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ABSTRACT

Flexural strength, flexural modulus, surface hardness, water sorption, water
solubility, level of residual monomer and biocompatibility are important properties of
self-cured orthodontic resins. The purpose of this study is to compare these properties
of a Thai self-cured orthodontic resin with the commercial product (Orthocryl®). The
tested specimens were classified into 4 groups according to their types and fabrication
techniques (Thai-mixing, Thai-infiltration, Orthocryl®-mixing, Orthocryl®-infiltration)
and were tested by the methods described by ISO 1567:1999 which is the international
standard for dental polymers. Flexural strength, flexural modulus, surface hardness,
water sorption, water solubility, residual monomer and biocompatibility of the resins
were determined. Kruskal-Wallis, Mann-Whitney and One-Sample T tests (P<.05)
were used to compare significant differences in the levels of these properties among
the four groups of self-cured orthodontic resins. According to 1SO1567:1999, the
properties of the Thai resin were acceptable. The surface hardness of Orthocryl® was
significantly higher than that of the Thai resin. Water sorption and solubility of
Orthocryl® were significantly lower than those of the Thai resin. However, there were
no significant differences in flexural strength, flexural modulus and level of residual
monomer between Orthocryl® and the Thai resin . The specimens prepared by mixing
and infiltration technique showed no significant differences in levels of flexural
strength, flexural modulus, surface hardness, water sorption, water solubility and
residual monomer.

This study suggests that the Thai self-cured orthodontic resin is suitable as an
alternative orthodontic denture base. Also, this study will serve as a guidance for
further development of Thai self-cured orthodontic resin.

KEY WORDS: SELF-CURED RESIN / ORTHODONTIC RESIN
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CHAPTER 1
INTRODUCTION

Early fabrication of orthodontic removable appliances used vulcanized rubber,
which was introduced by Charles Goodyear in 1839. This compound found
widespread application as a denture base. Acrylic resins were rapidly developed
during the early years of the Second World War when the use of natural rubber for
dental vulcanite was prohibited (1). Formerly, orthodontists used heat-polymerized
denture base resins for construction of orthodontic removable appliances. Later,
autopolymerized or self-cured systems were mainly used due to their favorable rapid
and easier fabrication of removable appliances. At present, self-cured acrylic resins are
the most commonly preferred materials in fabrication of orthodontic appliances such
as retainers and active plates. The “salt and pepper” or infiltration technique allowed
the appliances to be constructed more satisfactorily, which eliminated the conventional
flasking and packing stages (2).

There are many companies in Thailand marketing self-cured orthodontic
acrylic resins, which all are imported from foreign countries. Recently, in co-operation
between the National Metal and Materials Technology Center (MTEC) and Faculty of
Dentistry Mahidol University (MU), Thai self-cured orthodontic acrylic resins were
first produced. Then, assay properties such as flexural strength, flexural modulus,
surface hardness, water sorption, water solubility, level of residual monomer and
biocompatibility of the recent Thai self-cured orthodontic resins are important for
clinical application. The recent study of the properties of Thai resins (3) showed that
flexural modulus, surface hardness, water sorption, water solubility except flexural
strength were satisfied according to the 1SO 1567:1999 requirements (4). However,
the properties of Thai resins were inferior to those of the commercial Orthocryl®. The
further study on improvement of the properties, especially flexural strength of Thai
resins was recommended.

Self-cured resins exhibited higher residual monomer than heat-cured resins (5).
Also, self-cured acrylic resins employed for removable orthodontic appliances were
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reported a greater content of free residual monomer (3, 6). Residual monomer
concentration varied with the methods and the conditions of polymerization (5, 7).
Residual monomer in denture base polymer was reported in the literatures which had
been postulated as etiology of mucosal irritations (8, 9). Therefore, assessment of the
level of residual methyl methacrylate monomer and biocompatibility of Thai self-
cured resins were crucial for clinical application.

The properties of Thai self-cured orthodontic resins that complied with ISO
1567:1999 would lead to the production of these resins for imported resin replacement

which would benefit Thai economy and also lower dental cost.
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CHAPTER 2
OBJECTIVES

Objectives of this study

1. To determine and compare flexural strength, flexural modulus, water
sorption, water solubility and level of residual methyl methacrylate monomer of Thai
self-cured orthodontic resin according to 1ISO 1567:1999 requirements.

2. To determine and compare biocompatibility of Thai self-cured orthodontic
resin according to 1SO 7405:1997 requirements.

3. To determine and compare flexural strength, flexural modulus, surface
hardness, water sorption, water solubility, level of residual methyl methacrylate
monomer and biocompatibility of Thai self-cured orthodontic resin with those of the
commercial self-cured orthodontic resin (Orthocryl®).

4. To determine and compare flexural strength, flexural modulus, surface
hardness, water sorption, water solubility, level of residual methyl methacrylate
monomer and  biocompatibility of Thai self-cured orthodontic resin and the
commercial self-cured orthodontic resin (Orthocryl®) fabricated by conventional
(mixing) and infiltration techniques.

Statements of hypothesis

1. The levels of flexural strength, flexural modulus, water sorption, water
solubility and level of residual methyl methacrylate monomer of Thai self-cured
orthodontic resin are in limits described by I1SO 1567:1999 requirements.

2. The biocompatibility of Thai self-cured orthodontic resin is in limits
described by ISO 7405:1997 requirements.

3. There are no statistically significant differences in levels of flexural strength,
flexural modulus, surface hardness, water sorption, water solubility, level of residual
methyl methacrylate monomer and biocompatibility of Thai self-cured orthodontic
acrylic resin and the commercial self-cured orthodontic resin (Orthocryl®).
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4. There are no statistically significant differences in levels of flexural
strength, flexural modulus, surface hardness, water sorption, water solubility, residual
methyl methacrylate monomer and biocompatibility of Thai self-cured orthodontic
acrylic resin and the commercial self-cured orthodontic resin (Orthocryl®) fabricated

by conventional and infiltration techniques.

The expected benefits of this study

1. This study is a guideline for further development of Thai orthodontic self-
cured acrylic resins.

2. If physical and biological properties of Thai self-cured orthodontic resin is
found to comply with ISO 1567:1999 requirements, Thai resin can be an alternative
for imported orthodontic denture base materials.

3. This study will provide the scientific data for clinicians and technicians to be
careful in manipulation and construction of orthodontic appliances that influences the
properties of denture bases especially by infiltration technique.

Control of variables

Any identified variables, which may interfere with the experiments have been
controlled to ensure the validity of the results. In this study, the powder and liquid
portions of the polymers were accurately weighed before mixing to ensure the
consistency of powder/liquid ratio. The resins were mixed and cured according to the
manufacturer’s instructions. All specimens were accurately measured for dimensional

accuracy before tests.
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CHAPTER 3
LITERATURE REVIEW

The historical development of orthodontic acrylic resins

Acrylic polymers were first introduced as denture base materials in 1937 (10)
and have been used as dental base materials for prosthetic and orthodontic removable
appliances. Acrylic resins were rapidly developed during the early years of the Second
World War when the use of natural rubber for dental vulcanite was prohibited (1).
Formerly, heat-curing denture base resins were used for a construction of orthodontic
removable appliances. Later developments of auto-polymerized or “self-cured” resins
have produced which facilitated a more rapid and easier fabrication of removable
appliances. They have excellent esthetic properties, adequate strength, low water
sorption, low water solubility, easier fabrication and repair.

The self-cured denture base is chemically similar to the heat-cured denture
base except reducing agent is added to the monomer. The reducing agent is usually a
tertiary aromatic amine, though barbituric acid derivatives have been used also. The
reducing agent reacts with the benzoyl peroxide at room temperature to produce
peroxy radicals, which initiate the polymerization of the monomer in the denture base.
There is a wide variation between manufacturers in the molecular weights of the
polymers in the powder beads. Some have average molecular weights as low as
190,000. Cross-linker concentrations vary greatly in the monomer liquid, from 0% to
9%, interestingly excess cross-linker is associated with high creep. The size, molecular
weight and plasticizer contents are balanced to give a high penetration of monomer
into the powder beads without too early increase in viscosity of the mix to allow
pouring of the acrylic into the mold. This compromise is difficult to achieve and often
results in high free residual monomer content and low cross-linker density. It is the
attempt by manufacturers to achieve the best compromise that results in the wide
ranges of molecular weights and cross-linker concentrations found in the materials,
which inevitably result in large differences in physical and mechanical properties

between the various products (11).
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Classification of denture base polymers
Denture base polymers covered by the International Organization for
Standardization are of the following types and class according to ISO 1567:1999 .
Type 1: Heat- polymerizable polymers
Class 1: Powder and liquid
Class 2: Plastic cake
Type 2: Auto-polymerizable polymers
Class 1: Powder and liquid
Class 2: Powder and liquid pour-type resins
Type 3: Thermoplastic blank or powder
Type 4: Light- activated materials

Type 5: Microwave cured materials

Acrylic resins

Today most removable dentures are made of acrylic resins. The properties of
materials are not ideal but present a compromise between physical properties on the
one hand and ease to use and cost on the others (12). There are at least two acrylic
resin series that are of dental interest. One series derived from acrylic acid,
CH,=CHCOOH, and the other from methacrylic acid, CH,=C(CH3;)COOH.

Although the polyacids are hard and transparent, their polarity related to the
carboxyl group causes them to imbibe water. The water tends to separate the chains

and cause a general softening and loss of strength (1).

Methyl Methacrylate, MMA

Poly(methyl methacrylate) by itself is not used in dentistry to a great extent in
moulding procedures. Rather, the liquid monomer methyl methacrylate is mixed with
the polymer which is in the powdered form. The monomer partially dissolves the
polymer to form a plastic dough. This dough is packed into the mould and the
monomer is polymerized.

Methyl methacrylate is a clear, transparent liquid at room temperature with the
following physical properties: melting point of -48°C, boiling point of 100.8 °C,
density of 0.945 g/ml at 20 °C, and heat of polymerization of 12.9 kcal/mol. It exhibits
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a high vapour pressure and excellent organic solvent (1). Although the polymerization
of the methyl methacrylate can be initiated by ultraviolet or visible light or heat, it is

commonly polymerized in dentistry by the use of a chemical initiator (1).

Poly(methyl methacrylate), PMMA (Fig. 3.1)

Poly(methyl methacrylate) is a transparent resin of remarkable clarity. It
transmits light into the ultraviolet range to wavelength of 0.25 pm. It is a hard resin
with a Knoop hardness number of 18 to 20. Its tensile strength is approximately 59
MPa (8500 psi) and its specific gravity is 1.19. Its modulus of elasticity is
approximately 2400 MPa (350,000 psi).

The resin is extremely stable with no discoloration in ultraviolet light. It
exhibits remarkable aging property. It is chemically stable to heat. Its softening point
is at 125 °C, which is able to mould as a thermoplastic material (1).

The resin can be colored or tinted to almost any shade and degree of
translucence. Its color and optical properties are stable under all normal conditions,
and its strength and other physical properties are adequate. The properties of acrylic
resins are not ideal, of course, no any properties of other dental materials are ideal.
However, it is the combination of desirable characteristics that have made them so
acceptable.

The main advantage of poly (methyl methacrylate) is ease of processing.
Although it is a thermoplastic resin, it is usually moulded by mixing the methyl
methacrylate monomer with the polymer powder. The monomer plasticizes the
polymer to doughlike consistency and it can then be easily moulded initially in the
mould space. The monomer is subsequently polymerized, and the resulting denture

base is composed of a solid, homogeneous resin.
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O-CH; O-CHz; O -CHs

| | |
C=0 C=0 C=0
| | |
--CH,~C—CH;~C —CHy— C--
| | |
CH; CH; CH;

Fig.3.1 Chemical structure of PMMA: Poly (methyl methacrylate)

Polymerization

Polymerization occurs through series of chemical reactions by which the
macromolecule, or polymer, is formed from large numbers of single molecules known
as monomers (monomer means one molecule or one mer).

The most significant features of polymers are that they consist of very large
molecules, that their molecular weight varies over a wide range, and their molecular
structure is capable of virtually limitless configurations and conformations (13).

Basically, the polymer is made up of a particular recurring, simple structural
unit, which is essentially related to the monomer structure. The structure units are
usually connected to each other in the polymer molecule by covalent bonds.

The polymerization can be initiated either by heating the polymer-monomer
mixture, by chemical activation at room temperature, or by activating the reaction

using microwave energy or visible light (14).

Three stages of addition polymerization of methyl methacrylate (11)

1. Initiation stage

Heat
CsHsCOO-O0OCCgH5 _ CsHsCOO - + C4Hs + CO,

Amines

Benzoyl peroxide —— Free radicals (R) + Carbon dioxide
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CH; CH3
| |
R-+ CH,=C R-CH,-C-
| |
COOCH; COOCH ;
Free radical + Monomer ——» Free radical

(Activated monomer)
2. Propagation stage
CH; CH; CH; CH;
| | |
R—CH,-C-+CH,-C __, R-CH;-C- CH,-C:
COOCH; COOCH ; COOCH ; COOCH 3

Polymer free radical + Monomer ——» Growing chain

3. Termination stage

CH3 CH; CH3

| | |
R‘PCHz— C_]n_ CH2 — C +R- R —[CHz —C ]HR

| | |

COOCH; COOCH; COOCH;

—

Free radical polymer + Free radical Polymer chain
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Chemically activated acrylic resins

Chemically activated acrylic resins, first used for dental purposes in Germany
during World War II, are known variously as “self-curing”, “cold-cured”, or
“autopolymer” resins. Its differences from heat-cured resin are the method of
activation of benzoyl peroxide and the degree of polymerization which is not high as
heat-cured resins (1).

The chemical-cured dental acrylic system consists of a liquid component and a
solid component. A liquid component consists of methyl methacrylate(MMA)
monomer, crosslinkers, and activator, typically a tertiary amine such as N,N dimethyl-
p-toluidine(DMPT). Pre-polymerized beads of poly(methyl methacrylate)(PMMA)
coated with an initiator, e.g., benzoyl peroxide, make up the powder component. When
the two components are combined and mixed, MMA dissolves into the PMMA beads,
forming a material of doughy consistency. At the same time, N,N dimethyl-p-toluidine
(DMPT) comes in contact with benzoyl peroxide, generating benzyl free radicals that
go on to initiate the chemical reaction for free radical addition polymerization.
Polymerization in the two-part chemical-cured acrylic resin is free radical addition
across an aliphatic C=C double bond. As polymerization progresses, the amount of
aliphatic C=C double bond decreases. Often, the reaction is not complete, so there will
be a finite amount of monomer (MMA) remaining in the chemical- cured acrylic. The
polymerization is never as complete as that of the heat-curing type; self-cured resin
usually contains 3-5% residual monomer, in comparison with approximate 0.2-0.5
percent free monomer found in resin processed in boiling water. Depending on the
proportions of the initiator and activator, the concentration of residual monomer is
typically on the order of 3 wt% (15).

The compositions of self-cured resin are the same as those of heat-cured resin,
except two differences. Firstly, the powder contains beads of polymer which has lower
molecular weight than those of heat-cured resin. Another, the liquid contains chemical
activator to initiate the additional polymerization resulting in the greater amount of
residual monomer compared to heat-cured resin. This residual monomer creates two
major disadvantages. The residual monomer acts as a potential tissue irritant and a

plasticizer, which results in decreasing of transverse strength of the cured resin (16).
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Self-cured resins have advantages such as excellent esthetic property, easily
fabrication and repair. Disadvantages of self-cured resins are lack of color stability,
shrinkage, presence of residual monomer, and cracking or crazing. Craze resistance
has been improved and the material is closed to 95% polymerization (17). However,
the problem of residual monomer has not been totally solved. The color stability of the
self-curing resins is inferior to that of the heat-curing type because of the subsequent
oxidation of the tertiary amine. The condition can be minimized by the addition of
certain stabilizing agents to prevent such oxidation, or the polymerization may be

consummated by the use of a more stable activators .

Requirements of auto-polymerizable polymers
Requirements of auto-polymerizable denture base polymers by the
International Organization for Standardization according to ISO 1567:1999 (4).
1.Unpolymerized material
1.1 Liquid component consists essentially of monomeric material compatible
with the powder and free of deposit that can be observed by visual inspection.
1.2 Solid component shall be free of extraneous material that can be observed
by visual inspection.
2. Polymerized material
2.1 Biocompatibility
2.2 Surface characteristics; specimens processed in the manner recommended
by the manufacturer should have a smooth, hard and glossy surface.
2.3 Color; a specimen shows no more than a slight difference when compared
with the corresponding shade of the shade guide. The colored denture base
polymers shall be translucent and evenly pigmented and/or where applicable.
2.4 Color Stability; test specimens shall not show more than a slight change in
color.
2.5 Translucency; the shadow of the illuminated opaque disc shall be visible
from the opposite side of the test specimen plate.
2.6 Freedom from porosity; specimens strip shall not show voids that can be

observed by visual inspection.
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2.7 Flexural strength; the flexural strength shall be not less than 60 MPa when
tested in water at (37+1)"C.

2.8 Flexural modulus; the flexural modulus shall be at least 1500 MPa when
tested in water at (37+1)°C.

2.9 Residual methyl methacrylate monomer; the upper limit for residual methyl
methacrylate is 4.5% mass fraction.

2.10 Sorption; water sorption shall not exceed 32 pg/mm’.

2.11 Solubility; water solubility shall not exceed 8.0 pg/mm’.

Requisites for dental resin (14)
Ideal requisites for dental resin are as follows:

e The material should exhibit a translucence or transparency such that it can be
made to duplicate esthetically the oral tissues. It should be capable of being
tinted or pigmented to this end.

e It should be no change in color or appearance of the material subsequent to its
fabrication.

e It should not expand, contract, or warp during processing or during subsequent
use by the patient. In other words, it should be dimensionally stable under all
conditions of service.

e It should possess adequate strength, resilience, and abrasion resistance.

e [t should be impermeable to the oral fluids to the extent that becomes
unsanitary or disagreeable in taste or odor.

e It should be completely insoluble in the oral fluids or in any substances taken
into the mouth. It should not absorb such fluids.

e The resin should be tasteless, odorless, nontoxic, and nonirritating to the oral
tissues.

e It should have a low specific gravity.

e Its softening temperature should be well above the temperature of any hot food
or liquid taken into the mouth.

e In case of unavoidable breakage, it should be possible to repair the resin easily

and efficiently.
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e The fabrication of the resin into a dental appliance should be easily made with

simple equipment.

Flexural strength

Flexural strength is an important mechanical property of acrylic denture base
materials, since flexural behavior is a guide to service performance. It often describes
as the modulus of rupture or transverse strength. Complete denture and removable
partial denture bases are subjected to loading, which is flexure in nature, by the
mastication during function. Thus, it is important that the materials resist the
mastication force without fracture or change in dimension (1, 18) However, the failure
rate of acrylic resin dentures as a result of fractures has been reported to be
unacceptably high (19).

The flexural strength and modulus (MPa) are calculated from following
equations:

Flexural strength (o) = 3FL/ 2bh*

F = the maximum load (newton)

L = the distance between the supports (millimetre)

b = the width of the specimen (millimetre)

h = the height of the specimen (millimetre)

Flexural modulus (E) = F,L*/ 4bh’d
F, = the load (newton) at a convenient point in the straight-line portion
of the trace

d = the deflection at load F; (millimetre)

This test is a collective measurement of tensile, compressive, and shear
stresses. Consequently, the principle stresses on the upper surface are compressive,
whereas those on the lower surface are tensile. Shear stress is also produced near the
supported ends of the specimen, but it does not play a significant role in the fracture

process.
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Flexural strength was found dependent on:

1. Types of Cross-linking agents

Ruyter et al (20) studied the flexural properties of auto-cured (dough and pour
type) denture base resins with different types of cross-linking agents and concluded
that the flexural strength of auto-cured denture base using 1,4-BDMA (1,4-butanediol
dimethacrylate) as a crosslinking agent was higher than that using EGDMA(Ethylene
glycol dimethacrylate). Phillips (14) proposed that cross-linking agent could alter the
strength, water sorption and solubility of the cured resin. The exact effect of cross-
linking upon the physical properties varied with composition and concentration of the
cross-linking agents and the polymer system but excess crosslinking agents caused an

increase in viscosity.

2. Molecular Weight

The molecular weight of the polymer powder, size and distribution of the
particles might influence their rate of dissolution and swelling in the monomer liquid
(20). In particular, a low viscosity at the start of polymerization enhanced the
formation of low molecular weight chains in the matrix before the gel stage (21). The
strength of polymer increased with an increase of molecular weight (20). The strength

became fairly constant at degree of polymerization above 600 and molecular weight of

60,000 for PMMA (22).



Fac. of Grad. Studies, Mahidol Univ. M.Sc.(Orthodontics) / 15

3. Residual monomers

Several investigators studied the relationship between residual monomer and
physical properties of the self-cured resins (6, 23, 24). They agreed that high residual
monomer adversely affected the physical properties of the cured resins. Depending on
the type of denture base resin i.e. heat-cured or auto-cured resins and on the
polymerization temperature and time, various quantities of residual monomers,
predominantly methyl methacrylate (MMA), were left in the cured resins. Dogan et al
(25) made conclusion between residual monomer level and mechanical properties that
the residual monomer acted as a plasticizer in the polymer matrix and caused the

formation of more porosity that also affected the mechanical properties.

4. Polymer : Monomer Ratio

Jerolimov et al (26) studied the effect of powder/liquid ratios on residual
monomer levels and flexural properties of heat-cured resins and concluded that
flexural properties varied in opposite to amounts of residual monomer. The variations
in polymer to monomer ratio could influence the properties in many instances. In
general, an increase of polymer/monomer ratio reduced doughing time, the opposite
effect was obtained by using an excess monomer. However, the shrinkage and
temperature increased during polymerization were directly related to the amount of
monomer used. These undesirable effects should be minimized with increased amount

of powder.

5. Porosity

Porosity has been attributed to a variety of factors that included the following:
air entrapped during mixing, monomer contraction during polymerization, monomeric
vaporization associated with exothermic reaction, and the presence of residual
monomer (27). Other authors (28) demonstrated that insufficient mixing of monomer
and polymer, processing temperatures higher than 74°C and inadequate compression
on the flask caused porosity in denture base resin. Depending on polymerization
conditions, up to 11% of porosity has been observed associated with decreased

mechanical properties, poor esthetics, potential harboring of organisms and retention
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of fluid (29). The generation of porosity in poly(methyl methacrylate) (PMMA)
denture base resin was a complex phenomenon with many causes.

Winston et al, (30) suggested that the use of a vacuum devices in mixing and
pressurizing in curing procedure decreased porosity, increased transverse strength and

longevity of auto-polymerizing resin appliances.

6. Curing process

Takahiro et al (31) reported that water temperature during polymerization had
affected on flexural strength of auto-cured resin. Polymerization in hot water increased
transverse strength and modulus. Polymerization at 60°C and 80°C in water increased
transverse strength and modulus two times higher than polymerization at 23°C in air.
Dogan et al (25) reported that tensile strength improved with an increase in curing

time, which also caused a decrease in residual monomer level.

7. Water sorption

The influence of water sorption on the flexural properties of denture base
polymers was recently reported by Takahashi et al (32). They found that denture base
polymers of different monomer compositions and activator systems had different
resistance to water sorption. Water sorption decreased the flexural strength of denture
base polymers. Water acted as a plasticizing effect because of its interaction with
polymer structure. It has been reported that water sorption by denture base polymers
depended on type of cross-linking agent in the polymer. The cross-linking agent such
as EGDMA (Ethylene glycol dimethacrylate) had little effect on the water sorption of
denture base polymer (33).

Surface Hardness (18)

Hardness is one of the major important properties. It is defined as the
resistance to permanent surface indentation or penetration. The properties that are
related to the hardness of materials are strength, proportional limit and ductility to
permanent surface indentation. The various hardness tests differ in type and geometry
of indenter and load. The indenters are made of steel tungsten carbide or diamond, and

shaped as a sphere, cone, or pyramid. Loads typically are in the range from 1 to 3000
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kg. The choice of a hardness test depends on the material of interest, the expected
hardness range and the desired degree of localization. Common methods used for
hardness evaluation include Vickers, Knoop, Brinell and Rockwell. Vickers and
Knoop both involve the use of diamond pyramid indentors. The value of hardness,
often referred to the hardness number, depends on the method used for its evaluation.

Hardness is, therefore, a measure of the resistance to plastic deformation and is
measured as a force per unit area of indentation. Hardness is indicative of the ease of
finishing of an appliance and its resistance to in-service scratching. Finishing or
polishing is important for esthetic purpose. The general procedure for testing hardness
is as follows. A standardized force or weight is applied to the penetrating point
through an appropriate mechanism. Such a force application to the indenter produces a
symmetrically shaped indentation, which can be measured under a microscope for
depth, area, or width of the indentation. The indentation dimensions are then related to
tabulated hardness values, with a fixed load applied to the indentation vary inversely
with the resistance to penetration of the material tested. Thus, lighter loads are needed
for softer materials.

Vickers hardness test using 136-degree diamond pyramid is suitable for testing
the surface hardness of dental materials. The Vickers hardness number (usually
abbreviated as VHN) is calculated by dividing the load (F) by the surface area of the
indentation (ISO 6507-1:1997)

The Vickers hardness number = Constant x test force

surface area of indentation
0.102 x 2F sin 136° /2
FB
0.1891 x F/ d*

The Vickers test is useful in measuring the hardness of small areas and for

very hard or brittle materials.
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Fig. 3.3 Indentation made by 136-degree diamond pyramidal indenter.

Ruyter and Svendsen (20) showed that physical properties of polymerized
resins largely depended on the degree of conversion. The microhardness was a simple
and effective way to predict the degree of conversion.

Methacrylate materials that were additionally polymerized with heat increased
crosslinking density and tended to demonstrate less wear (34). Polymerization with
increased atmospheric pressure and heat increased degree of conversion and

minimized porosity (35).

Water Sorption and Solubility

Poly(methyl methacrylate) absorbs water slowly over a period of time. The
absorption is undoubtedly due primarily to the polar properties of the resin molecules.
However, it has been shown that the mechanism is by diffusion of the water molecules
according to the laws of diffusion (1). Water sorption of a material is important
property, particularly in relation to the dimensional stability and long-term durability.
When the material takes up water, its dimension and structural integrity may be
affected. In resin-based materials, expansion as a result of water sorption may be
beneficial. It compensates for any initial contraction and could relieve internal stresses
caused by the polymerization reaction. However, the absorbed water can also act as a
plasticizer, weakening the materials. Water molecule ingress into the vacancies

between polymeric chains and push the polymeric chains further apart to cause an

expansion (1).
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The diffusion coefficient (D) of a typical heat-cured denture acrylic resin is
1.08 X 102 m%/sec at 37°C (99°F). When the temperature drops to 23°C (73°F), D is
reduced by one-half. For a self-curing acrylic resin, D is 2.34 X 10> m*/sec. Diffusion
of water is a time-dependent process where water is transported from the environment
through the material surface into its body as a function of time (34). Rate of diffusion
can be expressed as a diffusion flux (J) which is the mass (dM) diffusing through and
perpendicular to a unit cross-sectional area (A) of a solid per unit time.
J=1dM
A dt

Water sorption of resins has been shown to cause dimensional changes. In spite
of this fact, it has been estimated that for each 1 percent increased in the weight due to
the water absorbed, the acrylic resin expanded linearly 0.23 percent. Since the changes
that occurred were so small, they could not be clinically detectable. Components of the
material may be lost into the water when placed in an aqueous environment. This is
referred to leaching. Leaching of components from a material into oral cavity may
have an impact on its structural stability and causes undesirable tissue responses. It is
therefore desirable that the water sorption and solubility of the materials are as small
as possible. The solubility of a material is simply a measurement of the extent to
which it will dissolve in a given fluid, for example, water or saliva. When assessing
the solubility of materials, it is important to consider the vast range of conditions
which may exist in the mouth. The pH of oral fluids may vary from pH 4 to pH 8.5,
representing a range from mildly acidic to mildly alkaline.

Standard test of solubility often involve the storage of disc specimens of
materials in water for a period of time, the result being quoted as the percentage
weight loss of the disc. The most appropriate method for measuring material loss is to
estimate volume loss as this can be correlated with material loss from clinical
restoration. Judging material loss by weight change is less satisfactory as even though
material is lost from the surface the weight of a specimen may increase if water
absorption is great enough.

The dynamic of water sorption and solubility is a complex phenomenon; the
specimens absorb water and release soluble components during the time of immersion.

There is a close relation between water sorption, solubility and dimensional change. If
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if any resins have a high solubility, they will have high water sorption and large in
shape change. The solubility of all resins was a result of leaching out of residual
monomer such as methyl methacrylate (36). Then the mechanical properties of denture
base materials decreased if the water solubility increased. Jagger (37) reported a
correlation between residual monomer and water sorption. The presence of residual
monomer resulted in increasing of water absorption and solubility. Braden and Wright
(38) reported that the sorption behavior of the acrylic resin materials depended upon
the balance between loss of plasticizers by dissolution and absorption of water. When
the plasticizers were leached out, the softness was slowly lost and the material became
rigid (39). Phillips (14) reported that water uptake by polymer resulted in the
hygroscopic expansion due to expansion of the matrix. Lassila and Vallittu (40) stated
that water sorption and solubility of polymers depended on the homogeneity of the

material.

Residual Methyl Methacrylate Monomer

Self-cured resins appear a level of residual monomer as high as 5%, in
comparison with 0.2 - 0.5% for heat-cured resins (41). Residual monomer
concentration varied with the methods and the conditions of polymerization (5, 7).

According to ISO 1567:1999, the qualitative and quantitative standard method
for the analysis of residual monomers in denture base polymers was gas
chromatographic (GC) or high performance liquid chromatographic (HPLC) analyses
of methyl methacrylate, extracted with an organic solvent. Gas-liquid chromatography
(GLC) has been used with success for residual monomer determinations by many
workers (6, 42, 43). However, high performance liquid chromatography (HPLC) has
been used previously in dental research and has proven to be a powerful analytical
technique. It has been used to analyse dental polymers, including residual monomers,
composites or various other dental materials (44).

Fletcher et al (45) determined the level of residual monomer in two types of
self-curing acrylic resins by means of gas-liquid chromatography. The results showed
that both self-cured resins exhibited higher residual monomer levels than heat-cured
acrylics. Stafford and Brooks (2) studied the loss of residual monomer from six

orthodontic acrylic resins. Gas chromatography was used for the determination of
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residual monomer in the cured resins. The results showed that high levels of residual
monomer were present in orthodontic resins. There was a rapid loss of monomer in the
first 24 hours of soaking of the specimens in the water. Dogan et al (25) studied the
effects of varying polymerization times and temperatures on the residual monomer
content of denture base materials. The authors showed that increased temperatures and
extended polymerization times were accompanied by a decrease in the residual
monomer content. Vallittu et al (46) recommended immersing a denture in the water at
37  C for one day prior to insert the removable appliances. Shim and Watts (47)
examined the residual monomer content after additional immersion cycles of different
durations at 100 ° C and demonstrated that the residual monomer content could be
reduced considerably.

The residual monomer concentration is the most important parameter in
determining variations in mechanical and biological properties of a denture base
material. Then, assay the level of residual monomer in self-cured orthodontic acrylic
was important to dentists and patients before insertion removable orthodontic

appliances.

Residual methyl methacrylate monomer was found to be dependent on:

Effect of polymer to monomer ratio

According to Kedjarune et al (7), the more monomer added to the mixture, the
greater the amount of residual monomer and, therefore, the more potential for
cytotoxicity. Similarly, Lamb et al (48) investigated the effect of polymer to monomer
ratio on residual monomer levels and observed that resins prepared with a high
proportion of polymer resulted in significantly lower levels of residual monomer, as

compared to those prepared with a lower ratio.

Effect of storage time and water immersion

Sheridan et al (49) reported that the cytotoxic effect of acrylic resins was
greater in the first 24 hours after polymerization and decreased with time for all the
resins evaluated in their study. Therefore, it is recommended that dentists should soak

the denture base in the water at least 24 hours before placing them in the patient’s
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mouth. Jorge et al (50) advocated that the denture base should be immersed in water
at 50°C for 60 minutes, to reduce the amount of released monomer and therefore the

toxic potential of denture base resins, especially for autopolymerized resins.

Effect of polymerization conditions

Depending on the polymerization temperature and time, various quantities of
residual monomer are left in the polymer resulting in different degrees of cytotoxicity.
Kedjarune et al (7) observed a reduced amount of residual monomer when the
polymerization time was extended, thus resulting in less cytotoxic effects. Lamb et al
(48) observed that levels of residual monomers in auto-polymerized resins were higher
for specimens polymerized at 22°C, as compared with those polymerized at 55°C.
Therefore, it seems reasonable to suggest that the auto-polymerized acrylic resins
should be heat-treated to decrease cytotoxic effects. Moreover,Vallittu et al (46)
performed a study with 2 auto-polymerized resins in which the reaction was initiated
by barbituric acid and 2 heat-polymerized resins activated by benzoyl peroxide. The
results showed that auto-polymerized resins exhibited higher contents of residual

methyl methacrylate than the heat-polymerized resins.

Effect of polymerization method

The method of polymerization is a decisive feature in the cytotoxicity of
denture base acrylic resins. Pettersen et al (51) concluded that the cytotoxic effect was
greater in auto-polymerized resins than in heat-polymerized resins. Tsuchiya et al (5)
revealed that auto-polymerized resins eluted considerably more substances than did

the heat- and microwave-polymerized resins.

Biocompatibility

Biocompatibility is defined as the ability of a material to perform with an
appropriate host response in a specific application (52). Biocompatibility tests
simulate biological reactions to materials when they are placed on or into tissues of the
body. Cytotoxicity as a primary factor of biocompatibility is generally determined by
in vitro cell culture. Resins used for the manufacture of denture bases had displayed

various degrees of in vitro cytotoxicity and in vivo allergic responses. Various
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compounds including a residual methyl methacrylate monomer, and additives such as
hydroquinone, benzoyl peroxide, and N, N-dimemethyl-p-toluidine were eluted from
acrylic polymers. Despite the various methods used to initiate the polymerization of
denture base resin, the conversion of monomers to polymers was not complete, and
some unreacted monomers MMA were left in the denture base that are leachable into
water as well as saliva (7, 53). MMA has been implicated as primary irritant and
sensitizer, which can cause allergic eczematous reaction on the oral mucosa as well as
skin (54). Residual monomer had the potential to cause irritation, inflammation, and
an allergic response of the oral mucosa. Clinical signs and symptoms most frequently
reported, included erythema, erosion of oral mucosa, and a burning sensation on the
mucosa and tongue (55). Also, there were several reports in the literature regarding
levels of residual monomer in denture base polymers which had been postulated that
was etiology of mucosal irritations (49, 56). Cytotoxic reactions to acrylic monomers
such as methacrylate, the major component of most dental resin liquids, have been
reported (57). Tsuchiya et al (58) reported that leachable substances from acrylic
resins showed cytotoxic potential in the range of their leaching concentrations. Eluates
from various denture base resins had cytotoxic effects on oral epithelial cells (59) and
human gingival fibroblasts (GF) (49), as well as inhibiting cell growth, DNA
replication, RNA synthesis, and metabolic processes (60). In addition, Cimpan et al
(61) demonstrated that resin eluates may enhance cell death by apoptosis and necrosis
in human monoblastoid cells in a dose and time dependent fashion. Moreover, Tang et
al (56) demonstrated that direct contact of fibroblasts with methacrylate polymers,
especially the unpolymerized surface layer, may significantly reduce cell viability than
what occurs with the eluates.

Studies have shown that MMA is a cytotoxic agent (7, 58, 62, 63). In addition,
MMA was found to induce papilloma and fibroma in terms of sequential
histopathological changes on hamster cheek pouches (64). However, the actual
mechanism of the cytotoxicity of MMA is not well known. MMA was capable of
inhibiting DNA synthesis. Alternation of lipid metabolism (65), cytokine production
(66), and inhibition of cell viability via mitochondrial activity (67) may account for the
cytotoxicity. In the study of Yanga et al (68), it was found that the concentration level

of MMA (10 (v/v) corresponding to 9.33x10 * pg/ml) could easily reach the
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effective cytotoxic and cytogenetic level. In the oral cavity, it is possible that the
amount of MMA released into oral mucosa may be higher than the concentrations
tested in this study that could easily reach the effective toxic level, especially in the

area under the denture.
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CHAPTER 4
MATERIALS AND METHODS

Materials

1.
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1.

12.

13.
14.
15.
16.
17.

Two types of self-cured orthodontic resins:

- Orthocryl® (Dentaurum, Pforzheim, Fr, Germany)
- Thai resin (MTEC-MU, Thailand)

Vasaline

Distilled water

Diamond discs

Silicon carbide grinding papers (600,800,1000,1200 grits)
Hydroquinone (HQ)

Acetone, HPLC grade

Methanol, HPLC grade

Methyl methacrylate (MMA), HPLC grade

. Mouse fibroblasts (L 929) (American Type Culture Collection, Rockville, MD,

USA)

Completed Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, Grand
Island, NY, USA)

Tissue culture reagents : phosphate-buffered saline (PBS) and trypsin-versin
(Amresco, USA).

Phenol red (MERCK, Germany)

Neutral red (MERCK, Germany)

Agar (Wako, Japan)

Millipore filter (Sartorius, Germany)

Polyvinyl carbonate (Portex, UK)

Apparatus

1.

Stainless steel moulds according to ISO 1567:1999

2. Plaster spatula and bowl
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10.

1.

12.

13.

14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

24.

Racks for holding specimens

Desiccator with silica gel

Thermometer

Pressure pot

Rotary pregrinder (Metaserv 2000, 300 cycle/min.)

Weighing machine with the accuracy of = 0.0001 g (Model AB 204, Mettler-
Toledo Ltd., Switzerland)

Digital Calipers

Digital micrometer (Mitutoyo No 293-421 N and Mitutoyo Digimatic Solar
No.500-404, Mitutoyo, Japan), capable of measuring to an accurate of =+
0.001 mm

Incubator (Model BM 600, Memmert, Schwabarch, FRG, Germany), capable
of being maintained at 37+1°C

Universal testing machine (Instron model 5566, Instron Corporation, Canton,
MA, USA)

Microhardness testing machine (Future Tech 700 ex, Future-Tech
Corporation, Tokyo, Japan)

Volumetric pipettes

One-mark volumetric glass flasks

Glass centrifuge tubes

Culture flasks (Costar Corp, Cambridge, MA, USA)

Magnetic stirring apparatus (HB502, Bibby Sterilin, Stone, UK)

Centrifuge (Beckman, USA)

Inverted microscope QI-16-06 (Nikon, Japan)

CO; incubator (Thermoforma , USA)

Biohazard safety carbinet (Microflow USA)

High-performance liquid chromatography (Waters Instruments, Watford,
UK) with detector (LDC,4100 UV 210 nm, USA)

Digitizing PC program (Un-Scan-It, Silk Scientific, USA)
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Fig. 4.2 Thai self-cured orthodontic resin, MTEC-MU

Fig.4.3 Rotary Pregrinder, Metaserv 2000, 300 cycle/min
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Fig. 4.4 Weighing machine, Model AB 204, Mettler-Toledo Ltd., Switzerland

Fig. 4.5 Digital Calipers

Fig. 4.6 Digital Micrometer, Mitutoyo No 293-421 N
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Fig. 4.7 Mould for flexural strength and modulus test : stainless steel mould with

64 mm in length, 10 mm in width, 3.3 mm in height, ISO 1567: 1999

Fig. 4.8 Mould for water sorption and solubility tests:stainless steel mould with

50.0 £ 0.1 mm in diameter and 0.5 =+ 0.05 mm in thickness, ISO 1567: 1999

Fig. 4.9 Mould for residual methyl methacrylate monomer test : stainless steel

mould with 50.0 mm in diameter and 3.0 + 0.1 mm in thickness, ISO 1567: 1999
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Fig. 4.10 Mould for biocompatibility test : stainless steel mould with 5 mm in

diameter and 1 mm in thickness

Preparation of specimens

Specimens were prepared into four groups for two types of self-cured
orthodontic resins using stainless steel moulds by conventional (pre-mixing resin
before pour into the moulds) and infiltration techniques. Specimens were prepared for
each group according to manufacturer’s conditions (Table 4.1) and tested by means

of ISO 1567 :1999.

Groupl: Orthocryl® (Dentaurum, Pforzheim, Fr, Germany), prepared by
conventional (mixing) technique, powder : liquid ratio 1.96 : 1 by weight.

Group 2: Orthocryl® (Dentaurum, Pforzheim, Fr, Germany), prepared by
infiltration technique, powder : liquid ratio 2.05 : 1 by weight

Group 3: Thai resin, prepared by conventional (mixing) technique, powder : liquid
ratio 1.9 : 1 by weight

Group 4: Thai resin , prepared by infiltration technique, powder : liquid ratio 1.7 :

1 by weight
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Table 4.1 Polymerization and processing conditions of self-cured

orthodontic resins.

Material P/L ratio Curing process Manufacturer
( by weight )

Group ! :Orthocryl®-
mixing 1.96: 1 35-45°C Dentaurum,
Group 2:Orthocryl®- 2.2 bars(30p.s.i.) Pforzheim, Fr,
infiltration 2 0%l 25 min Germany
Group3:Thai-
mixing 19:1 35-45°C MTEC-MU
Group 4: Thai- 2.2 bars(30p.s.i.)
infiltration 1.7:1 25 min

Fig. 4.11 Specimen strip for flexural strength and modulus tests

(64 £0.2 mm x 10+ 0.2 mm x 3.3 + 0.2 mm)

Fig. 4.12 Specimen for surface hardness test

(10£0.2mm % 10.0+ 0.2 mm x 3.0+ 0.2 mm)
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Fig. 4.13 Specimen disc for water sorption and solubility tests

(50.0 £ 0.1 mm in diameter and 0.5 £ 0.05 mm in thickness)

Fig. 4.14 Specimen disc for residual methyl methacrylate test

(50.0 £ 0.1 mm in diameter and 2.0 £ 0.1 mm in thickness)

Part 1: Flexural Strength and Modulus Test

Five strip specimens were prepared. Three measurements of the specimen
height were made along the long axis with an accuracy of +£ 0.1 mm. The deviation
must not more than + 0.02 mm. Then the specimen was laid on the supports of the
flexural test rig. The distance between the center of the supports was 50 £ 0.1 mm.
The loading plunger was placed midway between the supports to within 0.1 mm.
During testing, the flexural test rig was immersed in the water bath at 37+1°C. The
force was increased uniformly on the loading plunger, using a constant crosshead

speed 5 + 1 mm/minute, until the specimen was broken.
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Pass/fail determination of flexural strength

According to ISO 1567:1999, flexural strength shall be not less than 60 MPa

- If at least 4 results of 5 specimens > 60 MPa = Pass

- If at least 3 results of 5 specimens < 60 MPa = Fail

- If at least 2 results of 5 specimens < 60 MPa = Repeated test, if at least 5 results of 6

specimens > 60 MPa = Pass

Pass/fail determination of flexural modulus

According to ISO 1567:1999, flexural modulus shall be at least 1500 MPa

- If at least 4 results of 5 specimens > 1500 MPa = Pass

- If at least 3 results of 5 specimens < 1500 MPa = Fail

- If at least 2 results of 5 specimens < 1500 MPa = Repeated test, if at least 5 results of
6 specimens > 1500 MPa = Pass

Fig. 4.15 Universal testing machine; Instron model 5566

Part 2: Surface Hardness Test

Specimens were produced and tested by the technique described by ISO 6507-
1(E) — Vickers hardness test. The square-shaped specimens (10 £ 0.2 mm X 10.0 = 0.2
mm x 3.0 + 0.2 mm) were prepared. The thickness of specimen was an average of six
measurements with deviation < 0.02 mm. The specimen was dried and tested within
24 hours by microhardness testing machine with Vickers pyramid diamond indenter

and a square base with 136° angle at vertex. The force 50 gram (500 N) was applied in
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a direction perpendicular to the specimen surface, without shock or vibration for 15
seconds at speed 50 um/sec. The specimens were indented 9 positions/specimen at
room temperature (23+2°C). After unloading, the diagonals of indentation were
measured and Vickers hardness number was evaluated using a microscope and
computer analysis.

The Vickers hardness number = Constant x test force

Surface area of indentation
= 0.102 x 2F sin 136° /2
&
= 0.1891 x F/ &

F = Test force

d = Diameter of specimen

Fig. 4.16 Microhardness Testing Machine; Future Tech 700 ex

PART 3: Water Sorption and Solubility Tests

Conditioned specimens

Specimens were produced and tested according to ISO 1567:1999. The
specimens were stored for 23+ 1 hours in the rack inside the desiccator which has been
placed in the oven at 37+1°C. After that, they were stood at ambient temperature for
60+ 10 minutes. Each specimen was weighed using the electric balance to an accuracy
of + 0.2 mg. The desiccator was kept sealed except for the shortest possible period

required for removing and replacing specimens. After all the specimens were weighed,
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silica gel was replaced in desiccator. The cycle described above was repeated until a
constant mass, m; called the “conditioned mass” was reached which the difference in
weight measurement of each specimen was not more than 0.2 mg. At this point,
volume V of each specimen was calculated using the mean of three diameter

measurements and the mean of five thickness measurements.

Wet specimens

Immerse the conditioned specimens in water at 37+1°C for 7 day + 2 hours.
After that, remove the discs from water, wipe with a clean dry towel until free from
visible moisture, wave in the air for 15 =1 second and weigh within 60 £1 second after

removal from water. Record this mass as m,.

Reconditioned specimens
After weighing wet specimens, the specimens were reconditioned to the
constant mass in the desiccator. Record the mass of the “ reconditioned” specimens as

ms.
Calculation of water sorption and solubility

Water sorption (Wsp)

Wsp = mp- mg  pg/mm?®

\Y
m, = the mass of the specimen after immersion in water (ug)
M3 = the reconditioned mass of the specimen (pg)

\Y/ the volume of the specimen (mm°)

Water solubility (Wsl)

Wsl = m;- ms  pg/mm®

\%
m; = the “conditioned”mass of the specimen (pg)
M3 = the reconditioned mass of the specimen (ug)

<
I

the volume of the specimen (mm”)
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Pass/fail determination of water sorption

According to ISO 1567:1999, water sorption shall not exceed 32 pg/mm’

- If at least 4 results of 5 specimens < 32 pg/mm’ = Pass

- If at least 3 results of 5 specimens > 32 pg/mm’ = Fail

- If at least 3 results of 5 specimens < 32 pg/mm’ = Repeated test, if at least 5 results

of 6 specimens < 32 pg/mm’ = Pass

Pass/fail determination of water solubility

According to ISO 1567:1999, water solubility shall not exceed 8.0 pg/mm?’

- If at least 4 results of 5 specimens < 8.0 pg/mm’ = Pass

- Ifat least 3 results of 5 specimens > 8.0 pg/mm’ = Fail

- If at least 3 results of 5 specimens < 8.0 pg/mm’ = Repeated test, if at least 5

results of 6 specimens < 8.0 pg/mm’ = Pass

Fig. 4.17 Desiccator with specimen discs

PART 4: Residual Methyl Methacrylate Monomer Test

Preparation of test specimen disks

Three specimen disks per group of self-cure resins were prepared from three
separate mixes. Specimens were prepared in the form of thin disks with a diameter of
50 mm and a thick of 3.0+ 0.1 mm with a flat cover in accordance with ISO 1567:

1999. After 24 hour dark-storage at 23 ° C, the specimen disks were ground equally on
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both sides using grinding paper to a thickness of 2.0 £ 0.1 mm to remove any un-
polymerized or poorly polymerized surface layer. During grinding, the grinding paper
and specimen disks were lubricated with running water to avoid frictional heat that
could cause loss of monomer or de-polymerization. The ground specimens were stored
in the dark laboratory environment of 23 °C for 24 + 1 hour prior to extraction of

monomer.

Extraction of monomer

Three sample solutions were analysed from each test specimen, i.e. a total of
nine sample solutions. Each specimen disk was broken into pieces small enough to
pass through the 9 mm neck of a 10 ml volumetric glass flask. Specimen pieces were
weighed accurately with a balancing machine. Samples of approximately 650 mg were
introduced into separate one-mark 10 ml volumetric glass flasks. Acetone solution
was chosen as the extraction solvent and was added until the total volume was 10 ml.
Magnetic stirring was used to agitate the sample solutions for 72 + 2 hour at 23 °C. A
Gilson pipette with separate volumetric tips was used to transfer 2 ml aliquot of each
previously prepared sample solution to one-mark 10 ml volumetric flasks. To
precipitate the dissolved polymer, methanol solution was added to each sample
solution to a total volume of 10 ml. A Gilson pipette with separate volumetric tips was
used to transfer 5 ml of the polymer and monomer containing slurry from each of the
10 ml flasks to centrifuge tubes. The slurry was centrifuged at 3000 g, m/s* for 15
minutes.

Use separate volumetric pipettes to transfer a 3 ml aliquot of each centrifuged
solution to separate glass tubes. There was remaining polymer in the solution. Then,
methanol was added to an aliquot until the total volume was 10 ml. The slurry was
centrifuged at 3000 g, m/s” for 15 minutes again. Determine that there is no remaining
polymer in the solution. The solution was appeared clear when the beam of light is

directed vertically through the test tube containing the solution.
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High-performance liquid chromatography (HPLC) test

HPLC operating conditions

Column - 8 mm internal diameter, 100 mm length with octadecyl silanized 10
mm particles

Mobile phase - 67% methanol (HPLC grade), 33% deionized distilled water

Flow rate - 0.8 ml/min

Detecter -UV 205 nm

Temperature - Constant room temperature (23 °C)

Injection loop - 20 pl

The clear solution from the upper portion of the centrifuged solution was
introduced into the injector of the HPLC system. The HPLC was operated for 20
minutes until all components were completely eluted. The HPLC traces were recorded
with a standard data-capture system. The peak area of MMA on the HPLC trace was
determined by a digitizing PC program. The concentration of MMA monomers (Cyna)
in the sample solutions was determined using a linear regression equation obtained
from a calibration graph. The following equation was used to calculate total amount of

MMA monomer in the sample solution, Mypa (Mg):

MMM (Hg) = CMMA (ug/ml) x 10 (1’1’11) x 10 (1’1’11) x 10 (mlﬂ
2 ml 5 ml

This value was used to calculate the weight percentage of the residual MMA by the
following equation:

Residual MMA monomer (Wt%) = mMyma (Hg) % 100

M sampLE (HE)

myma = Total quantity of MMA in the sample solution (pg)

M sampLe = The mass of sample solution (png)

Pass/fail determinations of the level of residual methyl methacrylate monomer
According to ISO 1567:1999, the level of residual monomer shall not exceed

4.5% by mass fraction.
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- If results obtained for at least 7 of the sample solutions < 4.5% by mass fraction =
Pass

- If 4 or fewer of the sample solutions < 4.5% by mass fraction = Fail

- If only 5 or 6 of the sample solutions < 4.5% by mass fraction = Repeated test, if at

least 8 of the sample solutions < 4.5% by mass fraction = Pass

Fig. 4.18 Sample solutions in 10 ml volumetric glass flasks

with magnetic stirring bars

Fig. 4.19 High-performance liquid chromatography,

Waters Instruments, Watford, UK

PART 5: Biocompatibility: Agar overlay test

Neutral red is a weakly cationic dye that readily diffuses across plasma and
organelle membranes, accumulating in the lysosomes. Loss of membrane integrity
induced by tested agents will result in decreased retention of neutral red. Damaged or

dead cells thus appear decolorized in comparison to healthy control cells (69).
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Sample Preparation

Specimens were prepared and tested by means of ISO 7405: 1999(E) (70).
Sample disks of self-cured resins were fabricated in circular discs with a diameter of
5 mm and a thickness of 1 mm, with a flat surface to ensure adequate contact with agar
overlay. Three disks of each material were prepared and stored in distilled water at

37 ° C for 48 hours.

Culture medium, reagents and equipment
- Use Dulbecco’s Modified Eagle’s Medium containing 2.2 g/l sodium bicarbonate,
3.0 g/l HEPES and 50 ml/l new born calf serum as cell culture medium.
- Prepare a double concentration of Eagle’s Basal Medium omitting HEPES and
reducing sodium bicarbonate to 1 g/l for agar’s preparation

The vital stain was prepared by diluting a stock solution of 1% aqueous neutral
red solution 1/100 with 0.01 ml/l phosphate-buffered saline solutions immediately
before use. Store neutral red solutions protected from the light. Use Petri dishes of
diameter 50 mm to 100 mm suitable for tissue culture. For the preparation of the agar,
either 3 % agar or 3 % agarose were prepared in a double concentration of the culture

medium and then sterilized by autoclaving.

Test procedure

The mouse fibroblast cells were cultured until they reached the end of the log
growth phase. Pipette 10 ml of cell suspension (3x10° cells/ml) into a sufficient
number of Petri dishes and incubate at (37+2)° C in a water-saturated atmosphere with
5%(V/V) carbon dioxide for 24 hours. The sterile agar was heated to 100° C in a water
bath and allowed it to cool to 48” C. One part of agar and one part of double
concentration of nutrient medium were mixed and heated to 48 °C. The liquid nutrient
medium was aspirated from each Petri dish and replaced with 10 ml of freshly
prepared agar/nutrient medium mixture. Allow the agar nutrient medium to solidify at
room temperature (approximately 30 minutes). Then, 10 ml neutral red solution was
added and kept dark for 15 to 20 minute. Excess dye was then removed, and the test

specimens were placed on the agar surface.
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A polyvinyl carbonate disk was used as positive control and millipore filter
used as negative control. Keep the specimens as far as possible from each other and
from the wall of the Petri dish. Then, the Petri dish was incubated at (37+2)° C in a
water-saturated atmosphere with 5 %(V/V) carbon dioxide for 24 hours. Thereafter,
the cultures were examined under an inverted microcope by one examiner experienced

in the use of this evaluation technique.

Parameters of assessment

The decolorization zone around the test materials and controls shall be
assessed using an inverted microscope with a calibrated screen. Decolorization Index
and Lysis Index were determined for each specimen. Each test was repeated twice
using the same test specimens. Calculate the median Decolorization Index and Lysis

Index for each test material and present the cell response as follows:

Decolorization Index Description
0 No decolorization detectable
1 Decolorization only under the test substance
2 Decolorization zone not greater than 5.0 mm from the

test substance

3 Decolorization zone not greater than 10.0 mm from
the test substance

4 Decolorization zone greater than 10.0 mm from the
test substance

5 The total culture is decolorized
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Lysis Index Description

0 No cell lysis detectable

1 Less than 20% cell lysis
20% to 40% cell lysis
>40% to <60% cell lysis
60% to 80% cell lysis
More than 80% cell lysis

whn A W DN

Assessment of results

All information gathered in the test shall be taken into account in the test
results, particularly any differences in results between the experimental and control
groups. The cell response was based on the median Decolorization Index and Lysis

Index.

Cell response = Decolorization Index / Lysis Index

Scale Cell Response Interpretation

0 0/0 Noncytotoxic

1 1/1 Mildly cytotoxic

2 2/2 to 3/3 Moderate cytotoxic
3 4/4 to 5/5 Severely cytotoxic

Analysis of the test results : Non-Parametric tests

One-Sample T test was used to compare statistically significant differences in levels
of flexural strength, flexural modulus, water sorption, water solubility and residual

methyl methacrylate monomer, tested according to ISO 1567:1999.
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Kruskal-Wallis Test was used to determine statistically significant differences in
levels of flexural strength, flexural modulus, surface hardness, water sorption, water
solubility, residual methyl methacrylate monomer and biocompatibility among groups

of self-cured orthodontic resins.

Mann- Whitney Test was used to compare statistically significant differences in
levels of flexural strength, flexural modulus, surface hardness, water sorption, water
solubility and residual methyl methacrylate monomer among groups of self-cured
orthodontic resins, as well as between conventional and infiltration techniques.

* Statistical analysis was conducted at 0.05 significance level.
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CHAPTER 5
RESULTS

The values of flexural strength, flexural modulus, surface hardness, water
sorption, water solubility, level of residual monomer and biocompatibility of each
orthodontic resin, tested according to 1ISO 1567:1999 are shown in Tables 4.1 — 4.10,

respectively.

Table 5.1 The values of flexural strength and modulus of each orthodontic resin,
tested according to 1ISO 1567:1999

Group Type Flexural Strength Flexural
(MPa) Modulus (MPa)
Orthocryl®/mixing-1 68.24 2184.86
1 Orthocryl®/mixing-2 68.32 1922.43
Orthocryl®/mixing-3 63.39 2212.67
Orthocryl®/mixing-4 68.19 2356.58
Orthocryl®/mixing-5 68.05 2356.58
Orthocry!®/infiltration-1 65.56 2211.54
5 Orthocry!®/infiltration-2 71.45 2435.79
Orthocry!®/infiltration-3 78.56 2366.66
Orthocryl®/infiltration-4 69.43 2129.83
Orthocryl®/infiltration-5 70.48 2282.36
Thai/mixing-1 62.05 1902.20
3 Thai/mixing-2 69.61 2254.46
Thai/mixing-3 64.48 1995.75
Thai/mixing-4 62.59 2120.92
Thai/mixing-5 61.80 2006.72
Thai/infiltration-1 61.91 2422.45
4 Tha/infiltration-2 68.55 2295.61
Tha/infiltration-3 64.34 2323.00
Tha/infiltration-4 68.59 2080.33
Tha/infiltration-5 63.54 2072.40
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Table 5.2 Means and standard deviations of flexural strength and flexural modulus of
orthodontic resins, tested according to ISO 1567:1999

Group Mean SD Mean SD
Flexural Flexural
1 : Orthocryl®-mixing 67.24 2.15 2206.62 177.66
2: Orthocryl®-infiltration 69.89 2.68 2285.23 121.33
3 : Thai -mixing 64.11 3.25 2056.01 135.38
4 : Thai -infiltration 65.39 3.04 2238.76 155.60

Table 5.3 The values of surface hardness of each orthodontic resin, tested
according to 1ISO 6507-1(E):1997

Group Type Surface hardness (VHN)
Orthocryl®/mixing-1 16.27
1 Orthocryl®/mixing-2 16.69
Orthocryl®/mixing-3 16.73
Orthocryl®/mixing-4 16.85
Orthocryl®/mixing-5 17.17
Orthocryl®/infiltration-1 16.16
5 Orthocryl®/infiltration-2 17.25
Orthocryl®/infiltration-3 17.28
Orthocry!®/infiltration-4 16.52
Orthocry!®/infiltration-5 16.78
Thai/mixing-1 15.24
3 Thai/mixing-2 14.93
Thai/mixing-3 14.56
Thai/mixing-4 14.55
Thai/mixing-5 14.61
Thai/infiltration-1 15.34
4 Tha/infiltration-2 15.01
Tha/infiltration-3 15.51
Tha/infiltration-4 15.23
Tha/infiltration-5 15.19
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Table 5.4 Means and standard deviations of surface hardness of orthodontic resins,
tested according to 1ISO 1567:1999

Group Mean Surface SD
Hardness (VHN)
1 : Orthocryl®-mixing 16.74 0.32
2 : Orthocryl®-infiltration 16.80 0.48
3 : Thai-mixing 14.78 0.30
4 : Thai-infiltration 15.26 0.19

Orthocryl® Thai resin
Fig.5.1 Vickers indenter of each type of orthodontic resin from Vickers indenter,

Surface hardness test
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Table 5.5 The values of water sorption and solubility of each orthodontic resin, tested
according to 1SO 1567:1999

Group Type Water Sorption Water Solubility
(ug/mm?) (ug/mm?)
Orthocryl®/mixing-1 16.56 0.59
Orthocryl®/mixing-2 16.62 0.6
Orthocryl®/mixing-3 17.34 0.69
1 Orthocryl®/mixing-4 17.03 0.51
Orthocryl®/mixing-5 15.96 0.57
Orthocryl®/infiltration-1 16.86 0.62
5 Orthocryl®/infiltration-2 17.43 0.57
Orthocry!®/infiltration-3 17.57 0.71
Orthocryl®/infiltration-4 16.81 0.53
Orthocry!®/infiltration-5 17.96 0.82
Thai/mixing-1 18.41 1.57
3 Thai/mixing-2 18.33 1.04
Thai/mixing-3 17.54 0.89
Thai/mixing-4 18.35 1.25
Thai/mixing-5 19.01 1.36
Thai/infiltration-1 19.24 1.07
4 Tha/infiltration-2 20.03 1.53
Tha/infiltration-3 19.71 1.45
Tha/infiltration-4 18.13 0.95
Tha/infiltration-5 20.85 1.62

Table 5.6 Means and standard deviations of water sorption and solubility of
orthodontic resins, tested according to ISO 1567:1999

1:0rthocryl®-mixing

3:Thai-mixing

Mean Water SD

0.52
0.49
0.52

Group
Sorption (ug/mm?
16.62
2:0rthocryl®-infiltration 16.56
17.34
17.03

4:Thai- infiltration

1.01

Mean Water
Solubility

0.59
0.51
0.69
0.60

SD

0.06
0.12
0.27
0.30
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Table 5.7 The value of level of residual monomer of each orthodontic resin, tested
according to 1SO 1567:1999

Group Type Level of Group Type Level of
residual residual
monomer monomer
Orthocryl®/mixin 0.63 Thai/mixing- 0.47
Orthocryl®/mixin 1.03 Thai/mixing- 0.25
Orthocryl®/mixin 0.07 Thai/mixing- 0.24
Orthocryl®/mixin 0.76 Thai/mixing- 0.78
1 | Orthocryl®/mixin 1.45 3 | Thai/mixing- 1.04
Orthocryl®/mixin 0.17 Thai/mixing- 0.20
Orthocryl®/mixin 0.25 Thai/mixing- 1.52
Orthocryl®/mixin 1.40 Thai/mixing- 1.53
Orthocryl®/mixin 0.21 Thai/mixing- 0.29
Orthocryl®/infiltr 1.25 Tha/infiltratio 1.48
Orthocryl®/infiltr 1.81 Tha/infiltratio 0.12
Orthocryl®/infiltr 0.83 Tha/infiltratio 1.89
Orthocryl®/infiltr 0 @2 Tha/infiltratio 1.85
2 Orthocryl®/infiltr 1.23 4 Tha/infiltratio 0.35
Orthocryl®/infiltr 0.27 Tha/infiltratio 0.50
Orthocryl®/infiltr 0.30 Tha/infiltratio 0.56
Orthocry!®/infiltr 1.47 Tha/infiltratio 1.85
Orthocryl®/infiltr 1. 5% Tha/infiltratio 2.21

Table 5.8 Means and standard deviations of level of residual monomer of orthodontic
resins, tested according to 1SO 1567:1999

Group Mean Residual SD

Monomer (Wt%)
1:0rthocryl®-mixing 0.66 0.53
2:0rthocryl®-infiltration 1.05 0.55
3:Thai-mixing 0.70 0.54

4:Thai-infiltration 1.20 0.81
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Auto-Scaled Chromatogram
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Fig. 5.2 Chromatogram of standard solution (MMA) by HPLC method

Calibration Plot

Araa

=
Fr'_'_,_..-"

A T s A P

P
[=]
=

=1

| |
0.on IR .21 0.30 0.2 0.0 1.80 oo 0.a0 .20

Fig. 5.3 Calibration curve of standard solution (MMA) by HPLC method
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Auto-Scaled Chromatogram
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Fig. 5.4 Chromatogram of solution of Orthocryl® prepared by mixing
technique, HPLC method
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technique, HPLC method
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Auto-Scaled Chromatogram
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Fig. 5.6 Chromatogram of solution of Thai resin prepared by mixing technique,
HPLC method
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Table 5.9 The values of biocompatibility test of orthodontic resins, tested according to
ISO 7405:1997(E)

Decolorization Decolorization Lysis Index | Cell Response Inter-
Group zone (mm.) Index Index pretation

1: Orthocyl® 0 0 0/0 Non-
-mixing cytotoxi
2: Orthocyl® 0 0 0/0 Non-
-infiltration cytotoxi
3:Thai- 0 0 0/0 Non-
mixing cytotoxi
4:Thai- 0 0 0/0 Non-
infiltration cytotoxi

Table 5.10 Means and standard deviations of flexural strength & modulus, surface

hardness, water sorption & solubility, level of residual monomer and biocompatibility

tests of self-cured resins

Groups Orthocryl®- Orthocryl®- Thai -mixing Thai -
Properties mixing infiltration infiltration
Mean Flexral 67.24+2.15 69.89+2.6 | 64.11+3.25 65.39+3.04
Strength (MPa) 8
Mean Flexural 2206.62+177 | 2285.23+121 | 2056.01+135 | 2238.76+155
Modulus (MPa) .66 .33 .38 .60
Mean Surace 16.74+0.32 | 16.80+0.48 14.78+0.30 15.26+0.19
Hardness (VHN)
Mean Water 16.62+0.52 16.56+0.49 17.34+0.52 17.03+1.01
Sorption (ug/mm?)
Mean Water 0.59+0.06 0.51+0.12 0.69+0.27 0.60+0.30
Solubility (pg/mm®)
Level of MMA | 0.66£0.53 1.05+0.55 0.70+0.54 1.20+0.81
Biocompability Non-toxicity | Non-toxicity | Non-toxicity | Non-toxicity
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Fig. 5.8 Photograph (100x) of L 929 cell line from positive control :

Polyviny| carbonate, Agar overlay test

Fig. 5.9 Photograph (100x) of L 929 cell line from negative control :

Millipore filter, Agar overlay test
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Fig. 5.10 Agar plate showing undecolorization zone of Orthocryl® (mixing

technique) compared with decolorization zone of positive control

Fig. 5.11 Photograph (100x) of L 929 cell line from Orthocryl® (prepared by mixing

technique), Agar overlay test
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-

Fig. 5.12 Agar plate showing undecolorization zone of Orthocryl® (infiltration

technique) compared with decolorization zone of positive control

Fig. 5.13 Photograph (100x) of L 929 cell line from Orthocryl® (prepared by

infiltration technique), Agar overlay test
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Positive control

Fig. 5.14 Agar plate showing undecolorization zone of Thai resin (mixing

technique) compared with decolorization zone of positive control

Fig. 5.15 Photograph (100x) of L 929 cell line from Thai resin (prepared

by mixing technique), Agar overlay test
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Fig. 5.16 Agar plate showing undecolorization zone of Thai resin (infiltration

technique) compared with decolorization zone of positive control

Fig. 5.17 Photographs (100x) of L 929 cell line from Thai resin (prepared by

infiltration technique), Agar overlay test
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The statistical tests were used to determine and compare significant differences

in the levels of flexural strength, flexural modulus, surface hardness, water sorption,

water solubility and level of residual monomer of orthodontic resins. The statistical

results are shown in Tables 4.11 — 4.14.

Table 5.11 One-Sample T test of flexural strength, flexural modulus, water sorption,

water solubility and level of residual monomer of self-cured orthodontic resins

Flexural Flexural Water Water Residual

Strength | Modulus Sorption Solubility | monomer
t 8.724 19.152 48.988 81.219 16.959
df 19 19 19 19 35
Sig.(2-tailed) .000* .000* .000* .000* .000*

* Significant, P<0.0

5

Table 5.12 Kruskal-Wallis Test of flexural strength, flexural modulus, surface

hardness,water sorption, water solubility and level of residual monomer of self-cured

orthodontic resins

Flexural | Flexural Surface Water Water Residual
Strength | Modulus | Hardness Sorption Solubility | monomer
Chi- 7.571 5.553 15.343 15.229 14.620 5.185
Square
df 3 3 3 3 3 3
Asymp. .056 .136 .002* .002* .002* .159
Sig.

* Significant, P<0.05




Fac. of Grad. Studies, Mahidol Univ. M.Sc.(Orthodontics) / 59

Table 5.13 Mann- Whitney Test of surface hardness, water sorption and solubility

between groups of self-cured orthodontic resins

Asym. Sig.(2-tailed) Surface Water Water
between group Hardness Sorption | Solubility

Group 1 — Group 2 154 .076 402
Group 1 - Group 3 .009* .009* .009*
Group 1 —Group 4 .009* .009* .009*
Group 2 — Group 3 .009* .028* .009*
Group 2 - Group 4 .009* .028* .009*
Group 3 - Group 4 .047* .076 548

* Significant, P<0.05

Table 5.14 Mann- Whitney Test of of flexural strength, flexural modulus, surface
hardness,water sorption, water solubility and level of residual monomer of self-cured

orthodontic resin between mixing and infiltration techniques

Flexural | Flexural | Surface Water Water Residual
Strength | Modulus | Hardness | Absorption | Solubility | monomer
Z -1.587 -1.739 -.832 -1.436 -.567 -1.426
Asymp.Sig. 112 .082 406 151 571 154
(2-tailed)
Exact 128 .089 436 .165 579 156
Cin

* Significant, P<0.05

Within the parameters of the present study, designs and material tests,
statistical tests were applied to the results for statistical analysis and from that led to
the following conclusions:

1. Flexural strength, flexural modulus, water sorption, water solubility, level
of residual monomer and biocompatibility of Thai self-cured orthodontic resin were
acceptable according to ISO 567:1999.

2. Orthocryl® and Thai self-cured orthodontic resin were non-cytotoxic, as

tested by the method of the agar overlay.
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3. There were no significant differences in flexural strength, flexural modulus
and level of residual monomer between Orthocryl® and Thai self-cured orthodontic
resin.

4. Surface hardness of Orthocryl® was statistically significantly higher than that
of Thai self-cured orthodontic resin.

5. Water sorption and solubility of Orthocryl® were statistically significantly
lower than those of Thai self-cured orthodontic resin.

6. There were no statistically significant differences in levels of flexural
strength, flexural modulus, surface hardness, water sorption, water solubility and
residual monomer of Orthocryl® and Thai self-cured orthodontic resin fabricated by

mixing and infiltration techniques.



Fac. of Grad. Studies, Mahidol Univ. M.Sc.(Orthodontics) / 61

CHAPTER 6
DISCUSSION

In the recent study of MU and MTEC in 2005 (3), Thai NO.30 and 32 were
tested according to 1SO 1567:1999. From the result, it showed that flexural modulus,
surface hardness, water sorption , water solubility except flexural strength of those two
Thai resins met the 1SO requirements, but still inferior to the commercial Orthocryl®.
In this study, Thai self-cured orthodontic resin was further developed to improve
mechanical, physical and biological properties, and especially its flexural strength.
Flexural strength is an important mechanical property of acrylic denture base
materials, since flexural behavior is a guide to service performance. Thus, it is
important that the materials resist the mastication force without fracture or change in
dimension (1, 18). Several factors were reported to affect the flexural strength. These
included the average molecular weight which is an indicative of the strength of resin.
In general, longer chains with higher molecular weight resulted in increased strength,
hardness, stiffness, and resistance to creep of the polymer (11). The resulting increased
strength and stiffness contributed the appliances to withstand occlusal stresses during
function. Tager (22) reported the strength of polymer increased with increasing
molecular weight until a certain molecular weight was attained. Above this molecular
weight, there was not a great change in strength with further polymerization. It was
shown that the strength became constant at degree of polymerization above 600 and
molecular weight of 60,000 of PMMA. Strength and modulus were also found to
increase as the cross-linking agent concentration increased. Cross-linking agents,
usually less than 15%, have been added to the liquids of denture base resins to
improve craze resistance, stiffness, and surface hardness (79, 80).

In previous study of Thai No 30 and 32, the effects of molecular weight and
crosslinking agent on flexural strength were investigated. The results showed slightly
increasing in flexural strength with increasing crosslinking agent content whereas the
use of powder having high molecular weight, although with the plasticizer to promote
wetting ability, did not increase flexural strength. The high molecular weight of
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powder caused an increase in viscosity during mixing. Accordingly, more amount of
monomer was required to wet the powder thoroughly. The more monomer added to
the mixture, the greater the amount of residual monomer would be remained in the
cured resin. It was concluded that this low powder/liquid mixing ratios of Thai no.30
and 32 which resulted in the high remains of residual monomer was the main factor
that caused the poor flexural strength of the cured resins.

In this study, to raise the powder/liquid ratio, the particle size and molecular
weight of the powder were then reduced from what had been used for Thai NO.30 and
32, in order to allow a homogeneous mixing of resin and a high penetration of
monomer into the polymer without too early increased in viscosity. That would lead
to the reduction of voids and hence improvement of mechanical properties, water
sorption and solubility. The powder characteristics, compositions and powder/ liquid
ratio of Thai resin, Thai n0.30 and 32 and Orthocryl® are illustrated in Tables 6.1 -6.3.

Table 6.1 The values of particle size, molecular weight and polydispersity of powder

components of four types of self-cured orthodontic resins

Type of resins | Particle size (um) | Molecular weight (Dalton) | Polydispersivity

Orthocryl® 63 494900 3.65
Thai resin 72 656000 3.69
Thai NO. 30 93 769300 4.29

Thai NO. 32 80 785200 3.81




Fac. of Grad. Studies, Mahidol Univ. M.Sc.(Orthodontics) / 63

Table 6.2 The composition of powder and liquid components of Thai self-cured
orthodontic resins

Type of Powder component Liquid component
resins : — -
PMMA(g) | Benzoyl Dibutylph- | MMA | Crosslinking | Activator
Peroxide thalate(g) (ml) agent (ml) (ml)
(9)
Thai resin 100 0.5 0 100 6 1
Thai NO. 30 100 0.5 1-15 100 6 1
Thai NO. 32 100 0.5 0 100 6 1

Table 6.3 The mean powder:liquid ratio of Orthocryl® and Thai self-cured orthodontic

resins
Group Mean powder:liquid ratio
(by weight)
1: Orthocryl®-mixing 1.96 :1
2: Orthocryl®-infiltration 2.05:1
3: Thai resin-mixing 1.9:11
4: Thai resin-infiltration 1% : 1
Thai No. 30 1l
Thai No. 32 1.8:1

As shown in Table 6.1, the powder of Thai resin was smaller in molecular
weight and particle size compared to Thai no.30 and 32, but still higher than
Orthocryl®. When mixing the powder with the liquid component composed of 6%
crosslinking agent (Table 6.2), the smaller particle size and lower molecular weight of
the powder led to a better wetting, a smoother mixing and a greater dissolving of the
particles. As a result, the powder of Thai resin was able to mix at a higher
powder/liquid ratio i.e. 1.99/1g compared with 1.2g/1g and 1.8g/1g of Thai NO.30 and
32, respectively (Table 6.3).
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The increase in powder/liquid ratio showed the considerable improvement in
flexural strength of Thai resin as observed from its compliance with the ISO test.
Water sorption and solubility, surface hardness and the amount of residual monomer
of Thai resin were also improved and satisfied the 1SO test by increasing
powder/liquid ratio. The statistic results showed insignificant differences in flexural
strength, flexural modulus and the level of residual monomer between Orthocryl® and
Thai resin. However, surface hardness, water sorption and solubility of Thai resin
seemed to be inferior to Orthocryl® which would be expected from the lower
powder/liquid ratio of Thai resin. Many studies have reported the correlated effects of
powder/liquid ratio and level of residual monomer on mechanical and physical
properties, as well as biocompatibility of the cured resin. The different polymer to
monomer ratios can result in the acrylic resin mixtures that could be either too stiff or
too fluid for clinical use. When the polymerization reaction was activated, the
polymers were formed by monomers joined together with high energy link (crossed-
links) and this reaction would finish when all monomer reacted. However, some
amount of residual monomers varied in the range of 0.54 to 1.08% (71) were remained
after polymerization. The more crossed-links formed, the less residual monomer
releasing, promoted lower solubility. Jacobsen et al (72) reported that powder/liquid
ratio, manipulation, and polymerization were the extremely important influences for
the success and longevity of orthodontic appliances. Lamb et al (48) investigated the
effect of polymer to monomer ratio on residual monomer levels and observed that
resins prepared with a high proportion of polymer resulted in significantly lower level
of residual monomer. The presence of high level of residual monomer in the specimen
affected the mechanical properties as reported by Wolfaardt et al (73). The decrease in
mechanical properties was due to the loss of residual monomer, which leached out into
either water or saliva, and to the absorption of water, which led to plasticization of the
self-cured resin, making it more flexible and resilient (6). Baker et al (74) showed that
the porosities in the structure of chemical-cured PMMA may affect the release of
MMA by enhancing the diffusion between PMMA and water. Similarly, high
powder/liquid ratio of Thai resin should reduce the amount of entrapped residual

monomers which resulted in less porosity in specimen and hence increased flexural
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strength, flexural modulus, surface hardness, decreased sorption and solubility
compared to Thai No 30 and No 32 resins.

In the technique of appliance’s fabrication, Sweeney et al and Taylor (28, 75)
reported that insufficient mixing of monomer and polymer may cause porosity in
denture base resin. Depending on polymerization conditions, up to 11% porosity has
been observed associated with the decreased mechanical properties, poor esthetics and
the potential harboring of organisms and retention of fluids (29). The present study
showed that there are no statistically significant differences in level of flexural
strength, flexural modulus, surface hardness, water sorption, water solubility and
residual monomer of the cured resins between mixing and infiltration techniques.
However, the levels of residual monomer of specimens prepared by infiltration
technique were higher than those prepared by mixing technique which was a result of
excess monomer and insufficient mixing of monomer and polymer during infiltration.
These results caused denture base resin with high porosity and high water sorption and
solubility.

Biocompatibility is one of the important properties of self-cured resins.
Biocompatibility is defined as the ability of a material to perform with an appropriate
host response in a specific application (52). In the evaluation of medical devices,
cytocompatibility tests are used both for screening and for the study of toxicity
mechanisms (76). Cytotoxicity as a primary factor of biocompatibility is generally
determined by in vitro cell culture. In vitro methods permit assessment of various
parameters in a simplified system, while minimizing variables and allowing more
specific determination of cytotoxic mechanisms. Experimental studies have
demonstrated the good correlation between in vitro and in vivo tests, thus confirming
the usefulness of in vitro tests as systems to select the materials.

Several clinical reports demonstrated tissue cytotoxicity when tissue was
exposed to components released from the curing resins. Self-cured resins appeared to
have a level of residual monomer as high as 5%, in comparison with 0.2 - 0.5% for
heat-cured resins (41). Various compounds including a residual methyl methacrylate
monomer, and additives such as hydroquinone, benzoyl peroxide, and N, N-
dimemethyl-p-toluidine were eluted from acrylic polymers. These compounds diffused

into saliva and come into contact with the oral mucosa, resulting in ‘denture
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stomatitis’ in which redness or burning sensation frequently occurred in the area
beneath the dentures. Residual monomer, resulting from incomplete conversion of
monomers into polymer, had the potential to cause irritation, inflammation, and an
allergic response of the oral mucosa. Tsuchiya et al (58) reported that leachable
substances from acrylic resins showed cytotoxic potential in the range of their leaching
concentrations. Eluates from various denture base resins caused cytotoxic effects on
oral epithelial cells (59) and human gingival fibroblasts (GF) (49), as well as inhibited
cell growth, DNA replication, RNA synthesis, and metabolic processes (60).
Moreover, Tang et al (56) demonstrated that direct contact of fibroblasts with
methacrylate polymers, especially the unpolymerized surface layer, may more
significantly reduce cell viability than what occurs with the eluates. Sheridan et al (49)
reported that the cytotoxic effect of acrylic resins was greater in the first 24 hours after
polymerization and decreased with time for all the resins evaluated in their study.
Kedjarune et al (7) observed a reduced amount of residual monomer when the
polymerization time was extended, thus resulting in less cytotoxic effects. This present
study showed that levels of residual monomer of Thai self-cured resin and Orthocryl®
were satisfied the 1SO requirements. Also, Thai self-cured resin and Orthocryl® were
non-cytotoxic in the agar overlay test with mouse fibroblast cells. However, dentists
are recommended to reduce the amount of released monomer by soaking the denture
base appliances, especially the ones processed by infiltration which seemed to give
higher quantities of leaching residual monomers, in the water at least 24 hours (49) or
immersed in water at 50°C for 60 minutes (50) before placing them in the patient’s
mouth.

From the results of this study, many factors affected the properties of the cured
resins including particle size and molecular weight of powder, chemical compositions
of the powder, and liquid and powder/liquid ratio. The reduction in particle size and
molecular weight of PMMA powder could lead to the improvement of mechanical and
physical properties of Thai self-cured orthodontic resin. Flexural strength, flexural
modulus, water sorption, water solubility, level of residual monomer and
biocompatibility of Thai resin were acceptable according to ISO 1567:1999. Thus, it
has a potential to be an alternative for orthodontic denture base materials. However,
clinicians should be careful in manipulation of orthodontic appliances since it had
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great effect on the properties of the cured denture bases, especially if the infiltration
technique was used. The residual monomer concentration which affected the
variations in mechanical and biological properties of appliances, was also the other
important parameter that clinicians should be considered to minimize. Even though
Thai self-cured resin was acceptable according to ISO 1567:1999 requirements, its
water sorption and solubility, and surface hardness were found to be inferior to
Orthocryl®. Then further study on improvement these properties of Thai resin i.e. by
the further reduction of particle size and molecular weight of powder was

recommended.
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CHAPTER 7
CONCLUSIONS

Within the parameters of the present study, designs and material tests,
statistical tests were applied to the results for statistical analysis and from that led to
the following conclusions:

1. Flexural strength, flexural modulus, water sorption, water solubility, level
of residual monomer and biocompatibility of Thai self-cured orthodontic resin were
acceptable according to 1SO standard.

2. Orthocryl® and Thai self-cured orthodontic resin were non-cytotoxic,
according to the agar overlay test.

3. There were no significant differences in flexural strength, flexural modulus
and level of residual monomer between Orthocryl® and Thai self-cured orthodontic
resin.

4. Surface hardness of Orthocryl® was statistically significantly higher than
that of Thai self-cured orthodontic resin.

5. Water sorption and solubility of Orthocryl® were statistically significantly
lower than those of Thai self-cured orthodontic resin.

6. There were no statistically significant differences in levels of flexural
strength, flexural modulus, surface hardness, water sorption, water solubility and
residual monomer of Orthocryl® and Thai self-cured orthodontic resin fabricated by
mixing and infiltration techniques.

From the results of this study, many factors affected the properties of the self-
cured orthodontic resins including the particle size, molecular weight of powder,
chemical compositions of powder and liquid, cross-linking between polymer chains,
powder/liquid ratio and processing techniques. The improvement of Thai self-cured
orthodontic resin by reducing particle size, molecular weight of PMMA and monomer
content could lead to the cured resin with the higher mechanical properties and good
biocompatibility. The results showed that flexural strength, flexural modulus, water

sorption, water solubility, level of residual monomer and biocompatibility of Thai self-
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cured orthodontic resin were acceptable according to ISO 1567:1999. Besides, the
present study confirmed that clinicians should be careful in fabrication of orthodontic
appliances in order to minimize residual MMA remaining in appliances, especially in
those prepared by infiltration technique. Even though the properties of Thai self-cured
orthodontic resin complied the requirements of ISO, its surface hardness was
significantly lower whereas its water sorption and solubility were significantly higher
than those of Orthocryl®. The present study suggested that Thai self-cured orthodontic
resin can be suitable as an alternative for orthodontic denture base. Improvement the
properties of Thai self-cured orthodontic resin by reducing particle size and molecular
weight in order to obtain a higher wetting ability and powder/liquid ratio was
suggested. The higher powder/liquid ratio of mixing would result in reduction of
residual monomer and voids, and hence increased flexural strength, surface hardness,

decreased sorption and solubility of Thai self-cured orthodontic resins.
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