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ABSTRACT

The purpose of this research was to find a combination of poly (L-lactic
acid), also known as poly-L-lactide or (PLLA) and antioxidants that would,
together, produce a product whose degradation rate would be advantageous for use
in biodegradable medical implants. Intrinsic viscosity tests were conducted on
compression molded samples of PLLA that were molded at various processing
parameters in order to find optimal parameters. The optimal processing
parameters were found to be time 10 minutes, temperature 220°C, and pressure
1000 psi.

The molecular weight of PLLA sample was taken while pressure, time, and
temperature were varied. As pressure increased, no significant change in molecular
weight was noticed. When the time was increased, the molecular weight decreased.
Then when temperature increased, the molecular weight of PLLA also decreased.

Compression molded samples were also made with a mixture of PLLA and
antioxidants. At 0.6% of concentration, antioxidants in this study did not prove any
benefits for PLLA to reduce the molecular degradation. All samples with 0.6%
antioxidants showed lower molecular weight than pure PLLA.

Outcomes of this research provide a better understanding of biodegradable
polymers and the factors that contribute to a successful mold. This research
develops the best possible poly-L-lactic acid compression sample for further studies

in the industry, including medical applications.
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CHAPTER 1

INTRODUCTION

Biomaterials have long been used by physicians in the medical field to repair,
assist, or replace living tissue or organs in the human body that are functioning below an
acceptable level (Kroshchwitz, 1998). Poly-L-lactide (PLLA) is a polymer that degrades
in the human body. The biodegradability of PLLA is attractive for many implant
applications where ceramics, metals, or other polymers are ineffective.

During the early days of medicine, surgeons used stainless steel and metallic
devices as staples, sutures, pins, rods, screws, and tacks in the human body. While their
use was and continues to be important, implanting stainless steel provides a permanent
fixture in the body. Just as the first surgical wound begins to heal, it is time for a surgeon
to perform a second operation to physically remove the temporary implant from the body
because it is no longer needed. Implants cannot be left in the body because all metallic
materials corrode (Black, 1988). The second operation is inconvenient and unpleasant
for the patient because they must wait even longer to fully heal. After removal of the
device, the area of the body in which the device was implanted has the potential of
becoming damaged again because it bears the stress and weight of the body all at once,
rather than easing into it gradually.

Ceramics are among the oldest materials. Their use in the world of medicine is
quite new. Inertness and chemical resistance makes ceramics an excellent biomaterial

because the chemical structure of ceramics does not noticeably change after implantation.



PLLA & DEGRADATION 2

Currently, aluminum oxides, hydroxyapatite, and glass-ceramics are the three most
prominent ceramics used in medical implants (Middleton & Tipton, 1998).

Scientists studying polymers during the first half of the 20" century concluded
that polymers synthesized from glycolic acid and other alpha-hydroxy acids were too
unstable for long-term use. Alpha-hydroxy acids started to degrade as they were
processed. However, the instability of these polymers has become very relevant for use
with medical devices in society today. The fact that these polymers do degrade has
rendered them much more useful today in specialized fields that rely on controlled
degrading over a short period of time (Birmingham Polymers Applications, 2000).

Biodegradable sutures were approved in the 1960s by the Federal Drug
Administration (FDA). The significance of biodegradable implants is that they do not
need to be retrieved from the body. Biodegradable materials decompose through the
body’s natural metabolic processes, allowing the tissue cells to re-form as the device
degrades and permits the stress of the body to be slowly transformed. The FDA’s
approval of biodegradable sutures has led to the development of other biodegradable
implants.

Poly (L-lactic acid), also known as poly-L-lactide or PLLA, is manufactured or
synthesized by combining of many lactic acid monomers that occur naturally and degrade
slowly over time. PLLA has a high tensile strength and low elongation, which makes it
more suitable for load-bearing applications, i.e., orthopedic fixations and sutures
(Middleton & Tipton, 1998). PLLA is used as a biomaterial for sutures, clips, nets, and
bandages (Boehringer Ingelheim, 1999a). It reacts with water and aqueous acids or bases
to form lactic acid (Purac Product Data, 1996). According to Boehringer Ingelheim

(1999a), other applications of PLLA include wound closures such as staples, meshes, and
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dressings; prosthetic devices such as bone screws, pins, rods, plates, tendons, ligaments,
skin substitutions, vascular grafts, stints, nerve guides; and drug delivery systems, such as
microspheres, rods, needles, hollow fibers, peptides, proteins, vaccins, hormones, and

cytostatics.

1.1 Statement of the Research

The purpose of this research was to experiment with processing parameters and to
identify effective antioxidants to minimize degradation of PLLA during processing. The
experiment involved identifying the optimal balance of processing parameters, i.e.,
temperature, time, and pressure. After the optimum parameters were found for PLLA,
antioxidants were introduced to reduce oxidative degradation during processing. The
effects of pressure, time, temperature, and antioxidants on molecular degradation of
PLLA were investigated. The molecular degradation was evaluated using the intrinsic

viscosity method.

1.2 Significance of the Research

The problem with degradable materials, including PLLA, is that they degrade
during the manufacturing process. Although degradation is exactly what scientists look
for in biomaterials, the degradation that takes place during manufacturing needs to be
minimized or eliminated altogether.

A typical manufacturing process for biodegradable polymer products involves
heating the polymer and forming the product under pressure. Thus, pressure,
temperature, and process time are important parameters for processing biodegradable

polymers. These parameters are also critical for controlling the polymer degradation



PLLA & DEGRADATION 4

during processing. Therefore, an optimal combination of processing parameters needs to
be identified to reduce degradation of biodegradable polymers during the molding
process.

During processing, the major degradation event is oxidation of the polymer, due
to high temperature. Antioxidants can be introduced into the polymer as additives to
reduce degradation of the polymer during processing. In order to retard oxidation,
effective types and amounts of antioxidants need to be identified to provide optimal

protection for the polymer.

1.3 Hypotheses

1. Incorporating a variety of antioxidants into compression molded PLLA specimens
decreases the amount of degradation as measured by its molecular weight.

2. Degradation is slowed by employing optimal processing parameters.

1.4 Definition of Terms

3-hydroxyanthranilic acid: HAA is a new antioxidant that was isolated from the
methanol extract of tempeh (Esaki, 1996).

Antioxidant: A substance that inhibits reactions with oxygen or
peroxides.
BHT: Butylated hydroxytolune, a low molecular weight food

grade synthetic antioxidant.

Compression molding: A process used to form a finished component from raw
resin by applying pressure on the molds while heating.

Fraxetin: The trade name for 7,8-dihydroxy-6-methoxycoumarin,
98%.
Free Radical: An unstable molecule that contains an unpaired electron

(Strong, 1996).
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Isophorone diisocyanate, 98%: IPDI or 3,5-di-tert-butyl-4-hydroxyl benzyl

Molecular weight:

Oxidation:

PLLA:

Polymer:

Quercetin:

TBHQ:

Vitamin E:

Viscosity:

hexamethylene dicarbamate with a molecular weight (MW)
of 640. A hindered phenol group with higher MW
synthesized by direct addition reaction of 2,6-di-tert-butyl-
4-hydroxyl methyl phenol (DBHMP) and isocyanates.

The average mass of a molecule of a compound compared
to 1/12 the mass of carbon 12; the sum of the atomic
weights of the constituent atoms.

The process of reaction with oxygen (Strong, 1996).

Poly (L-lactic acid), also known as poly-L-lactide is a
biodegradable polymer with about 37 % crystalline, a
melting point of 175-178 °C and a glass-transition

temperature of 60-65 °C (Middleton & Tipton, 1998).

A chemical compound or mixture of compounds formed by
polymerization and consisting essentially of repeating
structural units called monomers.

A natural flavonoid antioxidant that has been isolated from
many plants.

Tertiary butylhydroquinone, a synthetic phenolic
antioxidant.

Tocopherol, fat-soluble phenolic compound with
varying degrees of antioxidant vitamin E activity
obtained from germ oils or by synthesis.

The resistance to flow in a fluid or semi-fluid.
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1.5 Assumptions

In this research the following will be assumed:
1. The antioxidants used in this research were close to their original condition
and in compliance with industry standards.
2. PLLA is consistent and uniform throughout.
3. Antioxidants are evenly distributed throughout the polymer matrix.

4. Viscosity is an accurate predictor of molecular weight.

1.6 Limitations

The findings in this research have the following limitations:

1. Human error and accuracy of the testing equipment can affect the accuracy of
the test results.

2. The quality of the PLLA and antioxidants is controlled by the suppliers.

3. Changes in ambient temperature and the associated rate of cooling between
the compression molded specimens can affect research results.

4. Characteristics of PLLA and antioxidant combinations can affect the
compression molding process.

5. Changes can occur in humidity after drying and before compression molding.
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1.7 Delimitations

The research is bound to the following parameters:

1. The type of PLLA used in this research is limited to Purac biochem, a family
of homopolymers of PURASORB.

2. Molecular weight is determined using intrinsic viscosity. The evaluation of
all polymer specimens was performed using an intrinsic viscosity constant
temperature bath.

3. Compression pressure was applied using a press by Buehler.

4. Temperature in the compression molding of PLLA was maintained by an
Athena XT16 temperature controller.

5. The amount of time the sample was held was measured using a stopwatch.

6. Antioxidants used in this research included the following: Quercetin, TBHQ
(tertiary butylhydroquinoe), IPDI (isophorone diisocyanate), HAA (3-

hydroxyanthranilic acid), and Fraxetin.
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CHAPTER II

LITERATURE REVIEW

This review of literature includes sources related to the significance of and
problems associated with biodegradable polymers, antioxidants, and processing
parameters. The past and current use of implantable polymers is discussed. Past

research describing the benefits of antioxidants will be discussed.

2.1 Polymers

Polymers are chemical compounds or mixtures of compounds formed by
polymerization, essentially consisting of repeated structural units called
monomers. Polymers are used by various industries, including food and
beverage, foundry, lumber, bulk materials handling, transportation, mining,

mineral processing, paper, recreational equipment, textiles, and medical implants.

2.2 Processing

Thermoplastic polymers can be melted and processed by conventional
means such as extrusion, injection molding, and compression molding. Each
process is different and has its advantages and disadvantages.

Extrusion begins when polymer resin from a hopper is fed into a chamber.
After the resin is in the chamber, an oscillating ram arm forces the resin material
into a die. Heat is applied to the material, making the polymer expand and causing
resistance to the ram. It is a continuous process that produces bar stock of varying
cross-sections (Biomet, 1996). Other typical extruded products include profiles,

bars, rods, and pipes.
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Injection molding is a key process in the polymer processing industry.
The process is economical and efficient. An injection molding machine consists
of an injection unit, a mold clamping unit, a hydraulic unit, and a control unit.
Shearing and heating the injection unit melts resin material. The melted material
is injected with pressure into a mold that is held by the clamping unit. As the
polymer cools, it solidifies into the shape of the mold. Figure 1 shows a basic
injection molding machine (Gao and Tian, 1999). Injection molding provides

excellent product consistency.
Screw Displacement

‘ i Mot
F....__._? y Rotational Motor

e

. H ¥ 7L
| § - ;,fsf %7 T e "" e ‘ o o ;x o
; R ==t e M
| ! LT 7 T L
| Mold | g B
—r 1\ 7
4
Heater Screw g
Barrel Temperature b

Servo-valves

Solenoid Valves

Qil Tank

Figure 1 Illustration of basic injection molding process.

Compression molding is used to form complete pieces from raw material

resin by compressing molds being heated. Figure 2 is a typical compression
molding process. The outer rod diameter and inner sleeve diameter are the same.

To mold a material, the bottom rod is placed into the sleeve and a known amount
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of material resin is placed into the mold. The mold is capped with a rod with the
same diameter, then pressed and cycled through specific temperatures, times, and
pressures. The compression mold is allowed to cool before de-molded and
trimmed. Compression molding wastes the least amount of material by leaving
little unused material out of the mold, thus is better for large parts. Resin quality
and surface roughness can be controlled during processing (Ramani and Parasnis,
1998). The disadvantages of compression molding are material inconsistency and

low production rate (Compression Molding, 2001).

Figure 2 Illustration of a typical compression molding process.
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2.3 Biodegradable Polymers

Biodegradable polymers have a wide range of mechanical properties and
degradation rates. All polymers degrade and consequently material properties
deteriorate. During degradation, the chain length of polymer molecules decreases.
This process is known as molecular degradation. Because of their ability to
degrade, biodegradable polymers are used in the human body as temporary
devices. The significance of biodegradable polymer implants in humans is that a
second operation is not needed for removal, allowing an individual more freedom
to heal without reintrusion.

Middleton and Tipton (1998) stated that orthopedic fixation devices made
from synthetic biodegradable polymers have advantages over metal implants
because they transfer stress over time to the damaged area. This allows healing of
the tissues and eliminates the need for a subsequent operation for implant
removal. Current materials have not exhibited sufficient stiffness to be used as
bone plates for support of long bones, such as the femur. Rather, they have found
applications where lower-strength materials are sufficient. For example, they are
being used as interference screws in ankle, knee, and hand areas; as tacks and pins
for ligament attachment and minuscule repair; as suture anchors, rods, and pins

for fracture fixation.
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2.4 Physiological Compatibility of Biodegradable Polymers

Boehringer Ingelheim (1999a) stated that various types of polymers are
nontoxic and are well tolerated by organisms. A number of animal tests and
clinical trials have verified this with lactic and glycolic acid. PLLA is easily
metabolized and excreted by the human body or by animals (Boeinger Ingelheim,

1999a).

2.5 Failure of Polymers

Most polymers begin to degrade as soon as they are made. Moisture,
temperature, and gamma-radiation increase the degrading process. Boehringer
Ingelheim (1999b) suggest that contact with moister cause PLLA to degrade
quickly. This includes improper drying of the polymer. The second way to cause
failure of polymers is to subject them to higher temperatures than needed for
drying purposes. Processing polymers requires a very accurate temperature
control since the material degrades considerably even in the pellet form.
Processing temperatures have to be as low as possible, as thermal damage is
significant. When not in use polymers should be stored in a freezer at a
temperature below 10 °C. Costa, Luda, Trossarelli, Brach del Prever, Crova &
Gallinaro (1998) stated that the last significant cause of failure of polymers is the
sterilization method used by medical device manufacturers. Gamma-radiation
breaks polymer molecular chains, resulting in generation of free radicals, which

leads to oxidation and accelerated wear.
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2.6 Biodegradation

Biodegradation is the process in which a material is broken down from its
original state. Hydrolysis is one form of degradation for glycolide, ¢-
caprolactone, and lactide polymers. After water or moisture is introduced to the
material, random hydrolysis begins, and fragments of the material are split from
one another causing phagocytosis. Phagocytosis is a process of diffusion and
metabolism. Hydrolysis is affected by the size, the crystallinity, pH, and
temperature of the environment (Birmingham Polymers Applications, 2000).

The degradation rate depends on the molecular weight, surface quality,
composition of the polymers, and environmental conditions. The hydrolytic
degradation of polymers leads first to a decrease in molecular weight. Only at
the end of the degradation time can a loss in mass be observed, which leads to the

complete decomposition of the polymer (Boehringer Ingelheim, 1999a).

2.7 Evaluation of Molecular Degradation

Polymeric degradation causes deterioration in material properties. The
degradation in the molecular structure of polymers is of critical importance for
many applications. One of the important measures for polymer structure is
molecular weight, which is decreased as a result of polymer chain scission. The
molecular weight of a polymer is related to its intrinsic viscosity (limiting
viscosity number) according to the following Mark-Houwink-Sakurada equation
(Kumar & Gupta, 1998):

Myv=(w/k)"*
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Where n is intrinsic viscosity. Mv is known as viscosity-average molecular
weight and k and a are empirical constants that are determined by polymer type
and experimental conditions. For biodegradable poly(L-lactide), k and are 5.45 x
10A*dL/g and 0.73, respectively. A viscometer can be used to measure the
viscosity, or molecular weight, of a polymer (Ciesielska & Liu, 1998).
Ciesielska and Liu (1998) stated: Neq = (tc — to) / (t,C) where N4 is
reduced viscosity, t. is efflux time for polymer solution at concentration C, and t,
is efflux time for solvent. The reduced viscosity N4 can be calculated for each
solution in order to measure the intrinsic viscosity of plastic. A graph of reduced
viscosity vs. polymer concentration can be plotted. Intrinsic viscosity can be
extrapolated as the reduced viscosity at zero concentration. Thus, molecular

chain length or molecular weight can be measured in terms of intrinsic viscosity.

2.8 Processing Parameters and Equipment

PLLA is the family of homopolymers of L, L(-)-lactide. According to
PURAC’s product data sheet, PLLA is supplied in the standard form of white
granules suitable for conventional processing methods. PLLA can be essentially
stable when stored at low temperatures, e.g., freezer in an inert atmosphere. The
sealed bag needs to be warmed up to room temperature before opening. PLLA
reacts with water and aqueous acids or bases to form lactic acid (Purac Product

Data, 1996).
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2.9 Drying

PLLA homopolymer resin must be dried before processing in order to
avoid unnecessary degradation during molding. The drying is performed in a
vacuum oven at 120° C for five hours. Boehringer concluded that when using the
drying temperature of 140° C, no significant molecular weight decrease was
observed after a period of 24 hours. However, it has been proven that increasing
the drying temperature has detrimental effects on the material. Effects of drying
depends more on the drying temperature than on the drying time. Drying values
approach an asymptotic limit depending on the temperature applied. Drying can
be done in a vacuum oven or in an absorption-circulating drier (Boehringer

Ingelheim, 1999b).

2.10 Compression Molding

The processing parameters for polymers are pressure, time, and
temperature. Ramani and Parasnis (1998) state that compression molding
involves the application of pressure and temperature in a proper sequence to
provide parts of highest quality. Heat is applied to start melting the sample, and
as the sample starts to melt and pressure is applied, voids are eliminated. The
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