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ABSTRACT

Introduction

Glass ionomer restorative cements (GIC) are routinely used
in dental practice. During mixing, air incorporation may
lead to higher porosity with subsequent weakening of the
cement. The degree of porosity will determine whether
capsule-mixed or hand-mixed GIC are mechanically
stronger for clinical use.

Aim

To compare the porosity of four commercially available
dental glass ionomer cements, supplied in both hand-
mix and capsule-mix formulations, by evaluating number
of voids (%), total volume of voids (mm?® and volume
percentage of voids (%).

Methods

Eighty samples were manufactured from hand-mixed GIC:
Riva Self Cure; Fuji IX GP ; Ketac Universal, Ketac Molar
Easymix, and equivalent capsule-mixed GIC: Riva Self
Cure; Fuji IX GP ; Ketac Universal Aplicap and Ketac Molar
Aplicap. Micro-CT scanning was used to evaluate porosity.
The number of voids (mm?), total volume of voids (mm?) and
the volume percentage of voids (%) were calculated.

Results
Riva Self Cure Capsules showed significantly less volume of
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ABBREVIATIONS FOR ARTICLE

e GIC - Glass lonomer cement

e FIXC - GC Fuiji IX GP capsule-mix

e  FIXH - GC Fuiji IX GP hand-mix

e RSCC - Riva Self Cure capsule-mix

e RSCH - Riva Self Cure hand-mix

o KUC - Ketac Unversal Aplicap capsule-mix

e KUH - Ketac Universal hand-mix

e KMC - Ketac Molar Aplicap capsule-mix

o KMH - Ketac Molar Easymix hand-mix

e mm? - cubic millimetre/s

e °C -degrees Celsius

e % - percentage

e rpm - revolutions per minute

e MIDRAD - Micro-focus X-ray Tomography Facility
e NECSA - South African Nuclear Energy Corporation
e SD - Standard deviation

e |QR - interquartile range

voids (P = 0.005) and volume percentage of voids (P = 0.005)
than Riva Self Cure hand-mixed. Fuiji IX GP hand-mixed
showed a higher number of voids (P < 0.001), but lower
volume and volume percentage of voids (P < 0.001) when
compared to Fuji IX GP capsules. The number of voids (P <
0.001), volume of voids (P = 0.004) and volume percentage
of voids (P = 0.004) were significantly lower for both Ketac
Universal and Ketac Molar capsules versus their hand-mixed
equivalents.

Conclusion

Three capsulated forms of glass ionomer cements (Riva
Self Cure, Ketac Universal and Ketac Molar) demonstrated
decreased porosity, and may therfore be advantageous for
clinical application.

Key words: Glass ionomer cement, Capsule-mix, Hand-
mix, Micro-CT, Porosity

INTRODUCTION

Restorative dentistry concepts have changed over the years,
with a modern focus on minimally invasive cavity preparation
and the placement of adhesive restorative materials capable
of re-mineralizing demineralized tooth structure.'? Public
demand for a non-metallic aesthetic restorations has also
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increased.® Glass lonomer cements have been developed
to fulfil these requirements due to their unique material
properties, which include chemical bonding to tooth
structure, setting with an acid base reaction and fluoride
release.* The applications of glass ionomer cements include:
the restoration of primary teeth; class Ill and V restorations
on permanent teeth; intermediated restorations; liners/
bases in the ‘Sandwich technique’; the ‘Art technique’; pit
and fissure sealing and luting of indirect prosthesis.® Modern
high viscosity glass ionomer cements like Ketac Universal,
are now indicated for restricted stress-bearing Class | and
restricted stress-bearing and non-stress-bearing Class |l
permanent restorations on permanent teeth.®

Glass ionomer cements consist of a mixture of calcium- or
strontium-alumino-flouro-sillicate glass powder combined
with a water-soluble polyalkenoic acid.” Two forms of glass
ionomer cements are commercially available from dental
material manufacturers. The first is a glass powder and
separate polyalkenoic acidic liquid that is mixed by hand.8®
The second are the capsulated formulations, which require
mixing in mechanical mixing triturators.®

Capsulation of glass ionomer cements offer several
advantages over hand-mixed materials, these include:
a pre-proportioned powder: liquid ratio, standardised
mixing technique and times,®' user friendliness and
time efficiency.6" The mixed cement can additionally be
immediately injected into a cavity preparation directly from
the capsule.’? Dowling and Flemming® have advocated the
clinical use of capsule-mixed glass ionomer cement with
respect to the superior mechanical properties and as a
solution to the problem of operator-induced variability (i.e.
the variation between two or more individuals performing
the same task, e.g. mixing dental materials) of hand-mixed
materials.®

Several studies have however shown that the vibratory
action of conventional mechanical mixing triturators may
lead to increased porosity of set capsulated glass ionomers
cements when compared to their hand-mixed equivalents,
leading to weakening of the cement.'®'* Mechanical mixing
triturators  with a combined rotational and centrifugal
action have been advocated by some manufacturers and
researchers to reduce porosity and void formation.®'® This
recommendation has been debated, with Fleming et al.'®
and Dowling and Fleming® suggesting that these types
of mixing triturators may not necessarily confer additional
benefits as compared to conventional machines.

Porosity within glass ionomers acts as a source of stress
concentration, negatively affecting the strength and
homogeneity of the material.’>'%'" Voids or porosity may
be incorporated into a mixture by either air entrapment or
inadequate wetting of the powder by the liquid."? Large
voids have been reported to be responsible for material
failure at low stress levels.'?

The published literature shows conflicting evidence as to
whether capsule-mixed or hand-mixed glass ionomers
demonstrate increased porosity.’® Mitchell and Douglas™
evaluated the porosity of hand-mixed and capsule-mixed
glass ionomer luting cements and found hand-mixed
cements to contain more voids and voids of a larger
diameter than the capsule-mixed equivalents.' Kaushik et
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al. however reported the opposite,’™ in their investigation
hand-mixed glass ionomers demonstrated fewer voids per
surface area as compared to the equivalent capsule-mixed
Versions.

AIM AND OBJECTIVES

The present study aimed to compare the porosity of four
commercially available dental glass ionomer cements,
supplied in both hand-mix and capsule-mix formulations.
The objectives were to evaluate differences in number
of voids (mm?3), total volume of voids (mm3) and the
percentage of voids (%) using Micro-CT assessment of the
set materials following different mixing methods.

MATERIALS AND METHODS

Ethical approval for this in vitro, comparative study was
obtained from the Ethics Committee of the Faculty of
Health Sciences, University of Pretoria (protocol number:
206/2017).

The materials included for use in this study were: Riva-
Self-Cure Hand-mix (RSCH, SDI Ltd., Victoria, Australia);
Fuji IX-GP Hand-mix (FIXH, GC, Tokyo, Japan); Ketac-
Universal Hand-mix (KUH, 3M, St. Paul, MN); and Ketac-
Molar-Easymix Hand-mix (KMH, 3M, St. Paul, MN). Four
equivalent capsule-mixed glass ionomers: Riva-Self-Cure
Capsules (RSCC, SDI Ltd., Victoria, Australia); GC Fuiji-IX
GP Capsules (FIXC, GC, Tokyo, Japan); Ketac-Universal
Aplicap Capsules (KUC, 3M, St. Paul, MN) and Ketac-
Molar Aplicap Capsules (KMC, 3M, St. Paul, MN) were
also included for comparison between hand- and capsule-
mixed products.

The respective manufacturer’s instructions were strictly
adhered to at all times during the mixing and preparation
of all specimens/ materials evaluated in this study, and are
described in detail hereafter. The research was performed
in a controlled environment as recommended by the
manufacturers. The room temperature was 23 +/- 1°C and
relative humidity 50 +/- 5%.'%'® All materials were mixed
and dispensed in polytetrafluoroethylene (PTFE) moulds
with the following internal dimensions: six millimetres in
height and four millimetres in diameter.22° The moulds
were constructed from PTFE tubing and supported by
custom-made Perspex® blocks.' Cylindrical material
specimens were prepared by two dentists with the same
level of training, to simulate operator variability.?!?? Ten
specimens in capsule-mix and 10 specimens in hand-mix
were manufactured for each chosen material.

The FIXC were shaken to loosen the powder before
activation.?® All capsules were activated for two seconds
to break the membrane separating the powder and
liguid components.2'52® The capsules were thereafter
immediately placed into a mechanical mixing machines.
The 3M ESPE capsule materials were mixed in the
Rotomix™ triturator (3M ESPE, United Kingdom) as by
manufacturer’s instruction. The triturator was set to an
eight second vibratory action and an additional three
seconds centrifuging action at 2950 rpm frequency.81215

All other capsules were mixed in an amalgamator
(Amalgamator SYG 200, SMACO, Switzerland) for 10



RESEARCH

Table I. Number of voids (n) per volume of all materials tested

10
321562.7 (7126.8) 0.221*
31515.0 (29779.0 — 35645.0) 0.199*
21066.0/47681

10
43939.4 (7458.6) 0.210*
45954.5 (40243.0 - 48670.0) 0.545™
25813.0/60851.0

10
10122.0 (6314.8) <0.001*
8100.0 (6939 — 10270) 0.002*
5709.0/27469.0

10
9606.7 (2230.9) 0.001*

10408.5 (7259.0 — 11102.0) 0.007**
6073.0/12106.0

Table Il. Total volume of voids (mm3) per volume of all materials tested

10
0.4 (0.4) 0.005*
0.2(0.2-0.7) 0.019™
0.1/1.2

10
0.9(0.2) < 0.001*
0.9(0.7-0.9) < 0.001™
0.5/1.1

10
0.2(0.2) 0.004
0.2 (0.04-0.4) 0.007*
0.03/0.6

10
0.3 (0.06) 0.010*
0.4(0.3-0.4) 0.008*
0.2/0.4
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RSCH

0.01 mm?

RSCC

0.005 mm?

0.001 mm?

KMH

0.01 mm?

KmC

0.005 mm?

0.001 mm?

Figure 1. Micro-CT 3-D reconstructed images of RSCH and RSCC.
Panel a) indicates the representative material samples with the
smallest volume of voids and panel b) the specimen with the largest
volume of voids.

FIXH

0.01 mm?

FIXC

0,005 mm®

0.001 mm?

Figure 2. Micro-CT 3-D reconstructed images of FIXH and FIXC.
Panel a) indicates the representative material samples with the
smallest volume of voids and panel b) the specimen with the largest
volume of voids.

KUH

0.01 mm?

Kuc

0.005 mm?

0.001 mm?

Figure 3. Micro-CT 3-D reconstructed images of KUH and KUC.
Panel a) indicates the representative material samples with the
smallest volume of voids and panel b) the specimen with the largest
volume of voids.

Figure 4. Micro-CT 3-D reconstructed images of KMH and KMC.
Panel a) indicates the representative material samples with the
smallest volume of voids and panel b) the specimen with the largest
volume of voids.

seconds vibratory action.®'® Immediately after mixing,
each capsule was placed in an appropriate applicator to
facilitate the extrusion of the glass ionomer restorative
material.®'® The hand-mixed equivalents were mixed on
a waxed-paper mixing pad using the scoop and dropper
systems provided to measure accurate quantities.?? To
simulate clinical practice, the powder and liquid quantities
for the hand-mixed materials were intentionally not
weighed.

The moulds were placed on a polyester strip in the
Perspex® matrix. Mixed cement was dispensed into the
moulds within 80 seconds.'>?%?' The capsulated glass
ionomers were extruded slowly to provide laminar flow
and minimise the incorporation of bubbles with the nozzle
positioned to one side of the mould.?2'?* The hand-mixed
materials were applied to the moulds within 60 seconds
using a stainless steel spatula and allowed to flow to
minimise the incorporation of air bubbles.®?*® A second
polyester strip was thereafter placed over the filled moulds.

Both the capsulated and hand-mixed materials were gently
compressed using a glass slab with a weight of 60 g2 and
slight pressure to extrude the excess material and flatten
the Surfaoel5,17,19,21,25-29

Coatings were applied for FIX, RSC and KM specimens
and omitted for KU specimens according to manufacturers’
instructions. All specimens were thereafter placed in
distilled water in glass containers maintained at 37+/- 1°C
in an incubator (Binder ED?, Tuttlingen, Germany) for a
period of one hour.12,20,21 After one hour, 880 grit silicon
carbide paper was used under running water to remove
surplus cement at the top and bottom of the moulds.™
Each specimen was carefully removed from the moulds
and stored in glass containers with 50 ml distilled water at
37°C. for 23 hours. Testing of the specimens commenced
24 hours after manufacturing.?°?'%® Any specimens
with visible defects such as bubbles or cracks, were
discarded.?02!

Porosity evaluation
The XTH 225kV micro-focus X-ray/CT system (Nikon
Metrology, Leuven, Belgium) situated at the micro-
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Table lll. Volume percentage of voids (%) per volume of all materials tested

Number of specimens (n) 10

Mean (+- SD)% 1.5(0.5)
Median (IQR)% 1.6(1.1-1.9)
Min/Max% 1.0/2.1
Number of specimens (n) 10

Mean (+- SD)% 0.6 (0.1)
Median (IQR)% 0.5(0.5-0.7)
Min/Max% 0.4/0.8
Number of specimens (n) 10

Mean (+- SD)% 0.9 (0.3
Median (IQR)% 0.8 (0.7 -0.9)
Min/Max% 0.4/1.4
Number of specimens (n) 10

Mean (+- SD)% 0.9 (0.3
Median (IQR)% 0.8(0.8-1.2)
Min/Max% 0.3/1.3

* Two sample t-test
** Non-parametric Wilcoxon Rank-Sum test

focus X-ray radiography/tomography facility (MIXRAD) of
the South African Nuclear Energy Corporation (NECSA),
Pelindaba, South Africa was used for porosity testing. The
system has an intrinsic spatial resolution volume ranging
from 0.001-0.006 mm. The manipulator allowed for
horizontal optimization to ensure maximum amplification of
the samples. To convert 2D projections into 3D volumes,
CT-Pro reconstruction software (Nikon XT software, USA)
was used. CT-Pro 3D raw volume files were imported into
VGStudioMax software (High-End Industrial CT Software,
Heidelberg, Germany) allowing for the recovery and
reconstruction of the X-rays into pinpoint sharp 3D-virtual
images.

The number of voids per volume (n), the total volume of
voids (mm?®) per volume and the volume percentage of
voids (%) per volume of each specimen were determined. '
The measured volume of each specimen was pre-set
at 60,054688 mm?. Voids greater than 0.001 mm?® were
included in the present study as these are considered to
be significantly large.'

Statistical analysis

Statistical analysis was performed using SAS (SAS Institute Inc,
Carey, NC, USA), release 9.4, running on Microsoft windows
for personal computer. The applied statistical tests, two-sided
and P values less than 0.05, were considered significant.
Mean values for number of voids per volume (n), total volume
of voids (mm?) and volume percentage of voids (%) were
compared using the two-sample t-test. Thus any significant
differences between the means of the paired test groups could
be determined. The non-parametric Wilcoxon Rank-Sum test
was used to compare the median values of the paired groups.

P-value
10

0.7 (0.6)
0.4(0.3-1.2)
0.1/1.8

0.005*
0.019**

P-value
10

1.4 (0.3)
1.5(1.2-1.6)
0.8/1.8

<0.001*
<0.001**

P-value
10

0.4 (0.3)

0.4 (0.1-0.7)
0.1/0.9

0.004*
0.006™*

P-value

10

0.6(0.1)

0.6 (0.5-0.6)
0.4/0.7

0.0107
0.008™*

RESULTS

The number of voids per volume of the tested materials
are reported in Table .

No significant differences regarding the number of voids
between the RSCH- and RSCC- paired groups (mean, P
= 0.221; median P = 0.199) or the FIXH- and FIXC- paired
groups (mean, P = 0.210; median P = 0.545) were found.
The number of voids present in the KUH- and KUC- paired
group differed by mean values of 12183.6, which was
statistically significant (P < 0.001). The median values of the
two groups also varied by 13694 (P = 0.002). Significant
differences regarding the number of voids between the
KMH- and KMC- paired group mean values (6699.8, P =
0.001) and median values (6666.5, P = 0.007), were also
found.

The volume of voids per volume of the tested materials are
reported in Table Il.

Three of the four hand-mixed materials RSCH (P = 0.005),
KUH (P = 0.004) and KMH (P = 0.010) demonstrated
a significantly higher mean total volume of voids when
compared to the respective capsule-mixed materials
(RSCC, KUC and KMC).

The FIXH- and FIXC- paired group also demonstrated
significant differences in both the mean and median volume
of voids (P < 0.001), however the hand-mixed material (FIXH)
displayed a lower total volume of voids as compared to the
capsule-mixed material (FIXC). The volume percentage of
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voids (%) per volume of all materials are reported in Table lIl.
Three of the four hand-mixed materials RSCH (P = 0.005),
KUH (P = 0.004) and KMH (P = 0.010) demonstrated
a significantly higher volume percentage of voids when
compared to the respective capsule-mixed materials
(RSCC, KUC and KMC). The FIXH- and FIXC- paired group
also demonstrated significant differences in both the mean
(P < 0.004) and median volume percentage of voids (P <
0.006), with the hand-mixed material (FIXH) displaying a
lower total volume percentage of voids when compared to
the capsule-mixed material (FIXC).

Micro-CT reconstructed 3D images providing a comparative
visual indication of the number, size, volume and distribution
of voids can be seen in Figures 1, 2, 3 and 4. The images
selected for each material were made according to
representative material samples displaying the smallest and
largest volume of voids.

DISCUSSION

Testing and comparison of the mechanical properties of
glass ionomers may have important clinical considerations
as the mechanical properties of these materials, such
as porosity and the presence of voids, may provide an
indication of their long-term durability and wear resistance.®
Micro-CT scanning allows for the non-invasive charting and
evaluation of the microstructure of dental materials in three
dimensions by producing high resolution images and rapid
data acquisition.'®® Previous studies on glass ionomer
cements by Nomoto et al.’® and Chen et al.®® demonstrated
Micro-CT scanning to be highly effective to evaluate material
properties. To the authors’ knowledge, this is the first
study evaluating porosity in set Riva Self Cure and Ketac
Universal samples utilizing Micro-CT technology.

Small air inclusions, dispersed throughout the entire mass
of the cement, were observed in all the scanned glass
ionomers cements specimens examined in this study.

Larger air inclusions were also observed and these may be
of clinical significance as they may contribute to material
failure at lower stress forces and have a negative effect on
the performance of the set material.'

Hand-mixing of higher viscosity glass ionomer cements
should ideally produce an even diffusion of unreacted
glass fillers throughout the plastic mass. However, if
inadequate spatulation force is used during mixing,
clumps of unreacted glass filler powder may form instead
of an even diffusion of powder particles. Fleming and Zala
previously identified such powder clumps in hand-mixed
glass ionomer materials,'® and reported that cracks or
fractures of the set material will most likely commence from
these sites.™®

Fleming et al.?° suggested that porosity may be introduced
during hand-mixing of glass ionomer cements when a
greater volume of powder is added to the liquid than that
recommended by manufacturers. Greater powder volume
necessitates increased pressure during spatulation to
sufficiently mix the material, potentially leading to greater
porosity of the end product.?° It has been demonstrated
that the use of a lower than recommended powder-to-
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liquid volume will result in reduced porosity, however this
modification negatively affects the strength of the cement due
to the lower concentration of reinforced glass filler particles
in the set product.®® Dowling and Fleming® suggested
the powder content of glass ionomers routinely used in
clinical practice may be as low as 50% of manufacturer’s
recommendations,® which could have substantial clinical
implications.

No significant differences were found between the number
of voids between the RSCH and RSCC specimens tested.
However, the volume of voids and volume percentage
differed significantly. This finding suggests that capsulated
RSC may be beneficial for clinical use considering the
reduction in porosity.

FIXC demonstrated significantly higher values for volume
and volume percentage of voids as compared to FIXH.
These findings could possibly be explained by operator
induced variability which has been demonstrated to affect
porosity during the mixing of glass ionomer cements.?
During the present study, utmost care was however taken
to accurately measure the powder and liquid volumes
and mixing was completed according to manufacturer’s
recommendations. Kausnik et al.'® reported capsule-mixed
restorative glass ionomer cements to contain more voids
per volume than hand-mixed products. Conventional
mixing machines, without additional centrifugation, as used
with FIXC materials, may be responsible for the increased
porosity found in some capsulated glass ionomer cements
(Figure 2)."® The results of the present study support this
finding.

Al-Kadhim et al.®* compared hand-mixed and capsule-mixed
glass ionomer luting cement and reported the capsule-
mixed material to have larger voids and an increased volume
of voids as compared to the hand-mixed equivalents. The
decreased viscosity of glass ionomer luting cements as
compared to restorative glass ionomer cements may be
responsible for this finding. This assertion is supported by
the findings of Nomoto and McCabe,'? who demonstrated
conventional mechanical mixing to introduce a type of foam
or frizz in low-viscosity cement.

The 3M materials (KUC and KMC) were mixed according to
manufacturer’s instructions using a Rotomix™ mechanical
triturator. The reduced volume of voids and volume
percentage of voids of the 3M materials tested in the present
study may be attributed to the added centrifugal action of
the Rotomix™ ftriturator when mechanically mixing these
products. Centrifuging has been shown to move air bubbles
to the surface, allowing the air to “break out” before mixing
is completed.’ Studies have demonstrated that the added
centrifugal action may only be beneficial for some cements
and that performance is dependent on the initial viscosity of
the cement mass.'>'® Glass ionomer cements mixed in the
Rotomix™ show decreased working and setting times due
to prolonged mixing caused by centrifuging after rotation.™®
Issa et al®® examined the extrusion force, surface pH
(indicating homogeneity), and porosity of capsulated glass
ionomer cement when mixed with the Rotomix™, by hand
and or with a conventional amalgamator and found the
Rotomix™ to be beneficial when the examined properties
were compared. A future study specifically aimed at using



the Rotomix™ for mixing all the capsulated test glass
ionomer materials used in the present study, may provide
valuable information and more conclusive results.

A solution to reduce porosity in glass ionomer cements,
using applied ultrasonic excitation, was suggested by
Coldebella et al® In their study, ultrasonic excitation
decrease the size and number of voids in tested materials.?
High-vibration frequency caused the voids to collapse
during the mixing process.?® Ultrasonic wave application
may therefore improve the setting reaction between the
glass particles and the polyacid, and break up powder
particle clusters formed.? Higher compressive strength and
surface hardness, and increased bonding to enamel have
been documented when ultrasonic vibration was applied to
glass ionomer cement during the early setting reaction.?®

CONCLUSION

Significant differences in the porosity of glass-ionomer
cements were found between the hand-mixed and capsule-
mixed equivalents tested in the present study. The results
demonstrate that the method of mixing may significantly
influence the porosity of dental glass ionomer cements.
The results for FIX were inconclusive as to whether the
capsule-mix or the hand-mixed materials are superior in
terms of porosity. With reference to the RSCC, KUC and
KMC materials, capsule-mixing resulted in significantly
lower porosity than hand-mixing when the number, total
volume and volume percentage of voids were compared.
These findings suggest capsule-mixing to be advantageous
as compared to hand-mixing regarding the porosity of
these materials. A related research study by the authors,
‘Comparison of capsule-mixed versus hand-mixed glass
ionomer cements, Part 1: compressive strength and surface
hardness’, supports the conclusion that capsulated glass
ionomer cements could be superior to their hand-mixed
counterparts.
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