broader and a second peak of lower molecular weight fragments may appear. As a result

of the second swelling stage, the rate of swelling increases again.
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Generally, after the initial swelling stage of the unfilled polymers and their

composites (during which each sample has a different degree of swelling) a pseudo-

equilibrium takes place for a limited time period, where the rate of swelling and the

degradation rate become equal. After that, the degradation rate is high in both the surface

and the nucleus. The polymeric matrix does not have the same structural characteristics

as before, and a significant change to the molecular weight and the molecular weight

distribution appears. Finally, the weight loss due to erosion prevails over the weight

increase due to swelling, resulting in the overall sample weight loss.

It is worth mentioning that degradation behavior would also depend on the shape

and the size of the disc, the pH of the solution and the temperature. The temperature used

in this work is 37°C, since composites for tissue engineering applications are

investigated; in general, an increase in temperature would lead to higher degradation rates

of the polymeric matrices.

In the case of the composites, shown in Figures 4.4 and 4.S, swelling and swelling

rate are significantly higher, than those of the unfilled polymers. Figure 4.4 shows the

degradation behavior of PLLA and its composites. An average value for V0AW of each

sample, at every specific time was taken in order to obtain the degradation graph. It is

evident that during the first days of the experiment, water uptake takes place, which leads

to the swelling of the disc samples. This would result to the hydrolysis of the ester

linkage and the subsequent degradation of the samples.
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Figure 4.4 %Weight Change versus time for PLLA-pel, PLLA-melt and its composites
produced by solution mixing.

Both unfilled PLLA samples appear to be fairly stable compared to the filled

ones. There is some water uptake for the polymers alone, which after a long period of

time (approximately 110 days) is followed by a downswing corresponding to the onset of

hydrolytic degradation. The melt-processed sample appears to swell slightly more than

the sample from the unprocessed pellets. This will lead to earlier degradation, as

expected, since the extrusion process may have led to prior degradation and as a result to

lower molecular weight samples. What is of a great interest though, is the behavior of the

composites. Both PLLA-S2 and PLLA-S2 have high water uptake ability. The

composites discs swell up to 17%, and according to Ming et al. (1990), water acts as a

plasticizer and hydrolysis of the ester linkage of polylactic acid is dominant. It seems that
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the coated hydrotalcite "attracts" water (in spite of its higher hydrophobicity due to the

presence of stearate coating) which is being trapped to the system and consequently leads

to swelling followed by degradation. It is of interest to note that the downswing of the

curves for the PLLA-S2 composites, indicating the onset of matrix disintegration, occurs

at about 75 days. At that time, the PLLA-S2 composite is undergoing its second

significant downswing (the first having taken place after about 20 days).

Since PLLA samples appeared to degrade more than the PST ones, as will be

shown below, it was considered important to further analyze one of the PLLA

composites. A sample containing uncoated hydrotalcite was selected, due to the mineral

apparent ability to enhance degradation. Elemental analysis showed that after 139 days of

immersion in the PBS solution 22Sppm of Mg were released from the disc to the solution.

The amount of Al element that was released to the solution was less than 1 ppm. This

does not correspond to the initial ratio of Mg and Al (4.0-S.0) in the hydrota1cite, and

may be due to differences in the solubility of the acetate and phosphate salts in the

analyzed fluid. The release of Mg may be beneficial since bioactive glass no. 13-93 used

by Kellomäki et al. contained S% Mg0. Based on these results though, it is not possible

to speculate on the possible formation of apatite type minerals that are known to be

required for bone growth in tissue engineering applications.

A pH reading of the PBS solution taken after the same time period of 139 days

showed a value of 6.94. If one considers that the initial pH of the PBS solution is 7.4 and

during degradation, lower molecular weight acidic fragments could lower that

significantly, the value of 6.94 may still be considered as very neutral. This is very
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important for tissue engineering applications, where the pH has to remain in the

physiological region of the human organism to avoid toxic effects.

Figure 4.S shows % weight change of the unfilled PST samples and their

composites after immersion in the PBS solution. Again the unfilled systems are the ones

showing less weight change. However, the weight changes for the PST composites are

much less than in the case of the PLLA composites. Hydrotalcite containing samples

have relatively higher water uptake but their downswing behavior showing the onset of

matrix degradation appears to occur after about the same time period (10S days) as for

the unfilled matrix. Among the composites minor differences in weight changes are

observed. The melt-processed composite containing the uncoated hydrotalcite, PST-M1,

seems to swell a little more and also to have a steeper curve in the degradation regions

compared to the others. In summary, PST samples did not show any significant

degradation weight change, and as a result no further investigations were performed with

respect to pH changes and release of elements in the PBS solution.
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Figure 4.5 % Weight Change versus time for PST-pel, PST-melt and its composites
produced by solution and melt mixing.

4.3.2 Morphological Changes

For reasons mentioned above, it was considered essential to observe morphological

changes only for the PLLA composite samples, which appear to degrade more

significantly than the PST ones. Therefore, SEM microphotographs were only taken for

PLLA-S2 .

Figures 4.6 to 4.11 are SEM microphotographs of PLLA-S1 before and after 21

days of exposure to the PBS solution. It is obvious that there is a significant difference in

the surface morphology of the samples. Surface roughness is developed at certain

locations in the composite that has been immersed in the buffer solution. Due to the
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polymer water uptake ability, simultaneous degradation phenomena occurring in the

polymeric matrix at other surface locations lead to the exposure of hydrotalcite particles

to the solution. Hydrotalcite particles can clearly be observed in Figures 4.10 and 4.11,

among degrading regions of PLLA, characterized by fibrillar morphology. It is believed

that this fibrillar morphology is due to PLLA, but however, further analysis has to be

done through elemental mapping. For comparison, Figures 4.12 and 4.13 show the

morphology of hydrotalcite particles prior to their incorporation in the polymeric matrix.

Both micrographs show lamellar structure of low aspect ratio. Exfoliation could produce

flakes of much higher aspect ratio, comparable to those found in montmorillonite

nanoclays.
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Figure 4.7 SEM micrograph of a PLLA-S1 sample surface before immersion in the PBS
solution x 10,000.

Figure 4.8 SEM micrograph of a PLLA-S1 after 21 days immersion in the PBS solution
x 5,000.



Figure 4.9 SEM micrograph at a higher magnification of the sample in Fig. 4.8 after 21
days of immersion in the PBS solution x 10,000.
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Figure 4.10 SEM micrograph of a different region of the sample in Fig. 4.8 after 21
days of immersion in the PBS solution x 5,000.



Figure 4.11 SEM micrograph of a different region of the sample in Fig. 4.8 after 21
days of immersion in the PBS solution at a higher magnification x 10,000.
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Figure 4.12 SEM micrograph of hydrotalcite particles x 10,000.



Figure 4.13 SEM micrograph of hydrotalcite particles x 30,000.
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CHAPTER 5

CONCLUSIONS

The present work was initiated to explore the preparation and characteristics of a

category of biomaterials used in tissue engineering applications, i.e. bioactive composites

based on biodegradable polyesters reinforced with inorganic fillers. During the past two

decades, significant interest has been developed in the area of such biocomposites.

Systems based on biodegradable polymeric matrices and a variety of organic or inorganic

fillers such as starch, glass ceramics, ca1cium phosphate salts and hydroxyapatite have

been investigated by researchers. The necessity for improved and precise solutions in

tissue engineering applications has led to biomaterials with improved mechanical

properties, controlled degradation characteristics and bioactive capability. The latter

refers to the ability of the biocomposites to promote an interfacial bond with the tissue

that supports its regeneration, and is mostly related to the type of filler used.

The idea of using a synthetic inorganic mineral based on hydrated

magnesium/aluminum carbonate, known as hydrota1cite, arose from results of the

bioactivity shown by hydroxyapatite and certain glass ceramics. The intent was to

provide alternative bioactive fillers in biodegradable composites that were to be used for

bone growth and orthopedic applications. In addition to its reinforcing characteristics

prior to the onset of polymer degradation, the inherent acid neutralizing capacity of

hydrota1cite was expected to provide pH control during the stage of polymer degradation,

which is usually accompanied by the formation of acidic low molecular weight

components.
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Two biodegradable polymers were used for the production of the composites,

namely a thermoplastic polyester based on butylene adipatelsuccinate and polylactic acid.

Two types of hydrota1cite fillers were used and compared in the present study; stearate

surface coated and uncoated hydrotalcite. Composites were produced by solution and

melt mixing techniques at a 30 wt% filler level. Unfilled polymer samples were also

obtained for comparison studies. A 1S mm twin-screw extruder was used for melt mixing

of the composites. It was not possible to obtain composites with polylactic acid by melt

mixing because of difficulties in grinding PLLA pellets to a fine powder feed for the

extruder and the lack of process stability of the polymer at the relatively high melt

temperatures.

Significant differences were noted following characterization of the composites

by DSC, TGA and melt rheology. Results varied depending on the type of polymer and

hydrota1cite materials and the choice of processing methods. Long-term degradation

experiments in vitro in the presence of a phosphate buffered saline (PBS) solution were

performed, in order to compare any structural and chemical changes with results from the

short-term characterization tests.

During the heating scans in the DSC experiments up to 210 °C for the unfilled

PLLA and its composites, the decomposition temperature of hydrota1cite has been

exceeded and decomposition products as water may have interacted with PLLA initiating

degradation. This degradation may have affected properties such as T g and Tm that

appeared to be lower in the two composites during the second heating. In general,

comparison between PLLA samples is only valid during the second heating scan when

their prior thermal history has been substantially erased. The polymer with the coated
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hydrota1cite seemed to have the same crystallinity as the unfilled melt sample; this is in

contrast to the uncoated one in which the filler appeared to prevent full crystallization. In

the absence of detailed information on the type and amount of stearate coating, and the

method of its application, it is difficult to speculate on the observed different effects of

the two grades of hydrota1cite on the DSC results.

Similar behavior of the PLLA composites was also observed in the TGA

experiments. Up to 200 °C, both unfilled and filled PLLA systems were very stable,

whereas starting at 300°C, the hydrota1cites appear to catalyze thermallhydrolytic

degradation of the matrix. Composites appear to suffer severe weight losses compared to

the unfilled systems, with only slight weight loss differences between the samples

containing the coated and the uncoated minerals.

In the long-term degradation studies polylactic acid composites show higher %

weight change than the unfilled samples. Unfilled PLLA samples show some swelling,

but compared with the composites this is insignificant. Hydrota1cite promotes much

higher swelling, hydrolysis and consequently degradation; this confirms the above short

term results on its catalytic role on degradation due to its bound water and alkalinity.

Additional studies in a composite PLLA sample, showed that 22S ppm of Mg and less

than 1 ppm of Al were released from the disc sample to the PBS solution. Further

investigation is needed to understand the release mechanisms of the hydrota1cite

elements, as well as further in vivo studies to speculate on the formation of the apatite

type minerals needed for bone growth applications. A pH reading equal to 6.94, after 139

days of immersion in the PBS solution, confirmed the expected neutralizing ability of the

hydrota1cite, which is toxicologically desirable for tissue engineering applications. SEM



53

microphotographs were taken before and after 21 days of immersion in the PBS solution,

showed significant degradation of the polymer with exposed hydrotalcite particles to the

solution. The morphology of the surface was significantly different, as it appeared rough

and fibrillar.

By contrast to the PLLA samples, PST samples did not show, in general, any

remarkable degradation results and were not investigated to the point that the PLLA ones

had. The type of hydrota1cite during DSC scans does not appear to affect the matrix

properties in either the solution or the melt-processed samples. During TGA analysis,

PST samples suffer much less weight losses compared to the PLLA ones and these

mostly correspond to those of the individual compounds. Although reliable melt rheology

data of PLLA composites are not available, PST composites show little or no degradation

at short times (less than 200sec) at the low temperatures of 130 °C used. No significant

differences were observed among coated and uncoated hydrota1cite containing

composites. As far as long-term degradation studies are concerned, all samples showed a

slight degradation in the PBS solution. Weight changes in the composites is not higher

than 2.S%, which is very low compared to the 17% changes observed for the PLLA

composites.

In summary, hydrotalcite minerals appear to be promising fillers in PLLA

biocomposites with potential uses in tissue engineering applications, where degradation

kinetics and good mechanical properties need to be coupled. Further in vivo experiments

are recommended in order to investigate the bioactivity of the mineral as related to the

release mechanism of Al and Mg and the formation of apatite type structures necessary

for bone growth. In any case, the resulting composite materials could also be used for
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other applications, where high rates of degradation are important, such as drug release

applications.



APPENDIX A

DIFFERENTIAL SCANNING CALORIMETRY THERMOGRAMS

In this Appendix, DSC thermograms for all the unfilled polymers and their composites

are presented.

Figures A.31 to A.36 present the DSC thermograms for samples PST-SN1 and

PSI-SN2. These samples were prepared the same way as the solution mixed ones with

the difference that a 0.1 N methanolic KOH solution was added to the solution before the

hydrota1cite. The concentration of the alkali was ca1culated based on the acid number of

the resins. After several days, the resulting composites appeared to have degraded

significantly as shown by the multiple peaks in DSC Figs A.31 to A.36. As a result no

further investigation was performed.
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Figure A.1 DSC thermogram of PLLA pellets during the first heating scan.



Figure A.2 DSC thermogram of PLLA pellets during the cooling scan.



Figure A.3 DSC thermogram of PLLA pellets during the second heating scan.



Figure A.4 DSC thermogram of PLLA-melt during the first heating scan.



Figure A.5 DSC thermogram of PLLA-melt during the cooling scan.



Figure A.6 DSC thermogram of PLLA-melt during the second heating scan.



Figure A.7 DSC thermogram of PLLA/uncoated hydrotalcite composite, prepared by solution mixing, during the first heating
scan.



Figure A.8 DSC thermogram of PLLA/uncoated hydrotalcite composite, prepared by solution mixing, during the cooling scan.



Figure A.9 DSC thermogram of PLLA/uncoated hydrotalcite composite, prepared by solution mixing, during the second heating
scan.



Figure A.10 DSC thermogram of PLLA/coated hydrotalcite composite, prepared by solution mixing, during the first heating scan.



Figure A.11 DSC thermogram of PLLA/coated hydrotalcite composite, prepared by solution mixing, during the cooling scan.



Figure A.12 DSC thermogram of PLLA/coated hydrotalcite composite, prepared by solution mixing, during the second heating
scan.



Figure A.13 DSC thermogram of PST pellets during the first heating scan.



Figure A.14 DSC thermogram of PST pellets during the cooling scan.



Figure A.15 DSC thermogram of PST pellets during the second heating scan.



Figure A.16 DSC thermogram of PST - melt during the first heating scan.



Figure A.17 DSC thermogram of PST - melt during the cooling scan.



Figure A.18 DSC thermogram of PST - melt during the second heating scan.



Figure A.19 DSC thermogram of PST/uncoated hydrotalcite composite, prepared by solution mixing, during the first heating
scan.



Figure A.20 DSC thermogram of PST/uncoated hydrotalcite composite, prepared by solution mixing, during the cooling scan.



Figure A.21 DSC thermogram of PST/uncoated hydrotalcite composite, prepared by solution mixing, during the second heating
scan.



Figure A.22 DSC thermogram of PST/coated hydrotalcite composite, prepared by solution mixing, during the first heating scan.



Figure A.23 DSC thermogram of PST/coated hydrotalcite composite, prepared by solution mixing, during the cooling scan.



Figure A.24 DSC thermogram of PST/coated hydrotalcite composite, prepared by solution mixing, during the second heating
scan.



Figure A.25 DSC thermogram of PST/uncoated hydrotalcite composite, prepared by melt processing, during the first heating
scan.



Figure A.26 DSC thermogram of PST/uncoated hydrotalcite composite, prepared by melt processing, during the cooling scan.



Figure A.27 DSC thermogram of PST/uncoated hydrotalcite composite, prepared by melt processing, during the second heating
scan.



Figure A.28 DSC thermogram of PST/coated hydrotalcite composite, prepared by melt processing, during the first heating scan.



Figure A.29 DSC thermogram of PST/coated hydrotalcite composite, prepared by melt processing, during the cooling scan.



Figure A.30 DSC thermogram of PST/coated hydrotalcite composite, prepared by melt processing, during the second heating
scan.



Figure A.31 DSC thermogram of neutralized PST/uncoated hydrotalcite composite, prepared by solution mixing, during the first
heating scan.



Figure A.32 DSC thermogram of neutralized PST/uncoated hydrotalcite composite, prepared by solution mixing, during the
cooling scan.



Figure A.33 DSC thermogram of neutralized PST/uncoated hydrotalcite composite, prepared by solution mixing, during the
second heating scan.



Figure A.34 DSC thermogram of neutralized PST/coated hydrotalcite composite, prepared by solution mixing, during the first
heating scan.



Figure A.35 DSC thermogram of neutralized PST/coated hydrotalcite composite, prepared by solution mixing, during the cooling
scan.



Figure A.36 DSC thermogram of neutralized PST/coated hydrotalcite composite, prepared by solution mixing, during the second
heating scan.



APPENDIX B

MELT RHEOLOGY PLOTS

In this Appendix, the plots resulted from the melt rheology data for PST and its

composites at shear rates of 2s -1 and Ss -1 are presented. The plot of the torque vs. time of

PLLA is also included. No further experiments were performed since instability of this

polymer occurred.

From Figure B.2 torque data for PSI-pel are quite steady up to 20s4 , whereas at

20s-1 torque decreases presumably for the reasons mentioned below. From Figure B.2

torque data for PLLA-pel are downswing at all shear rates. Figures B.4 and B.S show

viscosity of PSI-pel and PST-melt at 130°C and Ss-1 shear rates. Viscosity values are

fairly stable over long period of times and as discussed earlier PSI-melt has a slighter

lower viscosity than PSI-pel. In Figures B.6 to B.1 1 obtained at different shear rates,

only the average of values up to 200 sec was ca1culated and included along with % CV in

Table 4.4.

The serious instabilities observed in Figures B.6 to B.11 at extended times, may

be due to the high shear rates during the experiment. According to Tadmor and Gogos

(1978), at shear rates exceeding 20 .2 or 20-1 s-1 there is fracture of the polymer melt

initiating at the melt-air interface of the plate perimeter. The elastic energy at this point

becomes greater than the energy needed to fracture the polymer melt. As a result, the

"saw tooth" pattern observed in the melt rheology plots may be related to the creation of

such a secondary flow, commonly referred as "cigar" flow, represented by the "cones"

rolling in the direction of the upper rotating plate in Figure B.1. From the 3-dimensional
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prospective view that is presented in Figure B.1, one could observe that, as the plate is

rotating, at the tangent point between the two cones, fluid may be coming out of the space

between the plates reducing the torque. When the space in between the two cones

becomes larger, the cones are separated, and then the material outside the perimeter may

snap back (partially) in the flow region, increasing the torque. The process is cycling,

giving rise to the "saw tooth" pattern.

Figure B.1 3-Dimensional view of the secondary flow pattern at shear rate of 2s-1.



Figure B.2 Plot of torque vs. time of PST-pel at different shear rates at 130 °C.
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Figure B.3 Plot of torque or normal force vs. time for PLLA-pel at different shear rates
at 200°C. Lower curves, torque; higher curves, normal force.



Figure B.4 Plot of viscosity Eta vs. time for PST-pel at 5s4 shear rate.
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Figure B.5 Plot of viscosity Eta vs. time for PST-melt at 5s4 shear rate.



Figure B.6 Plot of viscosity Eta vs. time for PST/uncoated hydrotalcite composite,
produced by solution mixing, at 5s -1 shear rate.
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Figure B.7 Plot of viscosity Eta vs. time for PST/uncoated hydrotalcite composite,
produced by solution mixing, at 2s -1 shear rate.



Figure B.8 Plot of viscosity Eta vs. time for PST/coated hydrotalcite composite,
produced by solution mixing, at 5s -1 shear rate.
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Figure B.9 Plot of viscosity Eta vs. time for PST/coated hydrotalcite composite,
produced by solution mixing, at 2s4 shear rate.



Figure B.10 Plot of viscosity Eta vs. time for PST/coated hydrotalcite composite,
produced by melt processing, at 5s-l shear rate.
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Figure B.11 Plot of viscosity Eta vs. time for PST/coated hydrotalcite composite,
produced by melt processing, at 2s4 shear rate.
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