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Abstract
Insufficient mechanical properties of hydroxyapatite-based composites prompted 
the search for new and effective solutions for dental applications. To improve 
the mechanical properties without losing the remineralization potential, the use 
of hybrid fillers was proposed. The first of them was based on the formation of 
hydroxyapatite (HA) layer on the surface of SYLOID®244 silica. The second of 
the investigated fillers was created by simultaneous synthesis of nanoparticles from 
precursors of HA and silica. The obtained fillers were extensively characterized by 
spectral methods including X-ray Diffractometry (XRD), Fourier-Transform Infrared 
Spectroscopy (FT-IR), and X-ray fluorescence (XRF), as well as by Scanning Elec-
tron Microscopy (SEM)/Energy Dispersive Spectroscopy (EDS). Tests using pro-
biotic microorganisms were an important part of the analysis, indicating that there 
was no potential interaction of the materials with microflora. The tests of degree 
of conversion, depth of cure, opacity, sorption, solubility, flexural and compres-
sive strength, and the remineralizing potential also showed that the composites with 
nano-sized silica/HA showed better mechanical properties than the composites with 
HA alone or commercial silica and at the same time the remineralization remained 
at the desired level. Thus, the proposed composite has a high application potential in 
the creation of implants and dental materials.
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Introduction

Calcium phosphates (CPs) are highly biocompatible [1–4], osteoconductive [2–4], and 
non-toxic [2] ceramic materials. Due to their excellent biological properties, calcium 
phosphates arouse wide interest from the point of view of medical applications, mainly 
as components of systems for bone regeneration [1], or a part of an artificial bone [5]. 
In dentistry, they found application as components of products inducing remineraliza-
tion, i.e. toothpaste, mouth rinses, chewing gums, etc. [3]. According to their reminer-
alizing potential, understood as the ability to release calcium and phosphate ions, it is 
not surprising that attempts are made to apply calcium phosphates as bioactive fillers 
in resin-based composites to obtain restorative materials able to remineralize the sur-
rounding tissues. Additionally, they are also cheaper than other currently used fillers 
[3]. The most widely examined CP filler is amorphous calcium phosphate (ACP) [6]. 
It is somehow surprising as ACP is highly soluble in water, which is both an advantage 
and disadvantage of this calcium phosphate. On the one hand, this high water solubil-
ity provides a high amount of ion released. However, on the other hand, it results in a 
weak mechanical strength of an ACP-filled composite. Moreover, the high ion release 
capacity is only apparently advantageous, as it lasts shortly (2–3 months) [6]. The most 
obvious choice, but not so well-examined as ACP, is hydroxyapatite (HA). This choice 
is obvious due to the chemical similarity of synthetic HA to natural HA that builds 
teeth and bones [7–10]. Our previous research proved that HA can release calcium 
ions when incorporated into the organic matrix of methacrylic resin-based composites 
(RBC) [11].  Ca2+ release from HA-filled composites is long-term, as it lasts for at least 
16 weeks [11]. Despite doubts on the potential mismatch of refractive indices between 
HA and methacrylic resins, the degree of conversion (DC), as well as depth of cure 
(DOC) of HA-filled composites are high [12]. In general, the main concern of CP-filled 
composites is related to the weak mechanical properties [6, 13]. Our previous research 
on mechanical properties of HA- and tricalcium phosphate (TCP)-filled RBC showed 
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that both flexural and compressive strength should be improved [14]. The flexural 
strength of these composites was far from ISO 4049:2019 requirements, i.e. lower than 
80 or even 50 MPa [15]. Also, compressive strength was below the values established 
as typical for RBC i.e. below 200–300 MPa, and far from the compressive strength of 
enamel (384 MPa) and dentin (295 MPa) [7].

In the current research, to overcome this issue, we propose to obtain hybrid fill-
ers that combine HA and silica. Different types of inert silica are the most widely 
used fillers in dental composites [16, 17]. Among others, silica is responsible for the 
excellent mechanical properties of such inactive composites. Our most recent study 
showed that the application of SYLOID®244 that consists of silica particles with 
high internal porosity and surface area, and narrow particle size distribution, results 
in the obtaining of RBC with extremely high compressive strength [18].

Therefore, combining bioactive HA showing the remineralizing potential with 
mechanically strong silica is highly justified. However, in the current research, the 
preparation of hybrid HA-silica fillers does not rely on the physical mixing them 
together, which could result in the lack of homogeneity. These hybrid fillers will 
be obtained in two different ways. The first consists of the preparation of the HA 
layer on the SYLOID®244 surface, obtaining, therefore, mechanically strong silica 
particles with an active HA surface layer. This method was used with success by 
our team to prepare zeolite and montmorillonite fillers with HA layer in the previ-
ous research [19–21]. All the obtained materials proved their remineralizing poten-
tial understood as the ability to release calcium ions with some weakness laying in 
their mechanical properties [19–21]. However, the prediction is that the silica parti-
cles will ensure the mechanical properties improvement of such type of fillers. This 
hypothesis is to be tested within the current research.

The second way of the preparation of a hybrid HA-silica filler that will be applied 
within this research is co-synthesis of silica and HA in a one-step method that was 
previously described by Hao et. al. [22]. It is predicted that this way of HA-silica 
filler preparation will ensure the acquisition of a homogeneous mixture of mechani-
cally strong silica and bioactive HA particles.

The aim of this study is to obtain hybrid HA-silica fillers by using two differ-
ent methods, characterize and compare their basic properties, apply them as fillers 
in RBC, and examine the physicochemical properties of the obtained composites. 
The hypothesis of the research is that the hybrid fillers will ensure the improvement 
of the mechanical properties of the composites in comparison with HA-filled RBC 
with maintaining the remineralization potential of HA. To test this hypothesis, also 
the reference composite with only HA filler with the constant volume fraction will 
be prepared and examined as a reference. The properties of the composites accord-
ing to the preparation methods of hybrid HA-silica fillers also will be compared.

Materials and methods

Sodium hydroxide (NaOH), tetraethyl orthosilicate (98%; TEOS), sodium phos-
phate dibasic (99%,  Na2HPO4), tris(hydroxymethyl)aminomethane (99.8%; 
Tris), hydroxyapatite (HA), bisphenol A glycerolate dimethacrylate (Bis-GMA), 
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triethylene glycol dimethacrylate (95%; TEGDMA), camphorquinone (97%; CQ), 
ethyl 4-(dimethylamino)benzoate (≥ 99%; EDMAB), potassium hydroxide (≥ 85%, 
KOH), acetic acid (≥ 99.7%,  CH3COOH) were supplied by Sigma-Aldrich (Ger-
many). Hydrochloric acid (36  − 8%, HCl) was obtained from Avantor (Poland). 
Calcium chloride of high purity  (CaCl2) and potassium phosphate monobasic (min. 
99%,  KH2PO4) were obtained from Chempur (Poland). SYLOID®244 was supplied 
by GRACE (USA).

Fillers preparation

Synthesis of silica‑hydroxyapatite nanoparticles (n‑SiO2‑HA)

The synthesis was carried out according to Hao et. al. [22]. The scheme of the syn-
thesis is presented in the Fig. 1. In the first stage, 31.5 mL of a 0.2 M NaOH aqueous 
solution was added into 432 mL of water under stirring. Next, 0.574 g of  Na2HPO4 
was added to the solution. After 30 min of stirring at 70 °C, 4.05 mL of TEOS was 
added dropwise under vigorous stirring. Afterwards, 9  mL of solution containing 
0.672 g of  CaCl2 was added. The reaction was kept at 70 °C for 4 h. The product 
was filtered and washed with  H2O. The last stage was calcination at 400 °C.

Preparation of silica (SYLOID®244) with hydroxyapatite layer (SYL‑HA)

The methodology of hydroxyapatite mineralization was similar to that presented 
in our previous works [19–21]. The scheme of the synthesis is presented in Fig. 2. 
SYLOID®244 (5 g) was immersed into 100 mL of 200 mM  CaCl2/Tris − HCl solu-
tion (pH 7.4) for 0.5  h. Then, the powder was filtered and washed with distilled 
water. In the second step, the material was placed into 100 mL of 120 mM  Na2HPO4 
solution for the same period of time (0.5 h). This process, consisting of two steps, 
was repeated five times. The last stage was calcination at 400 °C.

Fillers characterization

X‑ray diffractometry (XRD)

Prepared fillers were examined by the X-ray diffraction method in the range 
of 2 θ from 10 to 70 using a Bruker D8 Advance diffractometer with Johanson 
monochromator and LynxEye detector. Samples were measured in polymethyl 

Fig. 1  The scheme of n-SiO2-HA synthesis
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methacrylate cuvette λ Cu Kα1 = 15406 Å. XRD analysis was used to determine 
the presence of crystalline hydroxyapatite in the synthesized materials.

Fourier‑transform infrared spectroscopy (FT‑IR)

FT-IR analysis of all materials was carried out using Vertex70 spectrometer, 
Bruker Optics. Fillers were studied by using a single reflection, diamond ATR 
crystal. The tests were performed in the spectral range of 4000 − 600  cm−1 with 
a resolution of 4  cm−1 and 32 scans for signal accumulation. FTIR analysis was 
used to determine the presence of characteristic bands for silica and hydroxyapa-
tite in the synthesized materials.

Scanning electron microscopy (SEM)/energy dispersive spectroscopy (EDS)

SEM images were recorded using TESCAN VEGA 3 SEM. SEM toll was 
equipped with an EDS XFlash detector 610  M, Bruker Nano GmbH. EDS was 
used to conduct elemental analysis of the samples. The final concentration of 
each element was obtained by taking the average of measurements at different 
spots (at least 8). SEM analysis was used to determine the textural properties of 
the fillers. EDS analysis was used to determine the amount of given elements and 
their distribution.

X‑ray fluorescence (XRF)

The chemical compositions of samples were measured by X-ray fluorescence (XRF, 
FISCHERSCOPE® X-RAY XDV®-SDD, Fischer Technology). In order to improve 
the precision of XRF analysis due to data scattering, 10 measurements for each sam-
ple were carried out. The Ca–Si-P wt% was estimated and then their’s oxides cal-
culated. XRF analysis was used to determine the content of given elements in the 
structure of fillers.

Fig. 2  The scheme of SYL-HA preparation
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X‑ray photoelectron spectroscopy (XPS)

The XPS analyses were carried out in a PHI VersaProbeII Scanning XPS system 
using monochromatic Al Kα (1486.6  eV) X-rays focused to a 100  µm spot and 
scanned over the area of 400  µm × 400  µm. The photoelectron take-off angle was 
45° and the pass energy in the analyzer was set to 117.50 eV (0.5 eV step) for survey 
scans and 46.95 eV (0.1 eV step) to obtain high energy resolution spectra for the C 
1 s, O 1 s, P 2p, Si 2p, Ca 2p and Na 1 s regions. A dual beam charge compensation 
with 7  eV Ar + ions and 1  eV electrons were used to maintain a constant sample 
surface potential regardless of the sample conductivity. All XPS spectra were charge 
referenced to the unfunctionalized, saturated carbon (C–C) C 1 s peak at 285.0 eV. 
The operating pressure in the analytical chamber was less than 2 ×  10–9 mbar. Decon-
volution of spectra was carried out using PHI MultiPak software (v.9.9.2). Spectrum 
background was subtracted using the Shirley method. The XPS analysis was used to 
determine the content of individual bonds in the obtained materials.

Nitrogen adsorption/desorption measurements

The BET surface area and pore parameters of obtained zeolites were determined by 
the nitrogen adsorption isotherm technique by means of an ASAP 2420 analyzer 
(Micromeritrics). Before experiments, the samples were outgassed at 200  °C in a 
vacuum chamber.

Microbiological study

Firstly, the 100 mg of every filler was mixed with 10 mL of MRS broth and incu-
bated for 7 days at 30 ºC. Then the samples were collected to conduct microbiologi-
cal analysis. For that Lactobacillus paracasei 3039 (from Polish Microorganisms 
Collection, Wroclaw, Poland) was used. The strain was cultivated in MRS broth 
(BTL Sp. z o.o., Łódź, Poland) for 24 h at 30 ºC, centrifuged and suspended in fresh 
MRS broth to obtain  OD600 nm ca. 1.0. and added to MRS broth after filler incuba-
tion in ratio 1:3 (v/v).

Evaluation of microbial cells’ viability was performed using 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide assay (MTT). Total membrane perme-
ability was tested by colorimetric measurements of the uptake of crystal violet solu-
tion by microbial cells. Cell surface hydrophobicity was analyzed by measuring the 
adsorption of Congo red dye on the surface of microbial cells. In all microbiological 
tests, the reference sample was the culture without any filler added [23].

Composites preparation

Three composites with different fillers were prepared. Each composite contained 
only one filler: HA, n-SiO2-HA, or SYL-HA. The volume fraction of a filler was 
constant, 55%. This volume fraction was established according to the handling prop-
erties of composite: it is the maximum filler content that does not worsen the mixing 
comfort of the uncured paste. To prepare the examined composites, the components 
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of the organic matrix were mixed together, i.e. Bis-GMA and TEGDMA (3:2). 0.5% 
of each component of the initiating system (CQ and EDMAB) was added to the 
mixture. After thorough mixing, the appropriate amount of filler was added to main-
tain its 55% volume load. All components were further mixed to obtain a homogene-
ous paste. Then, the paste was placed into PTFE molds with the specific dimensions 
for each subsequent test (descriptions below), protected with the PET foil from both 
sides, and cured for 20  s from both sides (except samples for depth of cure) with 
the use of dental LED lamp (DB-685, Coxo, the wavelength of the emitted light: 
420–480 nm, emitted power > 1100 mW·cm−2, diode power: max 5 W).

Composites characterization

Degree of conversion (DC)

DC values were examined following the previously described method [24] using 
FT-IR Spectroscopy (Vertex70, Bruker Optics) in the ATR mode (diamond crystal). 
The tests were performed in the spectral range of 4000−600  cm−1 with a resolution 
of 4   cm−1 and 32 scans for signal accumulation. For each material, at least three 
samples of uncured paste and at least six samples (ϕ 4 mm, 4 mm thick) of cured 
composites were examined. DC was calculated from the following equation:

where Rpolymer and  Rmonomer are the ratios of the integral intensities of the band 
assigned to double methacrylic bonds (1638  cm−1) reacting during the polymeriza-
tion, to the integral intensities of the band assigned to C = C bonds in the aromatic 
ring that do not react during polymerization (1608  cm−1), recorded in the polymer 
(after 20 s of curing) and monomer (before curing) spectra, respectively. Mean val-
ues and standard deviations were calculated.

Depth of cure (DOC)

DOC values were examined according to the ISO 4049:2019 [15] method. For this 
purpose, at least three samples of each material were prepared (ϕ 4  mm, multi-
ple 4 mm thickness). The samples were cured of only one side. Immediately after 
curing, the part of the uncured material was scratched with the use of a spatula. 
Then, the thickness of the remaining material was measured with the digital cali-
per (± 0.02 mm) in four places of the sample and divided by two. Mean values and 
standard deviations were calculated.

Opacity

The opacity was examined with the use of DT-145 colorimeter (Anticorr) for the 
samples prepared for SP and SL. Opacity was measured by taking the measure of 

DC =
(

1 −
Rpolymer

Rmonomer

)

× 100 [%]
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the samples on a white and black background and background subtraction. Mean 
values and standard deviations were calculated.

Sorption (SP) and solubility (SL)

SP and SL values were examined after the 14-days incubation at 37 °C in deion-
ized water (20 mL) and demineralizing solution (mL) according to the procedure 
described in ISO 4049:2019 [15]. The demineralizing solution was composed of 
2.2 mM  CaCl2, 2.2 mM  KH2PO4, and 0.05 M  CH3COOH. Its pH was regulated 
to 4.4 with the use of 1 M KOH. It is a typical solution that is commonly used 
to imitate cariogenic conditions [25]. This solution was applied to examine the 
impact of such aggressive conditions on the SP and SL values, as well as other 
properties of the examined composites. Six samples of each material (ϕ 15 mm, 
1 mm thick) were prepared and measured with the electronic caliper (± 0.02 mm) 
in four places. Samples were stored at 37  °C in the presence of silica gel and 
weighed each day until the constant mass (± 0.1 mg in 24 h) was obtained  (m1). 
Then, three samples of each material were placed in deionized water, and three 
in the demineralizing solution for 14  days at 37  °C. After the incubation time, 
samples were surface dried with the blotting paper and weighed after 60 s  (m2). 
Then, samples were stored at 37 °C in the presence of silica gel and weighed each 
day until the constant mass (± 0.1 mg in 24 h) was obtained  (m3). SP and SL were 
calculated according to the following equations:

where V is the volume of a sample.
Mean values and standard deviations were calculated.

Flexural and compressive strength

Flexural and compressive strength were examined using the universal testing 
machine Zwick Z010 TN ProLine (Zwick Roell). Test parameters were selected 
on the basis of ISO 4049:2019 [15] for 3-point bend test (flexural strength) 
and [14] for compressive strength. At least ten samples of each material were 
prepared. Crosshead speed was set as 0.75  mm·min−1 for flexural strength and 
1 mm·min−1 for compressive strength. In both cases, the initial force was 1 kgF. 
Samples for the flexural strength were rectangular (25 × 2 × 2 mm), while for the 
compressive strength they were cylindrical (ϕ 4 mm, 4 mm thick). The distance 
between the supports in the flexural strength tests was 20 mm. Mean values and 
standard deviations were calculated.

SP =
m2−m3

V
[μ g ⋅mm−2]

SL =
m1−m3

V

[

μg ⋅mm−2
]
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Calcium release

The concentrations of calcium released from the examined composites were 
examined in the solutions (deionized water and demineralized solution) after the 
incubation of samples for SP and SL. For this purpose, a combined ion-selective 
calcium electrode perfectION (Mettler Toledo) was applied. Three blank sam-
ples of deionized water and three blank samples of demineralizing solution stored 
in the same conditions as the examined solutions (the same vessels, 14  days at 
37 °C) were also prepared and analyzed accordingly. For each 20 mL of the exam-
ined solution, 0.4 mL of ionic strength adjustment (TISAB) was added. Accord-
ing to the differences in the composites samples masses, the obtained concentra-
tion values were recalculated on the average sample mass, i.e. 350 mg.

Statistical analysis

The statistically significant differences in biological properties (cell viability, cell 
adhesion to Congo red, and cell membrane permeability) of the fillers were exam-
ined with the use of one-way variance analysis at a significance level of 0.05.

All results obtained for composites were subjected to statistical analysis. To 
examine the statistically significant differences in the values of DC, DOC, opac-
ity, SP, SL, flexural strength, compressive strength, and  Ca2+ concentrations 
one-way variance analysis was carried out at the significance level of 0.05. No 
statistically significant differences in the values of each parameter were denoted 
by the same capital letters in the figures or tables. Additionally, Student’s t-tests 
(α = 0.05) were conducted to examine the effect of the storing solution (water or 
demineralizing solution) in case of SP, SL, and  Ca2+ release. No statistically sig-
nificant differences in the values of each parameter were denoted by the same 
lower cases in the figures or tables. All calculations were performed with the use 
of Statistica 13.1 software (TIBCO Software).

Results and discussion

Fillers

The first technique that confirms the effectiveness of creating hydroxyapatite-sil-
ica hybrid fillers is XRD (Fig. 3). The peaks seen for n-SiO2-HA and SYL-HA 
are in line with those of commercial hydroxyapatite (HA). Of course, they are 
not as sharp as in HA but this is due to the fact that the hydroxyapatite content is 
much lower in these fillers. In addition, broader peaks derived from hydroxyapa-
tite may indirectly indicate the production of nanohydroxyapatite [26, 27]. 
Another difference is the presence of a broad peak in the range 15–30 θ, which is 
characteristic of amorphous silica [28].
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The efficiency of the filler synthesis is also visible in the FTIR spectra (Fig. 4). 
The most characteristic band proving the presence of hydroxyapatite is the band 
for vibrations from phosphate groups  (PO4

3−) [29, 30]. This band is visible at 
1021  cm−1 for HA, while at ~ 1030  cm−1 for n-SiO2-HA and SYL-HA. For silica-
hydroxyapatite fillers, the band is much wider and this is due to the overlap of the 
phosphate band with the stretching vibration band of Si–O-Si. Despite the over-
lap of the two bands, the sharp band for  PO4

3− is clearly visible.

Fig. 3  X-ray diffraction patterns of HA, n-SiO2-HA, and SYL-HA

Fig. 4  FT-IR spectra of HA, n-SiO2-HA, and SYL-HA fillers
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The morphology of all fillers was assessed on the basis of SEM images (Fig. 5.). 
The hydroxyapatite (HA) filler particles are non-uniform in shape and size. There 
are visible cuboidal and plate-shaped particles. In the case of the n-SiO2-HA filler, 
single particles cannot be distinguished, only large clusters of nanoparticles are 
visible. Particles of uniform size can be observed for the SYL-HA filler. The most 
important information obtained from the SEM images is that both in n-SiO2-HA 
and SYL-HA there are no distinct areas that would indicate the formation of sepa-
rate silica and hydroxyapatite.

Even more detailed information on the distribution of hydroxyapatite and silica 
was obtained by EDS analysis (Fig. 6). As can be seen in the case of both synthe-
sized fillers, both components (hydroxyapatite and silica) are evenly distributed as 
evidenced by the distribution of Ca, P, and Si. It is not surprising that commercial 
hydroxyapatite (HA) has the highest calcium (36%) and phosphorus (16%) content. 
Interestingly, both synthesized fillers, despite different methods of their preparation, 
have similar contents of calcium, phosphorus and silicon. It is very important that 
there are no places where a very large amount of silicon or calcium and phospho-
rus is visible. The lack of such places indirectly proves the high homogeneity of 
the obtained fillers. Obtaining fillers with an even distribution of both elements is 
important because the composite prepared from them should have the same mechan-
ical properties and remineralization potential in each place.

XRF results also indicate a similar calcium content in the n-SiO2-HA and SYL-
HA samples (Table 1). Due to this, the same amounts of remineralizing agent  (Ca2+) 
can be released from both new fillers. In commercial hydroxyapatite, the content of 
calcium and phosphorus is higher than in the obtained fillers.

Surface concentrations of chemical bonds obtained from fitting XPS data for all 
analyzed samples are listed in Table 2. Analogously to the previous analyzes, it can 
be seen that the main component of the samples is silica. There are also traces of 
sodium and carbon in the sample.

High resolution XPS spectra of samples are presented on the Figs. 7 and 8.
The Si 2p spectra in both samples show one doublet structure (doublet separation 

 p3/2 –  p1/2 equals 0.6 eV) with main  2p3/2 line centered at 103.2 eV which indicate 
 Si4+ type compounds found in  SiO2 [31, 32]. The P 2p spectra show one doublet 
structure (doublet separation  p3/2 –  p1/2 equals 0.8 eV) with main  2p3/2 line centered 

Fig. 5  SEM images of HA, n-SiO2-HA, and SYL-HA fillers
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at 133.2 eV which indicate presence of phosphate groups  PO4
3−, which occur in the 

structure of hydroxyapatite [31]. The Ca 2p spectra show one doublet structure (dou-
blet separation  p3/2 –  p1/2 equals 3.6 eV) with main  2p3/2 line centered at 347.4 eV 
which indicate presence of  Ca2+ oxidation state in  Ca3(PO4)2 which also indicates 

Fig. 6  SEM images of fillers (first row). Elemental mapping of the same regions indicating spatial distri-
bution of calcium (second row), phosphorus (third row), and silicon (fourth row). The values represent 
the content of elements in the filler (by weight)

Table 1  XRF analysis results 
showing the composition of 
tested fillers

HA(%) n-SiO2-HA(%) SYL-HA(%)

CaO 63.11 22.76 24.71
P2O5 35.36 15.71 21.26
SiO2 0.59 59.17 50.98
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the presence of hydroxyapatite [31]. The Na 1 s spectra were fitted with single line 
centered at 1072.1 eV which indicate  Na+ oxidation state of sodium [31]. As can be 
seen, the amount of sodium is traceable and comes from the substrates used in the 
synthesis. The O 1 s spectrum was fitted with three components: first line centered at 
531.1 eV which points out the existence of O-P type oxygen in phosphate group and/
or O = C organic type bonds from contamination, second line centered at 532.7 indi-
cate presence of either O-Si type bonds in silicates and/or O-C organic species from 
contamination and last line found at 534.3 eV which originates from either -OH and/
or adsorbed  H2O [31, 33]. The C 1 s spectra can be fitted with three components: 
first line at 285.0 eV indicate presence of aliphatic carbon, second line centered at 
286.4 eV indicating presence of C-O groups and last line found at 289.2 eV which 
originates from either C = O or O-C = O groups [34]. All detected lines for carbon 
are typical for organic contamination present on surface of air-handled samples.

SYL-HA filler has a larger surface area, as well as a pore volume, than n-SiO2-
HA. (Table 3). However, larger pores are present in the n-SiO2-HA. Comparing 
the results with the commercial hydroxyapatite, the surface area of which is about 
30   m2·g−1 and the pore volume 0.22   cm3·g−1, it can be noted that the increase 
in these values for the obtained fillers is closely related to the presence of silica 
which has a more developed surface area [35].

Cells of the probiotic strain Lactobacillus paracasei 3039 were analyzed for 
changes in metabolic activity (cell viability), adhesion properties, and cell mem-
brane permeability (Table 4). The collected results clearly indicate that the tested 
fillers, i.e. hydroxyapatite and silica-hydroxyapatite materials, did not show toxic 
effects on microorganisms and no negative effects on the other tested parameters 
were observed. Thus, a negative effect on probiotic bacteria can be excluded.

Interactions between Lactobacilli and hydroxyapatite and derivatives based on 
it have been studied, although the question of toxicity has not been analyzed and 
authors have usually focused on cell adhesion to the material [36, 37]. However, 
the information on ion release from hydroxyapatite required studying this issue to 
be sure that all tested fillers are safe against probiotic bacteria that are present in 

Table 2  Surface composition 
(atomic %) determined by fitting 
XPS spectra for all analyzed 
samples

Binding 
energy 
[eV]

Compounds / Bonds n-SiO2-HA SYL-HA

C 285.0 C–C 2.8 3.8
286.4 C–O 1.1 0.8
289.2 O–C = O 0.7 0.5

O 531.1 O–P / O = C 13.3 24.0
532.7 O–Si / O-C 47.6 35.0
534.3 -OH /  H2O(ads) 3.6 4.1

Na 1072.1 Na+ 0.3 0.9
Si 103.2 Si4+ / silicates 23.3 17.8
P 133.2 PO4

3− 2.9 6.0
Ca 347.4 Ca2+ 4.3 7.1
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Fig. 7  High resolution XPS 
spectra for n-SiO2-HA
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Fig. 8  High resolution XPS 
spectra for SYL-HA
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the gastrointestinal tract and may be exposed to ions released e.g. in the oral cav-
ity [38].

Composites

As the filler type is the only variable in the composition of the tested composites, in 
order to simplify the reading of the results, the names of the composites come from 
the type of the applied filler.

Typically, DC values of Bis-GMA-based composites are in the range of 52–75%, 
while the 55% value is considered the lower limit for the occlusal restorations [39]. 
All examined composites show mean DC values far above 55% (Fig. 9).

Mean values (± SD) of this parameter are 76.0 (± 8.2), 82.7 (± 14.4), and 74.9 
(± 6.2)% for HA, n-SiO2-HA, and SYL-HA, respectively. There are no statistically 
significant differences in the DC values between the examined composites, so it can 
be stated that in this case, the effect of the filler type is negligible.

The second parameter related to the curing of the composites that were examined 
is DOC. Its values are presented in Fig. 10. DOC examination consists of scratching 
of the uncured part of the composite that was cured of only one side. This one-sided 
light exposure causes that DOC values differentiate better the effect of the applied 
filler on the curing.

Mean DOC values (± SD) are 3.41 (± 0.09), 5.07 (± 0.18), and 2.77 (± 0.32) mm 
for HA, n-SiO2-HA, and SYL-HA, respectively. First of all, all these composites 
meet ISO 4049:2019 criteria for opaque (1  mm) and other restorative materials 
(1.5  mm) in terms of DOC [15]. The differences observed between the materials 
are statistically significant (p < 0.05). The highest DOC is observed in n-SiO2-HA, 
while the smallest depth shows SYL-HA. These differences probably result from 
different optical properties of the applied fillers, especially the refractive index, as 
well as particle size. Higher resin and filler refractive index differences result in 

Table 3  Characteristics of 
materials based on nitrogen 
adsorption/desorption 
measurements

n-SiO2-HA SYL-HA

BET surface area  [m2·  g−1] 141.3 239.1
Total pore volume  [cm3·  g−1] 0.66 0.88
Average pore width [nm] 20.49 13.55

Table 4  Mean values (± SD) of cell viability, cell adhesion to Congo red, and cell membrane perme-
ability (the same capital letters in rows (A, B) mean no statistically significant differences (p > 0.05) in 
values of examined parameters)

control HA n-SiO2-HA SYL-HA

Cell viability [%] 100 (± 9)A 104 (± 1)A 92 (± 6)A 155 (± 3)B

Cell adhesion to Congo red [%] 12 (± 0)A 10 (± 3)A 8 (± 5)A 5 (± 3)A

Cell membrane permeability [%] 11 (± 1)A 12 (± 5)A 11 (± 2)A 29 (± 0)B
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lower light transmittance through the hardened paste, which causes lower DOC val-
ues, as well as higher opacity of the composite [40]. A clear correlation between 
DOC and opacity is observed (Table 5). The lowest opacity shows n-SiO2-HA com-
posite, while the highest opacity is observed for SYL-HA. The differences in the 
opacity values are statistically significant (p < 0.05). Lower opacity corresponds 
with the higher DOC.

The amount of the light that is transmitted through the irradiated material and 
DOC values depend also on the fillers particle size. DOC became shallower when 
the filler particle size increases [41]. The obtained results are consistent with this 

Fig. 9  Mean values of DC of examined composites (error bars present the values of standard deviation; 
dotted line presents the critical value for occlusal restorations (55%) [40]; the same capital letters (A) 
mean no statistically significant differences (p > 0.05) in values of DC)

Fig. 10  Mean values of DC of examined composites (error bars present the values of standard deviation; 
dotted lines present the ISO 4049:2019 requirements [15]; the same capital letters (A, B, C) mean no sta-
tistically significant differences (p > 0.05) in values of DOC)
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finding, as the n-SiO2-HA filler is nano-sized, while HA and SYL-HA fillers are 
micro-sized.

The maximum values of SP and SL defined by ISO 4049:2019 are ≤ 40 
and ≤ 7.5 μg·mm−2, respectively [15]. All examined composites show higher val-
ues of SP (Table  5), thus not meeting the conditions of the ISO. There are no 
statistically significant differences in the SP values depending on the filler type, 
as well as solution i.e. deionized water or demineralizing agent. No effect of the 
solvent type is optimistic, as it was predicted that the cariogenic demineralizing 
solution act more aggressively than the water.

SL values of all examined composites are lower than 7.5  μg·mm−2, but they 
are mostly negative (Table 5). It means that their  m3 was higher than  m1, so the 
materials strongly absorbed the fluids from their surroundings during the incuba-
tion. This absorption prevails over the solubility. No effect of the solvent type 
was observed, which, one more time, is a positive  observation. The effect of the 
filler type can be observed. HA-filled composite shows lower SL absolute values 
in both solvents. Probably the presence of the silica in n-SiO2-HA and SYL-HA 
results in the stronger irreversible bonding of the water by the composites. It is 
not surprising, as silica is strongly hydrophilic. To overcome this weak mass sta-
bility of the examined composites in the future, fillers silanization or hydrophobi-
zation is recommended.

Minimum flexural strength values for class 2, group 1 polymer-based restora-
tive materials that are intended to restore the occlusal and other surfaces of teeth 
are defined by ISO 4049:2019 as 80 and 50 MPa, respectively [15]. Class 2, group 
1 restorations are defined as materials cured intra-orally that require the exter-
nal source of energy, e.g. blue light-emitting lamp [15], therefore, the examined 
materials fit into this criterion. Flexural strength values of the examined compos-
ites are presented in Fig. 11.

Mean values (± SD) of flexural strength of examined composites are 71.56 
(± 6.27), 53.08 (± 1.54), and 60.37 (± 1.54) for HA, n-SiO2-HA, and SYL-HA, 
respectively. HA-filled composite show statistically significantly higher value of this 
parameter than silica-HA-filled composites (n-SiO2-HA and SYL-HA). There are 
no difference in flexural strength between n-SiO2-HA and SYL-HA (p > 0.05).

Table 5  Mean values (± SD) of opacity, sorption (SP), and solubility (SL) of examined composites (the 
same capital letters in rows (A, B, C) mean no statistically significant differences (p > 0.05) in values of 
examined parameters; the same lower case in columns (a, b, c, d, e, f) mean no statistically significant 
differences (p > 0.05) in values of SP and SL in deionized water and demineralizing solution)

Composite

HA n-SiO2-HA SYL-HA

Opacity [%] 59.9 (± 2.9)A 48.9 (± 4.8)B 65.9 (± 1.8)C

SP (deionized water) [μg·mm−2] 52.18 (± 2.75)A,a 45.21 (± 0.65)A,b 50.92 (± 4.59)A,c

SP (demineralizing solution) [μg·mm−2] 47.73 (± 2.87)A,a 45.85 (± 2.22)A,b 50.33 (± 1.21)A,c

SL (deionized water) [μg·mm−2] − 1.22 (± 0.32)B,d − 5.66 (± 0.52)A,e − 6.81 (± 0.90)A,f

SL (demineralizing solution) [μg·mm−2] 0.19 (± 2.44)B,d − 6.40 (± 0.65)A,e − 7.38 (± 1.44)A,f
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It may be related to the smaller particle size of silica-HA fillers (nano for n-SiO2-
HA and 2–3 μm for Syloid 244) compared to HA (c.a. 10 μm). Smaller filler par-
ticles create a larger contact surface with the components of the organic matrix. It 
causes the "saturation" of the resin and forming the cracks on the filler/matrix inter-
face during tests where the bending load is applied [42]. Unfortunately, none of the 
examined materials is appropriate for the restoration of occlusal surfaces of teeth, 
as their flexural strength values are lower than 80 MPa. However, they all meet the 
criterion for the restoration of non-occlusal surfaces exceeding the value of 50 MPa.

The compressive strength of dentin and enamel is 297 and 384  MPa, respec-
tively [7]. Mean values (± SD) of this parameter of examined composites are 292.58 
(± 18.82), 402.27 (± 29.93), and 269.27 (± 27.96) for HA, n-SiO2-HA, and SYL-
HA, respectively (Fig. 12). There are no statistically significant differences in com-
pressive strength between HA and SYL-HA, while the value of this parameter 
obtained for n-SiO2-HA is significantly higher.

Considering the mean values of compressive strength, together with the stand-
ard deviations it can be cautiously assumed that HA and SYL-HA compressive 
strengths are very close to the compressive strength of dentin. However, the values 
of this parameter for both mentioned materials are far lower than the compressive 
strength of enamel. Therefore, in terms of this parameter, both materials could be 
considered as appropriate to restore dentin, but inappropriate to restore enamel. The 
compressive strength of n-SiO2-HA, which is higher than the compressive strength 
of both discussed tissues, can ensure success in restoring enamel and dentin. The 
higher value of compressive strength of n-SiO2-HA in comparison with HA and 
SYL-HA results probably from the smaller particle size of n-SiO2-HA. In general, 
it is a rule that nanocomposites show higher compressive strength than composites 
with greater particles [7]. The values of compressive strength show positive correla-
tion with the values of DOC and opacity, i.e. materials showing lower opacity show 
higher compressive strength and DOC.

Fig. 11  Mean values of flexural strength of all examined composites (error bars present the values of 
standard deviation; dotted lines present the ISO 4049:2019 requirements [15]; the same capital letters (A, 
B) mean no statistically significant differences (p > 0.05) in values of flexural strength)
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Mean values (± SD) of calcium concentration detected in the deionized water 
after incubation the samples of the examined materials are 1.94 (± 0.27), 0.63 
(± 0.33), and 1.13 (± 0.13) ppm for HA, n-SiO2-HA, and SYL-HA, respectively 
(Fig.  13). HA shows a significantly (p < 0.05) higher amount of calcium released 
during incubation in deionized water, while the differences between both silica-
HA-filled composites (n-SiO2-HA and SYL-HA) are statistically insignificant 
(p > 0.05). It is not surprising that HA-filled composite is the most effective in the 

Fig. 12  Mean values of compressive strength of all examined composites (error bars present the values 
of standard deviation; dotted lines present the compressive strength of dentin and enamel; the same capi-
tal letters (A, B) mean no statistically significant differences (p > 0.05) in values of compressive strength)

Fig. 13  The concentration of calcium ions released by the examined composites recalculated on the aver-
age sample mass, i.e. 350 mg (mean values, error bars present the values of standard deviation; the same 
capital letters (A, B, C) mean no statistically significant differences (p > 0.05) in values of  Ca2+ concen-
trations – calculated separately for deionized water and demineralizing solution; the same lower cases 
(a, b, c, d, e, f) mean no statistically significant differences (p > 0.05) in values of Ca.2+ concentrations 
– calculated in pairs in which the type of the solution was set as variable, while the material type was 
constant)
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 Ca2+ releasing as the only filler in this composite is HA. In contrast, both remain-
ing composites contain also silica, so the amount of calcium-bearing filler is obvi-
ously smaller. In all cases, incubation of the samples in the demineralizing solution 
that imitates the cariogenic environment results in higher calcium concentrations. 
These differences are statistically significant for all examined materials (different 
lower cases). Mean values (± SD) of calcium concentration detected in the demin-
eralizing solution after incubation the samples of the examined materials are 7.13 
(± 1.64), 7.06 (± 0.35), and 6.62 (± 0.62) ppm for HA, n-SiO2-HA, and SYL-HA, 
respectively (Fig. 11). There are no statistically significant differences (p > 0.05) in 
the values of  Ca2+ concentrations between all examined materials. Higher concen-
trations of calcium in demineralizing solution in comparison with deionized water 
results probably from the presence of phosphate ions in the demineralizing solution. 
The research proves that  PO4

3− ions in the solution increase the solubility of  Ca2+ 
ions included in the hydroxyapatite. This phenomenon is explained by the formation 
of complexes of calcium phosphates such as Ca(HPO4)(H2PO4)− and Ca(H2PO4)OH 
[43]. This increase of the  Ca2+ solubility is relatively small compared to the total 
weight of the composite, therefore, it is not reflected in the SL values. Since HA is 
bounded to silica only by physical interactions in silica-hydroxyapatite materials, the 
formation of complexes with phosphates contained in the demineralization solution 
probably exceeds the strength of these interactions, resulting in the equalization of 
 Ca2+ ion release capacity by all tested composites.

The increased ability of tested materials to release  Ca2+ in demineralizing solu-
tion in comparison with deionized water should be considered beneficial. It means 
that the cariogenic environment activates the anticaries mechanisms, understood as 
the ability to  Ca2+ release with no significant mass loss of the composite.

Conclusions

Both silica-hydroxyapatite hybrid fillers were prepared successfully. Their homo-
geneity and non-toxicity were proved allowing, therefore, the application in the 
potential dental restorations. Among these two prepared hybrid fillers, nano-sized 
silica that was co-synthesized with HA (n-SiO2-HA) proved to be better than 
SYLOID®244 with HA layer (SYL-HA). RBC filled with n-SiO2-HA showed bet-
ter DOC and compressive strength in comparison with HA-filled RBC, simultane-
ously maintaining the remineralization potential understood as the ability to release 
calcium ions. The mechanism of action of these fillers with remineralization poten-
tial can be simple explained with phenomenon of the dissolution of hydroxyapa-
tite, which takes place to a greater extent in the caries environment, what is benefi-
cial for potential patients’ treatment. Therefore, the research hypothesis is partially 
confirmed. However, it has to be also partially rejected as the flexural strength of 
n-SiO2-HA composite was lower than that of the HA composite. This property has 
to be further improved as it is still too low to meet the ISO 4049:2019 criterion 
for the occlusal restorations. In the context of using the second hybrid filler (SYL-
HA), the research hypothesis must be rejected in its entirety, as SYL-HA-filled RBC 
showed inferior mechanical properties in comparison with HA-filled RBC. Despite 
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that the mass stability (SP and SL) during incubation of all examined composites 
was the same, it has to be also improved as it is lower than acceptable. However, 
mixing the fillers with different particle sizes or silanization may improve the flex-
ural strength of the composites. As all materials were rather hydrophilic, the fill-
er’s surface hydrophobization may in turn result in the mass stability improvement. 
Therefore, since the obtained results are very perspective, further experiments are 
required to finally verify effectiveness of studied materials.
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