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Abstract

Objectives. Regardless of the excellent adhesive and biological properties of glass ionomer cements (GICs), their poor
mechanical properties and abrasion resistance limit their application to non-load bearing areas. This study aimed to
investigate the effect of flax fibres incorporation on surface and mechanical properties of GIC filling materials.

M ethods: Short chopped flax fibreswere randomly incorporated into GIC at 0, 0.5, 1, 2.5, 5 and 25 wt%. Surface hardness,
distribution of different phases, stiffness map, phase separation and uniformity of the material were investigated.

Results: Addition of flax fibres produced no significant change in Vicker hardness number of GIC. Qualitative imaging
using atomic force microscopy showed the presence of a single phase in GIC, while biphasic structure was observed for
flax fibres modified GICs (FFMGICs). For al tested formulations, the flax fibres, however, were uniformly distributed
and well integrated within the GIC matrix without any visible interfacial separation. Incorporation of flax fibres was
associated with a significant increase in surface roughness and stiffness. The roughness values obtained for all tested
formulations, however, are far below the threshold values for bacterial adhesion and plaque accumulation.

Conclusions: Flax fibres modified GICs could be potentially used in high stress bearing areas.
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1 Introduction

Dueto its adhesion to tooth structures, biocompatibility and anticariogenic action, the conventional glassionomer cement
(GIC) has been widely used as afilling material. One of its common limitations, however, isitslow mechanical properties
and its susceptibility to abrasion and scratching by hard tooth brushing.

Several modifications have been carried out to improve the mechanical strength and degradation resistance of GIC.
Addition of silver-amalgam alloy was effective in enhancing the strength but impaired the aesthetic quality of GIC. A
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sol-gel niobium modified GIC showed higher mechanical properties and reduced degradation than the conventional
GIC™ but its biocompatibility with the dentin-pulp complex, however, has not been tested 1.

To eliminate any concern about the biocompatibility issue, natural products found great interest for biomedical
applications. Flax fibres, as an example of biologically produced products, are commonly used for both industrial !> © and
biomedical field " ®. Dueto their antibacterial action, flax fibres were used aswound dressing I”’. For dental applications,
flax fibres were effective in improving the compressive strength while reducing the degradation of zinc oxide eugenol
cement !,

Surface topography (e.g., roughness & free energy) of intraoral hard surfaces and restorations has a great influence on the
initial adhesion and retention of microorganisms, Streptococcus Mutansin particular %Y. Accumulation of dental plaque
and consequent risk of caries and periondontal inflanmation can easily occur with rough surfaces 2. Proper finishing
and polishing is therefore an essential clinical practice for aesthetic and durable restorations 1%,

Surface roughness can be measured qualitatively by scanning electron microscopy @ or quantitatively by profile-
metry ¥ and light sectioning microscopy . Recently, the atomic force microscopy (AFM) showed high capability to
reveal more detailed information of surface topography ?! of resin composites after various treatments e.g., mechanical
tooth brushing 3, different polishing protocols!'® or in-office bleaching ). AFM produces a3-D imaging of the surface
at nanoscale level with no need for any sample preparation. It can also produce a high resolution quantitative map of the
mechanical properties®® and stiffness of the material %°..

In this study, the conventional GIC restorative material was modified with randomly distributed short chopped flax fibres
that were incorporated into the GIC powder at 0, 0.5, 1, 2.5, 5 and 25 wt%. These fibres were incorporated in an attempt to
improve the mechanical properties while maintaining the good biocompatibility of GIC. The aim of this study was
therefore to test the hardness, as a surface mechanical property, surface roughness and mechanical properties at nano-scale
level of flax fibres modified GICs. The null hypothesis was that “ addition of flax fibres has no effect on surface properties
(roughness & hardness) and modulus of glassionomer filling materials’.

2 Materials and methods

2.1 Samples preparation

Short flax fibres (675 + 255 um length and 10 um diameters) and glass ionomer filling materials (Ketac™ Fil Plus, 3 M
ESPE, Germany, shade 3.5 A) were used for this study. Fibreswere included at 0, 0.5, 1, 2.5, 5 and 25 wt% and samples
were coded as GIC, 0.5 FFMGIC, 1 FFMGIC, 2.5 FFMGIC, 5 FFMGIC and 25 FFMGIC. The powder/liquid (P/L) ratio
was fixed at 3:1. The required amount of powder and liquid was weighted using an electronic balance (Shimadzu
Corporation, Tokyo, Japan). For proper distribution of flax fibres, they were properly mixed with the powder before the
addition of liquid. The cement was mixed according to the manufacturer’s instruction. Disc shaped specimens of 8 mm
diameter and 3 mm thickness were prepared from each composition using a transparent rubber mould. The rubber mould
was set on the top of a glass dlab and a celluloid strip. The materia was inserted into the mould with a slight excess of
material used to fill the mould. Another celluloid strip was then placed on the top of the filled mould; the material surface
was pressed flat with another glass slab. The glass slab was held firmly in place for few minutes to avoid air bubbles
incorporation and to obtain aflat and smooth surface. After 15 minutes, the celluloid strips and glass slabs were removed
and then the excess material. Each disc was then smoothed from both sides with silicon carbide papers of grit size #240
then followed by #600; the surfaces of each disc, however, were |eft untouched. The samples were then kept in a plastic
bag until use.
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2.2 Microhardness

The hardness of disc shaped specimen (n=5 for each composition) was determined using the HMV - microhardness tester
(Shimadzu Corporation, Tokyo, Japan) with a diamond Vickers indenter. Five indentations were performed along the
cross sectiona area of each specimen with a1.96 N load and 5 s dwell time. The diagonal length of the indentation was
measured under x40 magnification and the Vickers microhardness number (VHN) for each specimen was taken as the
average of these five readings. One way analysis of variance (ANOVA) was used to test the significance between the
obtained results at 0.05 level.

2.3 Surface topography and mechanical properties

Surface topography and mechanical properties were investigated using Molecular Force Probe (MFP-3D-Bio, Research
Asylum). Samples (GIC, 1 FFMGIC, 5 FFMGIC and 25 FFMGI C) were mounted on the sample holder and placed on the
microscope stage. Three sampleswere used for each formulation. Sampl es were scanned using amplitude modulated force
microscopy mode (AMFM), which enable continues mapping of mechanical properties. To calculate Y oung’s modulus,
control sample (microtomed polycarbonate) was scanned to establish reference scanning parameters. Samples were
scanned using silicon tip with nominal spring constant 40 N/m; for each tip spring constant was established using thermal
method and the sensitivity was calculated from single force measurements-deflection curve obtained by the indentation to
freshly cleaved mica. Sampleswere scanned at frequency 0.5 Hz and scan sizewas 1 x 1, 5 x 5, and 10 x 10 pm?.Collected
data allowed generating topographical images, distribution of different phasesin the material, maps of stiffnessand energy
dissipation which corresponded with phase separation and uniformity of the material.

3 Results

3.1 Microhardness

Vicker hardness of Ketac™ Fil Plusis 95 + 13; addition of 0.5 wt% flax fibres reduced the hardness number to 83 + 13.

Addition of 1wt% flax fibresincreased the hardness number to 114 + 17. Further addition of flax fibres (2.5, 5 and 25 wt%)

reduced the hardness to 99 + 12, 90 + 11 and 94 + 23 respectively. The produced change in hardness number with the

addition of flax fibres, however, was not statistically significant from Ketac™ Fil Plus hardness number (see Figure 1).
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3.2 Surface topography and mechanical properties

Figure 2 showed uniform distribution of the stiffness and roughness (Ra) across the surface of GIC samples. For 10 x
10 pm? scan size, the recorded Ra value was 58 nm as given in Table 1. Stiffness was close to Gaussian distribution with
mean 2 GPaand width 0.7 GPg; the peak value for the stiffness was 4.75 GPa. Y oung’ s modules, obtained from scan size
of 1 x 1 pm?, had clean Gaussian with mean 1.6 GPa and width 0.4 GPa. These results suggest a single-phase material.
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Small areas of low and high stiffness were also visible through the samples. These areas could be due to the presence of
topographical features (e.g., pinholes and scratches) or unspecific interactions of the silicon tip with these features.
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Figure 2. GIC: a) topography with overlayed stiffness map- single
phase structure, b) stiffness map, c) topography (high image)
showing some surface roughness, d) phase contrast image
demonstrating uniform distribution of different phases in the
material, and (€) histogram showing the distribution of stiffness
across the sample.
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Table 1. Surface roughness (Ra) values of GIC and flax-fibres modified GIC as measured by AMFM

Roughness (Ra), nm

Material Code wt% of fibers Scan size

1x1pm? 5x5 um? 10 x 10 pm?
GIC 0 8 36 58
1FFMGIC 1 8 41 77
5FFMGIC 5 11 48 73
25 FFMGIC 25 6 22 58
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Figure 3. 1 FFMGIC: a) topography with overlayed stiffness map-visible regions of low stiffens suggesting the bi - phasic nature of the

material, b) stiffness map, ¢) amplitude and topography (high image) showing some surface roughness aswell as the presence of visible
particles, d) phase contrast image showing zones of different stiffness randomly distributed across the sample, and (e) histogram
showing the distribution of stiffness across the sample.

Incorporation of 1wt% short flax fibres resulted in insignificant increase of peak stiffness values. Several regionswith low
stiffness (see Figure 3) were also present on the samples. The stiffness distribution (i.e., histogram) skewed towards lower
stiffness values indicating the bi-phasic nature of the samples or the presence of topographical features (e.g., holes). This
skewed distribution was not observed for small scan size (1 x 1 um?); for this scan size, a more uniform surface was
observed. The data had Gaussian distribution with 0.17 GPa width and 2.34 GPa mean. The maximum stiffness reached
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3.9 GPa. These results corresponded well with the increase of roughness, particularly in large scan sizes (Ra=77 nm) and
the appearance of asperities on the surface of the samples.

With further increase in the filler content (5 wt%), the distribution profile skewed towards higher values of stiffness. The
skewed distribution was observed for all scanned sizes indicating an actual increase in surface stiffness. Gaussian fitting
with the central part of the data had mean of 2.19 GPaand very high width of 1.2 GPa. Interestingly areas of low stiffness
were more uniformly distributed across the surface (see Figure 4); these areas however did not correspond to any
topographical feature suggesting the presence of actual soft zones on the surface. Generally, the maximum stiffness (3.56
GPa) was not affected by the filler content.
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Figure 4. 5 FFMGIC: a) topography with overlayed stiffness map-
uniformly distributed visible regions of low stiffens indicating the
bi-phasic nature of the material, b) stiffness map, ¢) topography
(high image) showing some surface roughness as well as the
presence of visible particles, d) phase contrast image showing
regions of high stiffness suggesting the bi-phasic material, and (€)
histogram showing the distribution of stiffness across the sample; GPa
histogram skewed towards higher stiffness further indicating the bi-

phasic nature of the material. (e
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Theincrease of the filler content to 25 wt% resulted in drop of the maximum stiffness to 2.85 GPa. At 10 x 10 um? scan
size, the distribution of the stiffness was very uniform (Gaussian distribution) with mean 1.9 GPa and width 0.27 GPa-
Figure 5. The stiffness distribution was even more uniform at low scan sizes, the increase in the stiffness (bright regions)
was only observed around asperities.
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Figure 5. 25 FFMGIC: a) topography with overlayed stiffness map-visible regions of low stiffens, (u)niformly distributed across the
sampl e, suggesting the bi-phasic nature of the material, b) stiffness map, ¢) topography (high image) showing some surface roughness as
well as the presence of visible particles, d) phase contrast showing uniform structure with some cracks/scratches across the surface, €)
topography of the samples with overlayed stiffness map 1 x 1 um?-visible regions of low stiffens suggesting the bi-phasic nature of the
material, and (f) histogram showing the distribution of stiffness across the sample (10 x 10 pm?).
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Generally, the Ravalue varies with the filler content and scan size-Table 1. The number/density/sizes of asperities on the
sample surface decreased with increasing the filler content.

4 Discussion

Currently, researches aim at devel oping material s with suitable characteristics (e.g., smoothness, hardness and mechanical
properties) to meet both dentist and patient’s expectations. In this study, flax fibres were incorporated into glass ionomer
restorative materials in order to develop materials with higher stiffness while maintaining surface texture and hardness of
GIC. Thisstudy therefore aimed to investigate the effect of flax fibres, as natural materials, on surface hardness, roughness
and micromechanical stiffness of GIC filling materials.

4.1 Microhardness

Surface hardness is an important property used to measure the setting reaction 2" and the interaction of materials with the
surrounding environment . Hardness is highly correlated with compressive, flexure and wear properties . In the
present study, incorporation of flax fibres produced no significant change in the hardness number of GIC; this may
indicate that the flax fibres did not interfere with the setting reaction of GIC. The microhardness value obtained for
Ketac™ Fil Plusis higher than that recorded in literature *”; this could be due to the variation of testing conditions (e.q.,
load and time of its application), powder/liquid ratio, and preparation method. According to the results of the hardnesstest,
there was no enough evidence to reject the null hypothesis.

4.2 Surface topography and mechanical properties

Surface roughness determines the clinical quality and performance of the restorative materials. For aesthetic restorative
materials, surface smoothness is highly important for better aesthetic. Rough surface, however, encourages plague
accumulation and hence gingival inflammation and discoloration of aesthetic restorations would be expected. Surface
roughness was measured as “the mean value of the heights and depths of the roughness profile” and recorded as “Ra’
value Y. In the present study, all sample surfaces were prepared against celluloid strips that formed the smoothest
possible surface for restorative materials in clinical applications. Accordingly, there was no polishing carried out after
sample preparation in order to simulate the clinical situation *?. The increase in surface roughness, particularly in large
scan size, with 1 FFMGIC could be associated with the appearance of asperities on the surface. These asperities could be
due to the presence of fibres near or at the surface. Further increase in surface roughness with 5 FFMGIC, however, could
not be mainly attributed to the presence of asperitiesasin 1 FFMGIC due to the lower number/density of asperities on the
surface of 5 FFMGIC samples than those seen with GIC and 1 FFMGIC samples. Furthermore, the size of the asperities
seen with 5 FFMGIC was smaller than those on GIC and 1 FFMGIC samples. The increase in surface roughness of 5
FFMGIC could be due to the high density of the fibres and the formation of more homogenous bi - phasic material with a
uniform distribution of the fibres within the structure *!. The bi - phasic structure of FFMGIC was confirmed by skewed
distribution of stiffness and topography. This skewing wastowardslow (in case of 1 FFMGIC) or high stiffness (in case of
5 FFMGIC). For samples with 25 wt% fibres, the surface roughness values for al analyzed sizes decreased when
compared with other formulations. This could be explained by the large number/density of uniformly distributed smooth
fibres in the structure. For GIC, however, the uniform distribution of the stiffness and surface morphology suggested a
single phase material. Small areas of low stiffness were also seen for GIC; these areas could be pinholes, scratches,
protrusions and unspecific interactions of the silicon tip with these features. Regardless of the bi - phasic nature of flax
fibres modified glass ionomer restorative materials, the fibres were uniformly distributed and well integrated within the
glass matrix without any visibleinterfacial separation. This could be indicated by the increasein stiffnesswith the addition
of flax fibres, up to 5 wt% in particular.

Normally, bacteria adheres and colonizes to rough surfaces. The threshold roughness value “ Ra” is 0.2 wm; any roughness
below this limit has no mgjor effect on the supra-and sub-gingival plague accumulation. Any roughness value above
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0.2 pm, however, significantly increased bacterial adhesion and plague accumulation . In this study, the measured
roughness values are lower than the threshold value reported in literatures.

Interestingly, the increase in stiffness was observed with the addition of up to 5wt% of flax fibres; a drop in stiffness,

however, was observed for 25 wt%. Furthermore, it was observed that the stiffness distribution was directly related to
fibres’ content. A gradual increase of the areas with low stiffness, which were associated with the flax fibres, was observed.
Importantly, for all samples, the stiffness distribution, thus filler, was uniform. The most uniform distribution of the
stiffness was observed for the samples with 25 wt% flax. AMFM investigations on small scan sizes confirmed that the
stiffness distribution was very uniform. Theincrease in the stiffness (bright regions) was observed only around asperities;

this phenomenon could be explained by either a decrease in the contact area between the tip and the surface, or ‘tight’

junction at the interfaces between material components reducing stress accumulation. The latter situation is more likely
and corresponds well with the structural analysis of the material . According to the results of surface roughness and
mechanical properties, there was an enough evidence to regject the null hypothesis.

The effect of flax fibres on setting characteristic (kinetic and time), mechanical (compression and flexural) properties,
radiopacity as well as biocompatibility of GIC restorative materials will be considered in the future work. Another
direction for the future work will be the surface modification of flax fibresfor further improvement of materials' stiffness.

5 Conclusion
1) Addition of flax fibres produced no significant changes in surface microhardness of GIC.

2) Quadlitative imaging using AMFM showed the presence of a single phase for GIC, while biphasic structure was
observed for FFMGICs. Regardless of the bi-phasic nature observed for flax fibres modified formulations, the
flax fibres were uniformly distributed and well integrated within the glass ionomer matrix without any visible
interfacial separation.

3) Addition of flax fibres up to 5 wt% produced a significant increase in surface roughness. Thiswas related to the
increased content of fibres protruding on the surface aswell as the heterogeneous, biphasic characteristics of flax
fibres modified glassionomer materials.

4) Importantly, theincorporation of flax fibres up to 5wt% significantly increased stiffness. Theincrease of thefiller
content to 25 wt%, however, resulted in drop of the maximum stiffness.

5) The number/density/sizes of asperities on the sample surface decreased with increasing the filler content.
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