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Featured Application: The paper presents a recent study on the characterization of the composite
materials with improved functional properties that can be used for dental prostheses.

Abstract: The study involved research related to the selection of the material with improved
functional properties that can be used for dental prostheses. An innovative system of nanofillers,
that differ in shape, by means of gelatin-modified halloysite nanotubes (HNTs-g) along with
silane-coupled aluminum trihydrate (ATH-sil) was prepared, in order to observe a synergistic
improvement of acrylic material (methyl methacrylate with methyl methacrylate monomer
(MM/mMM)). Selected mechanical properties of manufactured nanocomposites, along with
utilitarian properties, like hardness, buffer solution absorption, and abrasion resistance, along with a
fall test from the height of finished products have been discussed. Moreover, the study of the biofilm
formation on the surface of dental prostheses confirmed the occurrence of a synergistic improvement
of properties and the legitimacy of using modified mineral nanofillers in the form of a hybrid system.

Keywords: polymer nanocomposites; synergistic effect; mineral nanofillers

1. Introduction

Acrylic materials (in particular methyl methacrylate or poly(methyl methacrylate) (PMMA)) are
widely used in many industries, such as automotive and construction, and fields, such as medicine
or cosmetology [1]. One can apply them in a wide range of elements for everyday use, such as
lampshades, window and car window panes, aerial panels, dental prostheses, sanitary devices,
tableware, and other items [2,3]. They are easily formable materials; after heating up to about 150 ◦C,
polished, and machined. Resistant to light, water, diluted acids and alkalis, 40% alcohol, turpentine,
gasoline, and mineral oils, acrylic materials dissolve in most organic solvents [3].

Acrylic materials, including PMMA, can be used both independently and in a system with
different fillers to form composites or nanocomposites if at least one of the dimensions of the filler
reinforcing phase does not exceed 100 nm [4–7]. The composition of the composite should contain up
to 30% of the filler in the entire volume of the finished product. The most commonly used fillers in the
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preparation of acrylic matrix composites are amorphous silicas [8], fullerenes [9], bentonites [10,11],
silver nanoparticles [12], or carbon nanotubes [13,14]. Composite materials are characterized in that
they have improved mechanical, thermal, optical, and physicochemical properties compared to the
polymer matrix [4–8,13–17]. These materials are usually produced via polymerization process [1,17,18].
As a result of the literature and patent [19–27] it was found that it is possible to obtain polymer
nanocomposites with the addition of mineral fillers, such as halloysite nanotubes (HNTs) or alumina
trihydrate (ATH). Two patents [28,29] may be found as examples, where the method for preparing
a modified halloysite nanotube (mHNTs)/biodegradable polyester composite material has been
shown. The method for preparing the composite material comprising the following steps has been
presented: Polycondensation of lactic acid (LA) or polylactic surface graft of HNT and subsequently,
melt blending, solution blending, or electrospinning the surface graft LA or poly(lactic acid) (PLA) and
HNT. Moreover, in [30], the use of polymer matrix composites with HNTs in medicine and dentistry
was described. The invention relates to the extended use of poly(methyl methacrylates) (PMMA)
with the addition of HNTs as a bone cement for the attachment of the hip, knee, or other implants,
the restoration of dental prostheses or the prosthesis itself, and the methods of producing these
nanocomposites. This patent also presents the possibilities of introducing antibiotics to PMMA/HNTs
composites in the form of bone cement. The beneficial effects of biocompatible HNTs material on bone
cement have been proven. Bone cement with the addition of HNTs exhibited higher strength, became
resistant to mechanical damage, was characterized by greater adhesion, as well as the possibility of
prolonged release of the substance of interest (e.g., antibiotic) [30].

Additionally, one can find the beneficial effect of ATH of various shapes and sizes as a flame
retardant agent in the composite systems, based on a matrix of thermoplastic and thermosetting
resins [31,32]. The use of ATH in a layered system to improve the properties of a polymer composite
intended for coating or supplementing the components of mascara, plaster, paper pulp, cleaning
agents, rubber or drilling fluid, and in a cement preparation has been presented [33]. The invention
primarily relates to the production of a composite based on poly(vinyl chloride) containing ATH. ATH
is also used as an adjuvant in certain vaccines to increase their effectiveness [31]. In turn, Samujlo
and Rudawska [21] determined the influence of the incorporation via extrusion of ATH and other
auxiliary media into low-density polyethylene (LDPE) on the surface free energy and the roughness of
the composite surface. The results confirmed that the introduction of ATH did not have any significant
influence on the adhesive properties of the extruded LDPE.

Sometimes, as a result of incompatibility of the composite components, modifications of fillers
or the acrylic matrix alone are used in order to combine these components well and to facilitate the
combination of these components by changing the contact angle [1,5,25,34,35]. Numerous publications
confirmed the effectiveness of the surface modification process of nanotubes, which includes the
introduction of a coupling agent in the form of a silane, thanks to which an increase in composite
strength is obtained [35–40].

However, despite the interest of numerous research groups with nanocomposites containing
mineral fillers, no description of the combination of two types of mineral fillers (HNTs and ATH),
that differ in shape, in the polymer matrix (so-called hybrid composites) has been encountered in
the literature [26]. In particular, the analysis of the state of the art did not show the use of acrylic
matrix nanocomposites with halloysite fillers and ATH for applications in dentistry and prosthetics.
The information disclosed relates only to the use of amorphous silicas and bentonites as fillers for the
production of a biocompatible bone implant [8,10,11].

HNTs are naturally occurring polymorph of kaolinite, with chemical formula of Al2Si2O5(OH)4·2H2O,
with a dominant hollow tubular morphology [41,42], which, due to their properties and origin, show
potential biocompatibility for applications in medicine [22,26]. The same applies to ATH, which can be
used as an additive to toothpastes [43]. The halloysite itself is also used in the form of an additive for
animal feed [22]. The color of HNT allows one to obtain the proper color of the prosthesis, reduces the
translucency of the prosthesis plate, which is especially important for ovoid alveolar appendages, and



Appl. Sci. 2019, 9, 1381 3 of 19

the addition of ATH, which is a white powder, does not affect its change. This is an advantage due to
the patients’ needs reported in many clinical cases.

Acrylic materials used so far are materials that meet the requirements for materials used in
dental prosthetics [2,3,44]. A common problem for the denture user is; however, the brittleness of the
material—the destruction of the prosthesis in a catastrophic manner (fall, fracture under pressure).
The attempts made so far, and currently used reinforcements, increase the cost of the final product
(halloysite is a relatively cheap mineral (ca. 75 Euro/100 g) in relation to, for example, carbon nanotubes
(ca. 4000 Euro/100 g), both prices taken from Sigma-Aldrich, and its largest mine is located in Poland in
Dunin) or adversely affect the human body (they are allergens). It is; therefore, justified to use methyl
methacrylate with methyl methacrylate monomer with the participation of halloysite and aluminum
hydroxide, present in the form of a mixture of nanoplatelets and nanotubes, which ensures higher
strength of the acrylic material (ultimate strength and elongation to break) for use on dental prostheses.
Therefore, the aim of the study was to improve the usable properties, including the mechanical and
impact resistance of dental prostheses intended for geriatric patients and the resulting extended life of
the product.

2. Materials and Methods

2.1. Preparation of Polymer Nanocomposites Containing Mineral Nanofillers

In the first stage of the paper, nanocomposites were made via bulk polymerization (canning
method commonly used in dental prosthetics) [45,46]. The room temperature during the process was
21 ◦C. The bulk polymerization was carried out at 60 ◦C for 3600 s and then at 100 ◦C for 3600 s.
One polymerized methyl methacrylate with methyl methacrylate monomer (MM/mMM) with HNTs,
a mineral filler of the formula of Al4Si4O10(OH)8·4H2O, obtained, in its structure, a number of natural
nanotubes with high value of aspect ratio, and platelet packages. HNTs were provided from Intermark,
Gliwice (Poland), and, according to the supplier’s data, they exhibit the following characteristics: Bulk
density of 450–600 g/dm3, color: grey-rusty red, pH: 6–7.5. The concentration of HNTs in the following
systems ranged from 1 to 10 mass%. For the whole series of materials (in the percentage range 1%,
2.5%, 5%, 7.5%, 10% mass fraction of HNT in (MM/mMM)), the mechanical properties were tested
according to the procedure described below in Section 2.2, to select the most optimal composition for
further modifications. The results of these tests are presented in Table 1.

Table 1. Selected properties of base material and acrylic-based composites with variable HNTs content.

Sample Et (GPa) σB (MPa) εB (%) Ef (GPa) σfM (MPa) εfM (%) H (Sh◦D) KC (kJ/m2) ρ (g/cm3) ∆Vrel (mm3)

Base 3.58 ± 0.34 39.29 ± 0.88 1.72 ± 0.15 2.23 ± 0.17 54.67 ± 5.93 2.81 ± 0.28 84 ± 1 12.4 ± 1.2 1.137 ± 0.004 214.98 ± 3.83
1% HNTs 3.98 ± 0.32 24.93 ± 2.13 1.05 ± 0.09 2.48 ± 0.11 42.11 ± 4.54 1.76 ± 0.27 78 ± 4 4.9 ± 0.4 1.124 ± 0.001 233.11 ± 11.72

2.5% HNTs 2.89 ± 0.11 21.93 ± 2.17 0.69 ± 0.07 2.23 ± 0.12 27.88 ± 1.92 1.25 ± 0.38 73 ± 6 3.1 ± 0.2 1.175 ± 0.004 211.26 ± 7.09
5% HNTs 2.63 ± 0.20 27.89 ± 1.55 1.54 ± 0.11 2.32 ± 0.17 44.71 ± 6.44 2.02 ± 0.27 85 ± 1 4.7 ± 0.4 1.137 ± 0.017 207.92 ± 9.57

7.5% HNTs 3.69 ± 0.31 26.51 ± 2.27 0.87 ± 0.08 2.58 ± 0.11 45.77 ± 3.11 1.78 ± 0.17 78 ± 3 4.8 ± 0.7 1.125 ± 0.004 212.45 ± 11.86
10% HNTs 3.17 ± 0.33 29.20 ± 1.99 1.37 ± 0.19 2.63 ± 0.04 38.54 ± 0.56 1.58 ± 0.31 84 ± 1 3.9 ± 0.1 1.141 ± 0.001 211.02 ± 13.59

Et—tensile modulus; σB—stress at break; εB—elongation at break; Ef—flexural modulus; σfM—flexural
strength; εfM—bending deformation; H—hardness; KC—impact strength; ρ—hydrostatic density; ∆Vrel—relative
volume loss.

Taking into account the relatively high value of elongation at break, hardness, and impact strength,
one assumed that the next steps of this experiment, which includes surface modifications of nanofillers,
would concern the concentration of 5 mass% of the nanofiller in the polymer matrix. Therefore, in the
second stage of work, the halloysite nanofiller was modified in order to improve mechanical properties
and to improve the compatibility of the components [47–49]. HNTs have been modified following
the procedure described in [50], by introducing into the nanofiller a natural substance, which is a
mixture of proteins and peptides (i.e., a gelatin). Bovine gelatin was purchased from Sigma-Aldrich
(Saint Louis, MO, USA). Gelatin is a soluble protein obtained by partial hydrolysis of collagen, the main
insoluble fibrous protein constituent of bones, cartilage, and skin, with high potential applications in
food and pharmaceutical industries [51]. It consists of glycine, proline, and hydroxyproline. In order
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to carry out the modification, the mixture of gelatin and halloysite was subjected to the ultrasonic field
at the frequency of 250 kHz in demineralized water, in the mass ratio of gelatin to halloysite of 1:2.
The reaction was carried out at 80 ◦C for 3 h. After the reaction was complete, the water was removed
(by evaporation) and the dry product was made into a fine powder—milled on a ball mill (Scheme 1).
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Scheme 1. Schematic illustration of the modification process of HNTs by natural polymer (gelatin).

The halloysite modified with natural polymer (HNT-g) (5 mass%) was introduced into
(MM/mMM) by creating a homogeneous dispersion in a high shear mixer and then subjected to
bulk polymerization (at 60 ◦C for 3600 s, then at 100 ◦C for 3600 s). Nevertheless, the modification
of HNTs by gelatin was carried out to improve the quality of dispersion and compatibility between
components of the composite, but unfortunately it adversely affected water absorption. That is why,
in the third stage of work, nanocomposites based on MM/mMM and 5% of ATH modified with silane
(ATH-sil) (Evonik, Germany) was prepared in the form of a powder. This composite was made for
comparative purposes to a hybrid composite.

The aim of this work, apart from the presented solutions, is the preparation via bulk polymerization
(at 60 ◦C for 3600 s, and then 100 ◦C for 3600 min) of polymer hybrid composites based on MM/mMM
containing two types of fillers:

• 2.5% HNT + 2.5% ATH-sil and
• 2.5% HNT-g + 2.5% ATH-sil.

2.2. Characterization Methods

The dispersion of nanofillers and the nanofillers themselves were observed by scanning electron
microscopy (SEM, Hitachi SU-70, Naka, Japan). The samples for SEM analysis were cryofractured in
liquid nitrogen and subsequently coated (2–5 nm) in a vacuum with a thin silver film before the tests.

FTIR spectrums were made (Thermo Nicolet 380 apparatus, Thermo Fisher Scientific, Waltham,
MA, USA) in the range of wave numbers from 400 to 4000 cm−1 using KBr pellet procedure.

The thermo-oxidative stability of the nanofillers used in this study was evaluated by
thermogravimetry (TGA 92-16.18 Setaram, Caluire, France) using the system measuring simultaneously
TG-DSC. Measurements were carried out in an oxidizing atmosphere (i.e., dry, synthetic air
(N2:O2 = 80:20 vol.%)). The study was conducted at a heating rate of 10 ◦C/min in the temperature
range of 20–700 ◦C.

The tensile properties of the prepared composites were measured according to ISO 527 using
Autograph AG-X plus (Shimadzu, Kyoto, Japan) tensile testing machine (class 1.0 according to
EN 10002-2, ISO 7500-1, BS 1610, ASTM E4, JIS B7721), equipped with a 1 kN Shimadzu load
cell, an optical extensometer (class 0.5 according to ISO 9513), and the TRAPEZIUM X computer
software (version 1.4.5, Shimadzu, Kyoto, Japan), operated at a constant crosshead speed of 1 mm/min.
Measurements were performed at room temperature on the dumbbell samples with the grip distance
of 30 mm. Seven measurements were conducted for each dumbbell-shaped sample (type A3), and the
results were averaged to obtain a mean value. Results, taking into account standard uncertainty of
measurement (according to Guide to the Expression of Uncertainty in Measurement, OSO, Switzerland
1995), for chosen qualities of researched materials are presented in Tables 1 and 2.
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The flexural properties were measured according to ISO 178 using Autograph AG-X plus
(Shimadzu) testing machine (class 1.0 according to EN 10002-2, ISO 7500-1, BS 1610, ASTM E4,
JIS B7721), equipped with a 1 kN Shimadzu load cell, operated at a constant crosshead speed of
1 mm/min. Measurements were performed on the samples with the dimensions of: l = 80 ± 2 mm,
b = 10 ± 0.2 mm, h = 4 ± 0.2 mm.

The impact strength was determined by Charpy method according to the standard ISO 179-1/1eU),
type of the sample: 1 (l = 80 ± 2 mm, b = 10 ± 0.2 mm, h = 4 ± 0.2 mm), edge impact (e), no notch (U).

Hardness was determined by Shore method according to a standard EN ISO 868:2003 on a Zwick
3100 Shore D tester (Zwick GmbH, Ulm, Germany).

Determination of abrasion resistance was carried out using a Schopper-Schlobach (VEB Thüringer
Industriewerk, Thüringer, Germany) with a rotating drum in accordance with ISO 4649: 2002 (E). Test
samples: cylinder with a diameter of 16 mm ± 0.2 mm and a height of at least 6 mm. The method B
was used, with the sample rotating, the pressing force to the barrel 10 N ± 0.2 N. The density necessary
to calculate the volume loss of mass was determined by the hydrostatic method (according to ISO
2781). Distilled water was used as an immersion liquid. The results are presented as the relative
volume loss (∆Vrel) expressed in mm3, calculated according to the formula:

∆Vrel =
∆mt × ∆mconst

ρt × ∆mr
(1)

where:

∆mt—mass loss of the tested rubber sample, in mg;
∆mconst—determined value of mass loss of a rubber sample made of a reference composition, in mg;
ρt—the density of the tested rubber, in mg/mm2;
∆mr—mass loss of a rubber sample made of a reference composition, in mg (212 mg).

The absorption testes were carried out in accordance with the standard ISO 62. Six materials
were subjected to the study (4 samples each). The absorption was tested in a buffer solution (PBS,
Phosphate Buffered Saline, Sigma Aldrich, Merck KGaA, Darmstadt, Germany) with pH equal to 7.4.
The samples were dried under vacuum for 24 h at 50 ◦C before testing, and then were weighed (m1).
The samples were then placed in a buffer solution and left for 120 h in a chamber at 60 ◦C. After 120 h,
the samples were thermostated in distilled water (room temperature) for 15 min, dried, and weighed
(m2). The samples were then dried for 24 h at 50 ◦C and weighed (m3). The absorbency of the samples
was calculated from the formula (as m3 > m1):

A =
m2 − m3

m1
· 100% (2)

where

• m1—mass of the sample after drying, before the absorbency test;
• m2—mass of the samples after absorbency test;
• m3—mass of the sample after absorbency test and after drying.

The following reference strains were used in the microbiological study: Staphylococcus aureus
ATCC 25923, Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853, Enterococcus faecalis
ATCC 29212, and Candida albicans ATCC 10231. For the breeding of bacteria, Columbia agar medium
with the addition of 5% sheep blood was used (bioMérieux, Warsaw, Poland), while for the cultivation
of yeast, the Sabouraud substrate (bioMérieux, Warsaw, Poland) was used. Incubation was carried
out at 37 ◦C for 24 h under aerobic conditions. The examination of biofilm formation on the surface of
prosthetic materials was conducted by two methods:

• Quality method
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The study of the formation of bacterial and fungal biofilms on the surface of prosthetic materials
cut to 1:1 cm was estimated using the qualitative method—Richards [52]. A suspension with a density
of 1.0 on the McFarland scale was prepared from a 24-h culture grown on a TSB medium, and then
sterile specimens of prosthetic materials were placed in. After a 24-h incubation at 37 ◦C, the samples
were washed three times with NaCl and 1 drop of 1% 2,3,5-triphenyltetrazaliium chloride (TTC)
solution was added to them. The samples were again subjected to 24-h incubation at 37 ◦C. All tests
were carried out in duplicate. The results were read using a three-color scale of color intensity.

• Quantitative method

The study of the formation of bacterial and fungal biofilms on the surface of prosthetic materials
cut 1:1 cm by the quantitative method was determined according to Maczynska et al. [53]. A suspension
of 1.0 McFarland density was prepared in the same manner as in the qualitative method, then the test
materials were placed therein and incubated for 24 h at 37 ◦C. The next step was to place the prosthetic
samples in a 0.5% solution of saponin and shake for 60 s to detach the biofilm cells. The suspension
obtained in this way was plated at successive dilutions, 100 µL per Columbia agar medium with 5%
sheep blood and Sabouraud medium, and again incubated for 24 h at 37 ◦C. The results were read
after calculating the number of microbial cells detached from the surface of composite materials.

3. Results and Discussion

3.1. Characterization of Nanofillers

Figure 1 displays scanning electron microscopy (SEM) images of HNTs (a), modified HNTs
with gelatin (b), and silane-modified ATH (c). As one can see in SEM images (a) and (b) the
surface of the modified HNTs with gelatin became rough compared with the raw HNTs. Therefore,
the results demonstrated that gelatin was successfully grafted on the surface of HNTs. The SEM image
(Figure 1a) of HNTs reveal that the majority of HNTs existed in a tubular shape. The presence of
short tubular HNTs, semi-rolled HNTs, and sheet-like HNTs were visible. A mean particle size of ca.
1.5 µm and lengths ranging from 500 nm to 3 µm were determined. In turn, the morphology of the
as-received silane-modified ATH observed by SEM (Figure 1c) was similar to the ones obtained from
the manufacturer and provided in the technical data sheet. Particles were not uniform in shape and
they exhibited an almost smooth surface.

The above-mentioned observations were further confirmed by FTIR and TGA analyses (Figure 2).
Figure 2a illustrates the TGA curves of pristine HNTs and gelatin-modified HNTs. In the curve
of pristine HNTs nanotubes, one major mass loss was resolved in the temperature range of
380–600 ◦C. This mass loss has been assigned to the dehydroxylation of structural Al-OH groups of
halloysite [54,55]. Another mass loss, observed in the range 23–120 ◦C, corresponded to the loss of
adsorbed water (surface and interlayer) [54]. On the other hand, for the gelatin-modified HNTs, three
mass losses were resolved. The first mass loss in the range 23–125 ◦C was due to physically adsorbed
water, the second mass loss occurring from approximately 250–400 ◦C was due to decomposition of the
grafted gelatin [56], and the last mass loss over the range 435–675 ◦C corresponded to dehydroxylation
of the residual structural Al–OH groups. Thus, one can make an important conclusion, that HNTs have
been successfully modified with gelatin, which will also be evidenced by the FTIR analysis. Figure 2b
presents the FTIR spectra of the pristine HNTs and gelatin-modified HNTs. Both pristine HNTs and
modified HNTs showed strong peaks at 3697 and 3615 cm−1, respectively, which correspond to the
stretching vibration of Al–OH groups in the inner surface; at 1028 and 909 cm−1, peaks corresponded
to Si–O stretching and Al–OH bending vibrations, respectively [57]. Meanwhile, minor peaks at 2932,
2359, 1680, and 1540 cm−1, corresponding to C–H stretching vibration, carbonyl group [58], hydrogen
bonding of COOH groups [59], N–H bending vibration [60], and C–N stretching vibration [61],
respectively, could be seen in the gelatin-modified HNTs spectrum rather than in the spectrum of
pristine HNTs.
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Figure 2. TG curves (a) and FTIR spectra (b) of pristine HNTs and gelatin-modified HNTs; TG curves 
(c) and FTIR spectra (d) of pristine ATH and silane-modified ATH. 
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As mentioned above, thermal properties of modified nanofillers are related to the nature of
surfactants used. Therefore, on TGA curves for pristine ATH and silane-modified ATH (Figure 2c),
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one can observe clear differences. For pristine ATH, two mass losses were visible: The first one,
in the temperature range of 20–165 ◦C, corresponded to the loss of adsorbed water [62], and the
second major mass loss, in the temperature range of 180–600 ◦C, corresponded to the decomposition of
surfactant molecules [63]. In turn, the silane-modified ATH decomposed in one major step; however,
its decomposition temperature was improved by about 20 ◦C. It was especially well observed at
the derivative curve of TG, where the maximum thermal decomposition was shifted from 288 ◦C
(pristine ATH) to 300 ◦C for the modified ATH. Moreover, a very high char residue value for both
fillers was observed. Such improvement confirms the legitimacy of using silane-modified ATH, as it
is well-known that such surface treatment affects the dispersibility of the filler, water absorption
of the final material, and improves the mechanical properties [64]. Moreover, Figure 2d shows the
FTIR spectra of pristine ATH and silane-modified ATH. In the FTIR spectra of both fillers, the bands
at 661 cm−1 and 963 cm−1 were related to the Al–O stretching vibrations [65]; the strong band at
1016 cm−1 was related to the bending vibrations of the C–O bond [66]. Compared to the unmodified
ATH, silane-modified ATH exhibited some new peaks, such the stretching NH2 vibration at 3452 cm−1,
which was due to surface modification by the silane coupling agent. Moreover, ATH-sil exhibited
some extra peaks at 802, 661, and 562 cm−1, while some peaks (3379 cm−1 and 3440 cm−1) shifted to
higher frequencies. These observations, along with TGA and SEM analyses, suggest that the silane
modification conducted by the manufacturer was successfully prepared and indeed authors used
silane-modified ATH to prepare the polymer hybrid nanocomposites.

3.2. Dispersion Characteristics

The surface modification of nanoparticles by chemical treatments (such as the functionalization
by natural polymers or the absorption of silane coupling agents) is a useful method to improve
the dispersion stability of nanoparticles in a polymer matrix. Thus, the functionalization of
HNTs is extremely important for processing and enhancing the properties of HNTs/polymer
nanocomposites. The polymer nanocomposites based on modified nanotubes exhibited improved
mechanical and thermal properties, because the functionalization improved the dispersion and
stress–strain characteristics [67]. In addition, Plueddemann [64] confirmed that the modification
of particles’ surfaces using silane coupling agents cause improvement of the compatibility between
the particle and polymer surfaces and; thus, the properties of composite materials. In the present
study, composites containing 5% pristine HNTs, 5% of gelatin-modified HNTs (HNTs-g), 5% of
silane-modified ATH, and 2.5% of gelatin-modified HNTs + 2.5% of silane-modified ATH were
observed by SEM (Figure 3). The effect of the modification of nanofillers was depicted. HNTs
exhibited a high specific surface area, which was favorable for interfacial interaction with the polymer
matrix, thus promoting stronger bonding at the interfaces. One can find that unmodified HNTs seemed
to be completely covered by the polymer matrix (Figure 3a). As expected, the chemical modification
of HNTs by natural polymer (gelatin) affected the dispersion of nanofiller in the polymer matrix.
At the same magnification (20,000×), one can find that the morphology of the sample was changed
completely, and single nanotubes sticking out from the matrix could be seen (indicated with arrows,
Figure 3b). In turn, the SEM image of polymer nanocomposite with 5% of silane-modified ATH
revealed a peel-like and a loose microstructure with leaflet pattern. Such magnification (20,000×)
allows one to observe the close stacking of a layered structure with a smooth surface (marked with a
circle, Figure 3c). Moreover, Figure 3d presents the SEM image of the hybrid nanocomposite containing
both modified nanofillers: HNTs-g and ATH-sil. At the magnification of 10,000×, both structures
were clearly visible (i.e., well-dispersed HNTs-g along with the layered structure of ATH-sil). Herein,
it can be concluded that ATH-sil appeared to be “more complex” with the matrix, while the nanotubes,
distributed evenly in the matrix, appeared to protrude from one end and the other to be anchored in
the polymer. Nevertheless, on the basis of the morphological observations and the obtained proper
nanoparticles’ dispersion, an improvement in the functional properties (mechanical, biological activity)
of the finished product, in the form of a denture, could be expected.
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3.3. Mechanical Properties

As mentioned above, the functionalization of nanofillers and its effect on dispersion in a
polymer matrix are supposed to improve mechanical properties. Two methods were employed
to investigate the mechanical properties: tensile test and bending test (Figure 4, Table 2). Results
show that the modification of both HNTs and ATH slightly reduced the mechanical properties of
acrylic material. In addition, in Figure 4c,d, it is visible, that properties deviated from the average
value very symmetrically and there were no typical, separated values that would exceed the specified
deviation. As a result of the analysis of the obtained results, it could be observed that the incorporation
of mineral nanofillers caused the improvement of flexural modulus and flexural strength. Despite the
fact that the value of tensile modulus was decreased, at the same time the value of stress at break was
increased in the presence of nanoparticles. For the composites containing 5 wt.% of HNTs-g, there
was an approximate 50% decrease in tensile strength; however, at the same time a 91% increase in
elongation was seen, which justifies the modification of the surface of HNTs. In general, all composites
exhibited higher values of Ef and σfM, with a slight decrease in the value of deformation when bending,
while the greatest improvement was seen for the sample containing 2.5% of HNTs-g + 2.5 wt.% of
ATH-sil, thus proving the emergence of a positive hybrid effect. Similar observations were made in
the case of the improvement of flexural modulus and flexural strength. Moreover, the incorporation
of modified nanofillers caused the increase of hardness, whereas the value of hydrostatic density
increased slightly, which was probably due to the basis of mixtures, where the nanoparticles exhibited
a higher density than the acrylic material. The modification of nanofillers resulted in the enhancement
of particle dispersion stability, thus producing chemical interactions (physical and chemical bonds)
with the acrylic matrix. Surface-modified HNTs and ATH can produce stress damping centers in
the polymer matrix that dissipate the applied stress and, in this manner, prevent the composite
brittleness. The interfacial interactions between the nanofillers and the acrylic materials and the high
flexural modulus of nanocomposites confirmed the observation of the improvement of impact strength.
In addition, it is also worth mentioning that the incorporation of mineral nanofillers affected two
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important utilitarian properties in the dental prosthesis (i.e., abrasion resistance and buffer solution
absorption (BSA)). One can observe that the incorporation of modified nanofillers affected the BSA
and abrasion resistance, wherein the most promising of all analyzed systems turned out to be a hybrid
of two modified nanofillers (i.e., 2.5% HNTs-g + 2.5% AHT-sil).
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Figure 4. Representative stress–strain curves for the series polymer nanocomposites recorded during
static tensile test (a) and static bending test (b); comparison of the values of elastic and flexural
moduli (c) and stress at break and flexural strength (d) for polymer nanocomposites in relation to the
base material.

Table 2. The selected physical properties of the base material (MM/mMM) and composites containing
modified and unmodified nanofillers.

Sample Et (GPa) σB (MPa) εB (%) Ef (GPa) σfM (MPa) εfM (%) H
(Sh◦D)

KC
(kJ/m2) ρ (g/cm3) ∆Vrel (mm3) BSA (%)

Base 3.58 ± 0.34 39.29 ± 0.88 1.72 ± 0.15 2.23 ± 0.17 54.67 ± 5.93 2.81 ± 0.28 84 ± 1 12.4 ± 1.2 1.137 ± 0.004 214.98 ± 3.83 2.75 ± 0.20
5% HNT 2.63 ± 0.20 27.89 ± 1.55 1.54 ± 0.11 2.32 ± 0.17 44.71 ± 6.44 2.02 ± 0.27 85 ± 1 4.7 ± 0.4 1.137 ± 0.017 207.92 ± 9.57 2.17 ± 0.07

5% HNT-g 1.83 ± 0.06 42.22 ± 2.62 2.95 ± 0.13 2.69 ± 0.14 72.73 ± 6.75 3.28 ± 0.44 82 ± 1 6.6 ± 0.5 1.171 ± 0.001 194.49 ± 7.06 2.25 ± 0.13
5%ATH-sil 2.47 ± 0.25 40.15 ± 1.95 2.00 ± 0.12 3.08 ± 0.17 64.56 ± 2.24 2.18 ± 0.12 88 ± 2 9.3 ± 0.7 1.204 ± 0.001 178.94 ± 63.04 1.76 ± 0.09

2.5%HNT-g +
2.5%ATH-sil 3.35 ± 0.31 39.66 ± 2.03 1.83 ± 0.14 3.20 ± 0.08 50.95 ± 4.65 1.66 ± 0.18 86 ± 2 5.6 ± 0.6 1.196 ± 0.001 187.05 ± 4.85 2.07 ± 0.09

2.5%HNT +
2.5% ATH-sil 2.59 ± 0.18 29.67 ± 2.27 1.27 ± 0.13 2.22 ± 0.22 40.37 ± 4.73 1.94 ± 0.12 88 ± 1 6.3 ± 0.9 1.153 ± 0.001 198.28 ± 7.98 1.92 ± 0.07

Et—tensile modulus; σB—stress at break; εB—elongation at break; Ef—flexural modulus; σfM—flexural strength;
εfM—bending deformation; H—hardness; KC—impact strength; ρ—hydrostatic density; ∆Vrel—relative volume
loss; BSA—buffer solution absorption.

Moreover, from the obtained composite materials, one has prepared dental prostheses (Figure 5).
Finished products were subjected to a fall test from a height. This trial was a simulation of the fall and
permanent damage of the dental prosthesis that happens frequently (on average three times a year for
one patient—data provided by the Department of Dental Prosthetics, Pomeranian Medical University
in Szczecin—analyzed group: 1500 people), especially in geriatric patients. The fall test from the height
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was carried out on a self-constructed stand (Figure 6) utilizing inertial force. Three dentures made of
the materials presented in Table 3 were selected for the fall test from height. This table also contains
numerical values of cracks for each group of materials, which were recorded by analyzing the denture
surface with a stereological microscope at a fall from 50, 100, and 150 cm. The height values were
adjusted to the actual conditions of use of the dental prosthesis by the patient and, in the opinion of
the authors, were sufficient.Appl. Sci. 2019, 9, x FOR PEER REVIEW 12 of 20 
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Figure 6. The view of the created test bench for the fall from height. The substrate (the material
on which the dental prosthesis falls) was a paved concrete slab (B20 concrete class according to
PN-B-03264: 2002/Ap1 2004). Each product was placed on two perpendicular platforms and the hinges
were released, which caused the product to fall from a certain height in accordance with the principle
of gravity.
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Table 3. Fall test, from a height of 50, 100, and 150 cm, of dentures with a specific composition
(numerical values in each field are the average of three trials).

Height [cm]
Sample 50 100 150

Base 2 2 3
Base + 5% HNT 0 0 1

Base + 5% HNT-g 0 0 0
Base + 5% ATH-sil 0 0 1

Base + 2.5% HNT-g + 2.5% ATH-sil 0 0 0
Base + 2.5% HNT + 2.5% ATH-sil 0 0 0

3.4. Study of Biofilm Formation on the Surface of Prosthetic Materials

Figure 1 displays scanning electron microscopy (SEM) images of HNTs (a), modified HNTs with
gelatin (b), and silane-modified.

Biofilm formation on the surface of prosthetic materials (1:1 cm): reference sample and composites
with the addition of mineral nanoparticles were initially assessed using the qualitative method
(Richards) and then with the quantitative method. In the Richards method, the following classification
of results was adopted depending on the color of the prosthetic material:

• (−)—strain not forming the biofilm (corresponded to the lack of cells)
• (+)—strain weakly forming the biofilm (corresponded to 103–104 CFU/mL)
• (++)—strain strongly forming the biofilm (corresponded to 105–106 CFU/mL)
• (+++)—strain strongly forming the biofilm (corresponded to 107–108 CFU/mL)

On the basis of the conducted research, differences in biofilm estimation were observed in the
qualitative and quantitative method, but in both methods there was no complete lack of biofilm
(Table 4, Figures 7 and 8).
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Table 4. Classification of biofilm formation for individual strains.

Strain Used in Biofilm Analysis

C. albicans S. aureus P. aeruginosa E. faecalis E. coli

Sa
m

pl
es

Base +++ ++ ++ + +
Base + 5% HNT ++ ++ ++ + +

Base + 5% HNT-g +++ ++ ++ + +
Base + 5% ATH-sil ++ ++ + + +

Base + 2.5% HNT-g + 2.5% ATH-sil ++ ++ + + +
Base + 2.5% HNT + 2.5% ATH-sil + ++ + + +
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3.4.1. Quality Method

Three strains were classified as strongly forming the biofilms: C. albicans (+++) (Figure 7a), S. aureus
(++), and P. aeruginosa (++). In the case of yeast, the addition of a hybrid system of modified nanofillers,
(i.e., 2.5% HNTs-g + 2.5% ATH-sil) reduced the biofilm formation to scale (+) (Figure 7b), corresponding
to strains weakly forming biofilms. A similar situation concerned P. aeruginosa, which, in the presence
of the composite material with the addition of HNTs (modified and unmodified), strongly produced
biofilms (++), while the addition of silane-modified ATH caused its weaker production (+). In S. aureus
(++), E. faecalis (+), and E. coli (+) strains, no differences in biofilm formation were observed if compared
to neat acrylic material (base) and composites containing mineral nanofillers.

3.4.2. Quantitative Method

Analyzing the results of biofilm formation using the quantitative method, it was noted that the
addition of mineral nanofillers to acrylic material caused a reduction in biofilm formation on the
surface of materials in the presence of all microorganisms, although only in the case of C. albicans
and P. aeruginosa, these results corresponded with the qualitative method. In the case of other strains,
only minimal differences in biofilm formation were observed, if comparing the base material to the
ones containing mineral nanofillers. Researchers are trying to find out the way of improving the
dental materials properties, so that the biofilm concentration will be reduced. It is important due to
the growing number of patients with stomatitis. Valdez-Salas et al. [68] investigated the influence of
TiO2 nanopatterning on C. albicans adhesion. The results received by scanning electron microscopy
demonstrated that the applied method could improve the early fungal resistance according to C. albicans
colonization of dental implants. Changing biofilm accumulation by coating material with silver was
investigated both for titanium and acrylic resin. For titanium (electrodeposition of silver nanoparticles),
silver deposition did not reduce biofilm adhesion compared to non-coated surfaces [69]. On the other
hand, Li Z. et al. [70], in their work about denture base acrylic resin containing silver nanoparticles,
concluded that the activity and the amount of C. albicans biofilm decreased with the increase of
nano-silver solution concentration. Anti-adhesion properties occurred with the 5 wt.% and higher
concentration of nano-silver in acrylic resin, and the dependence was proportional. Shu Z. et al. [71]
investigated the antibacterial activity of Ag-ZnO/HNTs (halloysite nanotubes supported Ag and ZnO
nanoparticles). Observational results of E. Coli morphology and surface structure confirmed their
hypothesis. They concluded that the complex-containing halloysite has the capacity to inhibit bacteria
growth. These results confirm the earlier findings of Yu L. et al. [72], who also proved the antibacterial
properties of halloysite while investigating an Ag/HNTs/rGo complex. Cervini-Silva et al. [73],
on the other hand, presented anti-inflammatory properties of halloysite surfaces. Halloysite showed
greater anti-inflammatory activity in comparison with other clay minerals. Comparing with our study,
we also found the dependence for bacteria/fungi inhibition—C. albicans and P. aeruginosa accumulation.
Adding halloysite to the acrylic resin caused proportional reduction of biofilm at the surface of studied
materials. The results were presented using a popular chart, a so-called “Tukey boxplot” (Figure 8),
in which the values of barbs were determined by one and a half value of the quartile range (but only on
condition that the minimum and maximum were greater than these values; otherwise the description
ends with minimum and maximum values).

4. Conclusions

Literature analysis on similar materials (with a matrix of polyesters or polymethacrylates) and on
our own laboratory experiments confirmed that:

• It is possible to modify the methyl methacrylate with the methyl methacrylate monomer
(MM/mMM) by the addition of HNTs, in the proportion of 1—10 wt.%;

• It is possible to prepare the polymer hybrid nanocomposite based on MM/mMM containing 2.5%
HNT + 2.5% ATH-sil;
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• It is possible modify the same hybrid nanocomposites, except that the halloysite nanofiller was
modified with natural polymer (gelatin);

• The incorporation of two mineral nanofillers into the polymer allows one to obtain
nanocomposites with enhanced functional properties compared to the polymer matrix.

The best functional properties were obtained for a hybrid nanocomposite containing 2.5% of
gelatin-modified HNT and 2.5% of silane-modified ATH. The obtained results indicate improvement
of mechanical characteristics for nanocomposites with the addition of modified nanofillers, including
the improvement of stress break and the increase of flexural strength and impact resistance, while
maintaining a relatively low-density ca. 1.196 ± 0.001. The lowest weight loss in the abrasion test
exhibited a composite containing 5% ATH-sil, resulting in an increase in abrasion resistance of about
17% compared to the base material. Slightly worse (by 3.5%) abrasion resistance, than the composite
containing 5% of ATH-sil, was shown by the hybrid composite with the addition of modified nanofillers
(2.5% HNT-g + 2.5% ATH-sil). These properties, in the case of composites, depend on the degree of
the dispersion of nanofiller in the matrix. Due to the low content of hydroxyl groups on the surface
of the mineral, HNT disperse very well in polymer matrices, especially after modification with a
natural polymer (gelatin). The assessment of the fall from the height of finished denture products
has confirmed the goal of producing hybrid nanocomposites based on an acrylic matrix. The largest
number of cracks was recorded for dental prostheses made of the base material (MM/mMM). This is
confirmed by the experience of the authors in the field of dental prosthetics. Often for geriatric patients
one can observe the fall of dentures and their impact on the sink (simulation: 50 cm—two cracks) or on
the bathroom glaze (simulation: 100 cm—two cracks; 150 cm—three cracks). In the case of composites
containing HNTs and/or ATH, there were no cracks in the fall test, except for the prosthesis made
of a nanocomposite containing silane-modified ATH, falling from a height of 150 cm. An additional
advantage of the produced materials is the impact on the reduction of biofilm formation, especially in
the case of yeast, and the limitation of biofilm formation for selected bacterial strains.

5. Patents

The patent application P.428914 titled “Modified methyl methacrylate with methyl methacrylate
monomer” resulted from the work reported in this manuscript.
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