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Abstract: Glass ionomer cements (GICs) have many clinically favourable properties such as
adhesion to tooth tissues and moisture tolerance, but have low strength compared with other direct
dental restorative materials, and this limits their applications. Nanomaterials have shown promise
in reinforcing biomaterials, including cements. The aim of this study was to explore whether the
compressive strength of a GIC could be enhanced using halloysite nanotubes (HNTs), a naturally
occurring hollow tubular material derived from clays. 1-15% by mass HNT was incorporated into
GICs, coupled with adjustments to the powder:liquid ratio to account for the lubricating properties
of HNTs. Compressive strength was measured, and the most promising formulation further
investigated with respect to other mechanical and physical properties. 5% HNTs with 5:1
powder:liquid increased compressive strength by 34% with respect to unmodified GIC (187 and 140
MPa respectively; p=0.0004). Hardness and wear resistance also increased by 11% (p=0.0006) and
22% (p=0.0139) respectively. Diametral tensile strength was unchanged (p=0.795) and fluoride
release from HNT-GICs was reduced by an average of 14% over 28 days. In conclusion, these nano-
reinforced cement materials with improved mechanical properties could ultimately provide GICs
for a wider range of uses in restorative dentistry.

Keywords: glass ionomer cements; nanomaterials; strength; halloysite; clay minerals; nanotubes;
mechanical properties

1. Introduction

Glass ionomer cements (GICs) have a range of clinical uses, but one factor which limits their
applications is their low strength in comparison with other restorative materials [1]. Nanoparticles
and associated structures such as nanofibres and nanoplates present a promising approach to
reinforcing materials. By incorporating these into a microstructured material it is possible to create
an integrated, hierarchical micro- and nano- structured material which can yield improvements in
strength, toughness and crack-resistance, such as is observed in many natural materials [2].

Halloysite nanotubes (HNTSs) are naturally-occurring aluminosilicate mineral materials derived
from clays. They have a high aspect ratio and a hollow core, and this structure has made them a target
both for material reinforcement and for loading of drugs within the inner lumen [3-5], with the
additional benefit that they are considerably cheaper than alternatives such as carbon nanotubes [6].

Within the specific context of dental materials, most research into the applications of HNTs has
had as the primary focus the incorporation of a drug into the material by loading it into the hollow
core of the halloysite, but changes in mechanical properties were also measured in several of these
studies. For instance, while resin-based composites supplemented with 8% by weight HNTs showed
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either no change or a deterioration in mechanical properties [7,8], lower concentrations (<5%) of
HNTs were effective in improving mechanical properties [9]. Hardness of adhesive resins was
increased by moderate concentrations of HNTs [10], and hardness of denture base resins was
enhanced by modest (0.3%), but not greater (0.6-0.9%), incorporation of HNTs [11].

While there have been no reports to date of incorporation of HNTs into GICs, there have been
attempts to incorporate another nanostructured clay material, montmorillonite, into this material.
Montmorillonite is characterised by nanoscale sheets as opposed to tubes, and when functionalised
using 12-amino-dodecanoic acid this material increased the compressive fracture strength, although
not the wear resistance, of GICs [12,13], illustrating that in principle nanostructured fillers that are
chemically compatible with a GIC can beneficially affect mechanical properties.

The aim of this project was to explore whether incorporating HNTs into a commercial GIC could
improve its mechanical properties. The composition of the filler is important, and the fact that
halloysite is, like the glass particles in a GIC, composed primarily of aluminosilicate material, forms
the basis, alongside its physical form, of the selection of HNTs for this investigation. The interaction
of the GIC glass with the polyacrylic acid matrix is a key factor in its setting and consequent
properties, and the partial dissolution of the glass surface following by the crosslinking of the
polyacrylic acid chains provides a seamless interface between the two. Interfacial interactions are
known to be critical in natural nanomaterials, and poor or inadequate interfacial bonding can explain
a number of failed attempts to create synthetic nanomaterials [2]. Thus one reason that HNTs were
selected for this application was that it was anticipated that the mineral would interact with the acid
in a similar way to the glass, bonding with the matrix rather than creating interfacial voids or
weaknesses.

2. Materials and Methods

2.1 Characterisation of HNTs

HNTs of grade MF4 were provided by Durtec GmbH (Neubrandenburg, Germany) and are
described by the supplier as consisting of 47.5% silica, 36.6% alumina and 13.9% water. HNTs were
investigated using Fourier transform infrared spectroscopy (FTIR) using a Spectrum 100 (Perkin
Elmer, MA, USA) over wavenumber range 400-4000 cm™ and X-ray diffraction (XRD) using a Bruker
D8 Advanced Powder X-ray diffractometer (Bruker Corporation, MA, USA) with Cu Ka radiation
(A=1.54 A) at 20 values 5-85 and a step size of 0.1°.

HNTs were assessed for acid lability by being immobilised on a carbon-coated adhesive disc and
immersing one side into a pH 2 (0.1 M) HCI solution for 15 minutes. The pH of the HCI solution was
ascertained using a pH probe model EC620131 connected to an Orion 3-star benchtop pH meter
(Thermo Fischer Scientific, Massachusetts, USA). After immersion, the disc was rinsed using
deionized water, dried at 37 + 2°C for 24 h, cleaned with compressed air, sputtered coated with gold
and imaged using scanning electron microscopy (SEM) (Phenom Pro, Phenom World, Eindhoven,
Netherlands).

2.2 Preparation of cement specimens

GICs were prepared using Diamond Carve™ (Kemdent, Purton, UK) as the base material.
Diamond Carve is a conventional, hand-mixed powder-liquid GIC in which the powder comprises a
fluoroaluminosilicate glass mixed with dry polyacrylic acid (PAA), tartaric acid and polyvinyl
phosphonic acid and the liquid a PAA solution. The HNTs were substituted for the fluoroalumino-
silicate glass component of the GIC powder. The glass and HNTs were mixed by first shaking
vigorously by hand for 10 seconds in a sealed universal plastic container measuring 120 mm in length
and 25 mm in diameter, then mixing on a tube roller (Cole-Parmer, Staffordshire, UK) at 33 rpm for
30 minutes. After this, 100 steel or glass balls (5 mm diameter, 51.9 g total mass) were added and this
was transferred to a BMT-50-5-M tube and milled at 3000 rpm for 20 minutes using an Ultra-Turrax®
tube drive (both IKA, Staufen im Breisgau, Germany). Substitutions of HNTs for glass were made at
0,1,2, 3,5, 10 and 15% by mass with the manufacturer’s recommended powder: liquid ratio of 4:1,
and the effect of changing the powder: liquid ratio was investigated by selecting the most promising
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doping of HNTs and varying the quantity of liquid giving ratios of 4.44:1, 5:1 and 5.7:1 (10, 20 and
30% reductions in liquid respectively). Powder and liquid were combined using a stainless-steel
spatula on a glass surface and mixed for a maximum of 60 seconds before being placed in a mould of
material and dimensions that varied according to the test to be performed. Mixed cements were
prepared and stored at 37 + 2°C for 23 + 1 h in a humid environment (sealed container containing wet
tissue paper) before further investigation. A cement prepared with components as supplied (without
milling, adjusting powder:liquid ratio or adding HNTs) was used as a baseline material.

2.3 Measurement of cement compressive strength

GIC specimens were prepared using stainless steel cylindrical split moulds of 4.0 + 0.2 mm dia-
meter and 6.0 £ 0.3 mm height. The moulds were placed between two steel discs to give flat,
planoparallel surfaces; the discs were lined with acetate sheets to prevent the cements sticking to the
discs. N=40 specimens were used. 0% HNT was investigated both with and without milling to
ascertain what effect if any the milling had on CS. Each sample diameter was measured three times
providing an average reading, and specimens were tested for CS by compressing the flat surfaces
using a universal testing machine (Instron, Buckinghamshire, UK) with a crosshead speed of 0.5
mm/min and a load cell of 10 kN. The load at failure was used to calculate CS.

2.4 Measurement of other cement properties: Diametral tensile strength (DTS), hardness and wear

For DTS measurements, GIC specimens (n=40) were prepared using stainless steel cylindrical
moulds of 6.0 £ 0.3 mm diameter and 4.0 + 0.2 mm height. The moulds were placed between two steel
discs to give flat, planoparallel surfaces; the discs were lined with acetate sheets to prevent the
cements sticking to the discs. Each sample diameter was measured three times providing an average
reading, and specimens were tested for DTS by compressing the curved edges using a universal
testing machine (Instron, Buckinghamshire, UK) with a crosshead speed of 0.5 mm/min and a load
cell of 10 kN. The load at failure was used to calculate DTS.

For hardness measurements, GIC specimens measuring 6.0 x 8.0 x 3.2 (+ 0.1) mm were prepared
in silicone moulds and compressed between two 1 kg weights lined with acetate sheets to prevent
sticking to the weights. The cement specimens were immobilised using stainless steel grips and tested
for microhardness using Duramin 1 indenter fitted with a Vickers diamond tip (Struers, Rotherham,
UK). A force of 1.961 N was applied to the cement for 20 seconds and indentation measurements
were made using a x 40 lens CCD camera (Toshiba-Teli Co., Tokyo, Japan) by measuring the cross-
sectional lengths of the indentations. Two samples of each cement were made on three different days
(6 samples of each group) and 10 indentation measurements were made on each, five on each side of
the cement. Any indents made on a pore or surface imperfection on the cements were rejected and
the test repeated.

For wear measurements, GIC specimens measuring 6.0 x 8.0 x 3.2 (+ 0.1) mm were prepared in a
silicone mould and compressed between two 1 kg weights lined with acetate sheets. One half of each
specimen was covered using adhesive polyvinyl chloride (PVC) tape. Specimens were immersed in
500 mL of 19.1 mM citric acid adjusted using KOH to pH 3.3 in a rectangular bath. Specimens were
brushed while immersed in this acid using a purpose-made tooth brushing machine which
comprised a linear motion arm which held Colgate® medium extra clean toothbrush heads (Colgate
Palmolive, New York, USA) affixed using sticky wax (Kemdent, Purton, UK) for 10000 brush cycles
under a 200 g weight. After brushing the specimens were immersed in deionized water for 30 s, the
PVC tape was removed and the specimens were imaged using a Scantron Proscan 2000 non-contact
profilometer (Scantron Industrial Products Ltd., Taunton, UK). Any specimens where the PVC tape
was dislodged during brushing were discarded.

2.5 Fluoride release from cements

GIC specimens were prepared using stainless steel cylindrical moulds of 6.0 + 0.3 mm diameter
and 4.0 + 0.2 mm height giving a surface area of 132 mm?. Specimens were immersed in 20 mL DIW
at 37 + 2°C. The DIW was refreshed at 1, 2, 3, 7, 14, 21 and 28 days and the water retained for fluoride
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analysis. Fluoride-containing solutions were analysed using an Orion 96-09 ionplus® fluoride
selective electrode (FSE) with an Orion 4 Star pH/ISE benchtop digital unit. The FSE was calibrated
using standard fluoride solutions of 1000, 100, 10, 1 and 0.1 ppm. Solutions were mixed with Orion
ionplus® Total Ionic Strength Adjustment Buffer (TISAB) II containing 1,2-cyclohexane
diaminetetraacetic acid (CDTA) in a 1:1 ratio (all Thermo Fisher Scientific, Massachusetts, USA). All
solutions were stored, measured and analysed in plastic containers.

2.6 Statistical analysis

Data sets were analysed using a one-way ANOVA and, where statistically significant differences
were indicated (p < 0.05), a Tukey HSD test. Data consisting of two groups only were analysed using
a student t-test also using a significance level of 0.05.

3. Results

3.1 Characterisation of HNTs
An FTIR spectrum of HNTs is shown in Figure 1. Peaks were observed in the region of 551, 908,
1070 and 3640 cm™ which are comparable to published spectra of HNT [14]. An XRD spectrum of
HNTs is shown in Figure 2. The peaks at 20=12, 20 and 24.9° are comparable to published values [15].
SEM images of HNTs as received and after immersion in 0.1 M HCl for 15 minutes are shown in
Figure 3. HNTs are visible as large aggregates with diameters up to 100 pm. There was no indication
that the HNTs were acid-labile under these conditions.
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Figure 1. FTIR spectrum of HNTs. There are peaks in the regions of 520, 910, 1000 and 3640 cm-!, which are
comparable to literature values for halloysite [14].
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Figure 2. XRD spectrum of HNTs. The peaks at 20=12, 20 and 24.9° are comparable to literature values [15].
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Figure 3. HNTs before (a) and after (b) immersion in pH 2 HCl for 15 minutes. Scale bars represent 10 pm.

3.2 Cement compressive strength

CS of specimens as a function of HNT doping is shown in Table 1. Only 5% HNT resulted in a
small (12%) but statistically significant (p = 0.001) increase in CS with respect to the unmodified GIC;
all other dopings resulted in a CS that was equal to or lower than the original material. CS of
specimens with 5% HNT by mass and varied powder: liquid ratio are shown in Table 2. A higher
ratio (less liquid) gave an increase in strength. The greatest strength increase (34% greater than the
unmodified GIC and 25% greater than the milled but otherwise unmodified GIC, p < 0.001 for both
cases) was 5% HNT with a powder: liquid ratio of 5:1 (20% less liquid than the manufacturer’s
instructions specify) and this was therefore taken forward for further testing and comparison with
the unmodified control. This cement is referred to as 5%-HNT-GIC as shorthand. It was not possible
to prepare a comparator group with no HNT and a powder: liquid ratio of 5:1 as the mix was too dry
and resulted in a crumbly, very friable cement. Therefore for all subsequently reported
measurements, 5%-HNT-GIC was compared with Diamond Carve that had been milled but
otherwise unmodified with a powder:liquid ratio of 4:1. This is referred to as control-GIC.

Table 1. Compressive strength of GIC specimens as a function of the % by mass HNT substituted
for glass powder. Standard deviations are shown in parentheses. N=40 specimens were tested per
group. Superscript letters represent statistically homogeneous groups.

% substitution of .
° Compressive strength

HNT for glass Milled [MPa] (SD)
powder

0 No 140.2 (26.1)¢
0 Yes 149.8 (21.2)cde
1 Yes 122.3 (21.9)2b
2 Yes 120.6 (15.2)20
3 Yes 118.8 (14.7)a
5 Yes 157.3 (23.2)def

10 Yes 145.1 (20.0)cd
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Table 2. Compressive strength of GIC specimens containing 5% HNT substituted by mass for glass
powder, as a function of the powder:liquid ratio. Standard deviations are shown in parentheses.
N=40 specimens were investigated per group. Superscript letters represent statistically
homogeneous groups.

Powder: liquid Compressive strength
ratio [MPa] (SD)
4:1 157.3 (23.2)def
4.4:1 165.2 (16.5)sf
5:1 188.0 (29.0)¢s
5.7:1 172.2 (29.9)'s

3.3 Diametral tensile strength (DTS), hardness and wear

DTS, hardness and wear of 5%-HNT-GIC and control-GIC are shown in Table 3. DTS was not
statistically significantly different between the two groups (p = 0.795), whereas hardness increased
with the addition of HNTs (57.7 compared with 52.2 VHN, p = 0.0006) and wear resistance increased
with the addition of HNTs (21.6 um compared with 27.8 pm wear, p = 0.0139).

Table 3. DTS, hardness and wear of control-GIC (milled, no HNT, standard 4:1 powder:liquid ratio)
and 5%-HNT-GIC (milled, with 5% HNT and a powder: liquid ratio of 5:1). Standard deviations are
shown in parentheses. The DTS were not statistically significantly different (p=0.795) whereas
statistically significant increases were observed in hardness (p = 0.0006) and wear resistance

(p=0.014).
1 GI
Parameter [unit] Con(t;(])))G c 5%-HNT-GIC (SD)
Diametral tensile strength [MPa] 6.7 (1.6) 6.8 (2.1)
Hardness [Vickers hardness number] 52.2 (7.9) 57.7 (6.2)
Wear after 10000 cycles of toothbrush 27.8 (3.2) 21.6 (5.8)

abrasion in citric acid [um]

3.4 Fluoride release from cements
Fluoride release from control-GIC and 5%-HNT-GIC cements as a function of time are shown in

Figure 4.
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Figure 4. Cumulative fluoride release from control GIC (milled, no HNT, standard 4:1 powder:liquid ratio)
and 5%-HNT-GIC (GIC, milled, with 5% HNT and a powder:liquid ratio of 5:1). Error bars represent
standard error. Significant reductions in fluoride release were seen at days 1 (p = 0.0013), 2 (p = 0.039), 21
(p=0.0003) and 28 (p =2.23 x 10°).
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There was a lower fluoride release from 5%-HNT-GIC compared with control-GIC; on average
over the sample time this was 14% lower and was statistically significant at time points 24 h (p =
0.0013), 48 h (p = 0.039), 21 days (p = 0.0003) and 28 days (p = 2.23 x 10-).

4. Discussion

HNTs have been incorporated into other dental materials, for instance into resin-based composites
and acrylics, with some observation of an enhancement of mechanical properties, although this was
dose-dependent and not always unequivocal [7-11]. HNTs have not previously been incorporated
into GICs. It was observed that the process of incorporating HNTs into the GIC components, by
substituting for glass particles and ball milling, adversely affected the handling properties, yielding
a wet, sloppy material that was difficult to mix and pack effectively. The milling process is important,
as it is widely reported that poor dispersion of nanoparticles and related nanostructures in composite
materials undermines the reinforcing process and gives disappointing results [16], and therefore it
was not deemed appropriate to dispense with the milling step.

The observation that adding HNTs to the GIC made the mix less viscous is at first glance
counterintuitive, in that the HNTs have a higher specific surface area than the GIC powder and thus
one might expect that more liquid would be required to effectively wet the combined powder, rather
than less. This observation is attributed to the lubricating properties of some nanoparticles, in that
they can help the larger particles slide past one another and pack more readily and efficiently. This
has been reported specifically for HNTs [17,18]. The regular tube-like structures of the HNTs in
combination with the irregular and jagged glass particles create a blend that overall will move more
freely past one another than the glass particles alone.

For this reason, a reduction in the GIC liquid component was explored, using the HNT doping
that gave the highest strength without this modification, an albeit statistically insignificant increase
of 5%. The optimum powder:liquid ratio was identified to be 5:1, as compared to the manufacturers’
recommendation for the unmodified cement of 4:1. This, combined with a 5% HNT doping and
milling, resulted in a CS of 187.2 MPa, 25% greater than the milled cement with a powder:liquid ratio
of 4:1 (149.8 MPa) and 34% greater than the as-received unmilled cement (140.2 MPa). The proposed
mechanism is one of reinforcement by the rod-like HNT structures; similar shaped nanotubes, rods
and fibres have been used to enhance strength and related properties of a diverse range of materials
including bioactive ceramics [19] and glasses [20], poly(methyl) methacrylate denture base resins [21],
and hydrogel composites [22]. The mechanism of reinforcement is thought to be the creation of a
multiscale interlocking system of the smaller nanotubes and the larger irregular glass particles, with
the HNTs acting as an additional stress-bearing component, and resisting or deflecting crack
propagation.

HNT were selected owing to their shape and size, their inexpensive, widely available nature, but
also their chemical similarity to the glass used in a GIC. It was considered that they would withstand
the acidic environment during the setting of the GIC, unlike some other material such as calcium
phosphates which degrade rapidly under acidic conditions. The observation that the HNTs
withstood 15 minutes immersion in pH 2 acid supports this hypothesis, although the lack of increase
in tensile strength does imply that any interaction of this kind was insufficient to render the material
stronger under tensile load.

The aspiration to increase the strength of a GIC is not a new one. While resin-modified GICs have
many favourable properties including good mechanical performance, the incorporation of the resin
brings the requirement for a more time consuming and meticulous application procedure.
Approaches to enhancing strength without resins include the use of metals, glass fibres, zirconia, as
well as various nanoparticles, and have been reviewed recently [23]. Titanium dioxide nanoparticles
increased compressive strength of a GIC by 18% [24], which was attributed to the packing of the
nanoparticles between the much larger glass particles. These titanium dioxide nanoparticles were
roughly spherical, whereas other studies have suggested that high aspect ratio particles such as the
HNTs used here might offer additional benefits over simply filling in the spaces between the glass
particles. Glass fibres, much larger than the HNTs used here (10 pm diameter), were found to
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improve a number of mechanical properties of a GIC including tensile strength, hardness and flexural
strength [25].

The increase in surface hardness with the incorporation of HNTs has been observed in other
materials [26,27]. It has been reported that if HNTs are not well distributed through the material
hardness can decrease, and the increase observed here may thus be taken as an indication that the
milling process was at least moderately successful in distributing the HNTs through the GIC matrix.

Wear testing using tooth brushing simulations has been used for some decades to assess relative
wear resistance of tooth tissues and restorative materials [28]. As citric acid is well established to
erode dental tissues, this was used to provide a greater challenge to the acid labile GICs. The
reduction in wear observed with the 5%-HNT-GICs suggests that the reinforcing properties of the
HNTs also provide some degree of protection, likely by the same mechanism by which the HNTs
increase strength, in addition to the fact that the HNTs are inherently less acid soluble that the base
GIC.

The 5%-HNT-GIC released less fluoride than the control GIC, on average by 14%. This can only
partially be attributed to the reduced glass content owing to the substitution of HNTs for the glass;
there is 5% less fluoride in the 5%-HNT-GICs than the control GICs. The reduced PAA liquid content
may also have contributed as the carboxylic acid is responsible for releasing the fluoride during the
setting reaction. The fluoride ions are released codependently alongside counter-cations of sodium
and calcium and are therefore dependent on these. Of course whether the reduced fluoride release
has any clinical implication is unclear as there is no consensus on whether there is a threshold fluoride
release to elicit a favourable response, and if so, what this threshold is.

In conclusion, the substitution of HNTs for 5% of the fluoroaluminosilicate component in a
conventional GIC with milling led to a 34% increase in CS, 9.5% increase in hardness and reduced
wear by 22.3%. Tensile strength was not affected, and fluoride release was slightly reduced. These
novel nano-reinforced cements may, with further development and validation, prove useful in
expanding the range of applications for GICs.
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