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Abstract
This study aims to develop an innovative dental product to remineralize dental enamel by a proper combination of ion-
exchange resins as controlled release of mineral ions that form dental enamel, in the presence of amelogenin to guide the 
appropriate crystal growth. The novel product proposed consists of a combination of ion-exchange resins (weak acid and 
weak base) individually loaded with the remineralizing ions:  Ca2+,  PO4

3− and  F−, also including  Zn2+ in a minor amount as 
antibacterial, together with the protein amelogenin. Such cocktail provides onsite controlled release of the ions necessary for 
enamel remineralization due to the weak character of the resins and at the same time, a guiding tool for related crystal growth 
by the indicated protein. Amelogenin protein is involved in the structural development of natural enamel and takes a key role 
in controlling the crystal growth morphology and alignment at the enamel surface. Bovine teeth were treated by applying 
the resins and protein together with artificial saliva. Treated teeth were evaluated with nanoindentation, scanning electron 
microscopy and energy-dispersive X-ray spectroscopy. The innovative material induces the dental remineralization creating a 
fluorapatite layer with a hardness equivalent to sound enamel, with the appropriate alignment of corresponding nanocrystals, 
being the fluorapatite more acid resistant than the original mineral. Our results suggest that the new product shows potential 
for promoting long-term remineralization leading to the inhibition of caries and protection of dental structures.
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Introduction

Dental caries is a complex disease that afflicts a large pro-
portion of the world’s population, regardless of gender, age 
and ethnicity, although it is more likely to be present in 
individuals with a low socioeconomic status [1–4]. Despite 
the fact that the prevalence of dental caries has descended 
over the last decades, the disease is still a major problem 
for adults and children, and an improved approach to pre-
vention and therapy is currently needed [5]. Dental caries 
progresses when organic acids, produced by bacterial action 

from biofilms of dental plaque on dietary fermentable car-
bohydrates, diffuse into the tooth and dissolve the mineral 
[6–13]. Dental caries is a process, which can be stopped 
and reversed in its initial stages. If left untreated, the early 
reversible lesion can progress to the point of being irrevers-
ible [14, 15]. Another factor that puts oral health at risk and 
makes it necessary to find a solution is the popularity of 
the whitening systems and their side effects, such as dental 
erosion and hypersensitivity [16–19]. The mature enamel 
has no residual cellular components that can carry out the 
repair when it is damaged, so the restoration depends on 
physicochemical events at the tooth surface [1, 2]; here are 
protective factors that can prevent or reverse it, such as sali-
vary proteins, calcium, phosphate, salivary flow and fluoride 
in saliva [5, 20, 21].

Enamel is the outer layer of the teeth and is the hardest 
and most mineralized tissue in vertebrates [22–25]. It is an 
acellular mineralized tissue comprised of densely packed 
crystallites of calcium hydroxyapatite organized into rod and 
interrod structures. Tooth enamel rods seem to extend from 
the dentino-enamel junction to the tooth surface and they are 
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remarkably longer than wide. Interrods are interprismatic 
crystallites oriented in different directions [26].

During tooth germination, the enamel mineral is a car-
bonated apatite, not pure hydroxyapatite (HA). The min-
eral is related to hydroxyapatite but is much more soluble 
in acid, as well as calcium deficient (calcium is replaced 
by sodium, magnesium and zinc) and contains between 3 
and 6% of carbonate ions replacing phosphate ions in the 
crystal lattice. Demineralization and remineralization is a 
dynamic process. The carbonate is preferentially lost during 
the demineralization process, and it is avoided during remin-
eralization. Thus, the calcium-deficient and carbonate-rich 
regions of the crystal are markedly susceptible to be attacked 
during demineralization [5]. When the  OH− groups in pure 
hydroxyapatite  (Ca10(PO4)6(OH)2) are completely replaced 
by fluoride ions  (F−), it results in mineral fluorapatite (FA) 
 (Ca10(PO4)6F2), which is really resistant to dissolution by 
acid. Mature enamel is mostly a mixture of hydroxyapatite 
and fluorapatite and for this reason, it is much less soluble 
than the original mineral [5, 21, 27].

Fluoride is widely used in dental products because pri-
marily via topical mechanisms, it has a cariostatic effect 
inhibiting the demineralization at the crystal surfaces, 
enhancing the remineralization, interfering with plaque 
formation and inhibiting bacterial metabolism [5, 10, 21, 
28–32]. The presence of fluoride ions restricts the forma-
tion of acidic, more soluble calcium phosphates as dicalcium 
phosphate dihydrate or octacalcium phosphate, and facili-
tates the creation of more acid-resistant fluorapatite or fluor-
hydroxyapatite (partial substitution of fluoride by hydroxyl 
groups). Fluorapatite or fluorhydroxyapatite are formed 
when low levels of fluoride ions are present, and calcium flu-
oride will be created with high levels of fluoride ions. This 
calcium fluoride will hydrolyze to fluorhydroxyapatite in the 
presence of acid phosphate or phosphate ions. Moreover, 
fluoride is more effective in inhibiting hydroxyapatite dis-
solution when calcium and phosphate ions are also present in 
the solution [2]. With fluoride availability, demineralization 
is reduced because part of the calcium and phosphate lost 
by the dissolution of hydroxyapatite returns to the enamel 
as more acid-resistant fluorapatite [33].

Even though systemic fluoride by means of water fluori-
dation has been promoted in the past for the decline in dental 
caries, it has been found that the systemic benefits of fluoride 
are minimal and the primary reduction in dental caries is due 
to the topical effect of water fluoridation and the availabil-
ity of fluoridated toothpastes. In several European countries 
without water fluoridation, a caries reduction has been seen 
after the introduction of fluoridated toothpastes [3]. Tooth-
pastes are probably the most widespread products in health 
care and are one of the most effective ways to deliver free or 
soluble fluoride [34]. Nevertheless, high concentrations of 
fluoride can cause numerous side effects and due to the short 

oral application time of many fluoride products, fluoride ions 
are released rapidly producing high concentrations in a short 
time [21]. There has been an increase in the exposure to fluo-
ride ingestion in children increasing the risk of toxicity and 
dental fluorosis due to the high levels of fluoride released 
into biological fluids [35].

A different approach to induce remineralization is used 
in the present study to avoid high concentrations of fluoride 
with its side effects and prolong the contact time between 
fluoride ions and teeth. The fluorapatite formation could be 
guided controlling the release speed of fluoride in the oral 
environment, in conjunction with the release of calcium 
and phosphate ions to induce the remineralization. For this 
purpose, a product (called NMTD [36], new material for 
dental treatment, from its Spanish acronym Nuevo Material 
de Tratamiento Dental) that provides a controlled release 
system for the anticaries treatment of dental tissues is used. 
NMTD is a combination of ion-exchange resins of weak 
acid and weak base ion-exchangers composition, loaded with 
calcium, fluoride, phosphate and zinc. The molar ratio of 
the ions has to be close to that of the organomineral tissue 
to be remineralized; in the case of the teeth, the approximate 
molar ratio between  Ca2+,  F− and  PO4

3−, is 2:1:1, respec-
tively. In contact with NMTD, the organomineral tissues are 
remineralized in an effective way, especially in the presence 
of  Zn2+ ions. Zinc has two effects: it helps to combat the 
micro-organisms which cause caries due to its bactericidal 
properties against oral bacteria [37], and it is an initiator of 
the ionic release of the other structural ions. A toothpaste 
containing NMTD was proven to be effective in limiting 
in vitro enamel demineralization and in enhancing remin-
eralization [38]. The application of ion-exchange materials 
has advantages compared to conventional chemical reagents, 
since the release of ions is only due to the ion-exchange 
mechanism and they do not introduce undesirable ions into 
the solution, they are characterized by practically neutral pH 
values and they can also adsorb bacteria on their surfaces. 
Most of these resins are non-toxic and are used in the phar-
maceutical industry, in medical applications and also in the 
food industry [39].

On the other hand, the organic matrix composed of proteins 
secreted by the ameloblasts provides a scaffold for the enamel 
minerals to grow. But following this stage of development, the 
enamel enters a maturation phase in which most of the organic 
matter is degraded [23, 24, 40–42]. The protein amelogenin, 
that constitutes the 90% of the protein matrix, plays a central 
role in guiding the hierarchical organization of apatite crystals 
observed in mature enamel [22, 43–46]. It is known that the 
crystal morphology and alignment of enamel, as well as the 
correct enamel thickness, are the result of a protein-guided 
uniaxial growth process. The exact mechanism guiding this 
process remains undetermined due to the rapid degradation 
of the underlying protein matrix during tissue maturation. 
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However, the role of self-assembly of enamel matrix proteins, 
particularly amelogenin, has been widely recognized as a 
key factor in controlling enamel structural development [22, 
43, 47]. Therefore, there is considerable interest in the use 
of amelogenin and other similar self-assembling peptides for 
dental remineralization [48–54]. The aim of this study is to 
assess the NMTD remineralization capacity in the presence 
and absence of amelogenin to understand the influence of this 
protein on the crystal morphology and alignment during the 
remineralization process.

Materials and methods

Materials

Hydrochloric acid (37%) and potassium hydroxide pel-
lets (85%) were purchased from Panreac (Barcelona, 
Spain). Chloramine T trihydrate (98–103%), HEPES 
(4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid, 
99.5%), magnesium chloride hexahydrate (99%), and cal-
cium fluoride (95%) were purchased from Sigma-Aldrich 
(Steinheim, Germany); calcium chloride dihydrate 
(74–78%), potassium dihydrogen phosphate (99.5%), and 
tricalcium phosphate [35–40% (Ca)] from Panreac (Bar-
celona, Spain); potassium chloride (99–100.5%) from J. T. 
Baker (Deventer, Holland), all in powder form. Deionized 
water was purified through a Millipore purification system 
from Millipore (Milford, MA, USA). Reference sample of 
the hydroxyapatite was of analytical grade and was used 
as received without any further purification (> 90%, Fluka, 
Sigma-Aldrich, Steinheim, Germany).

The base of the weak acid ion-exchange resins is a 
copolymer from acrylic acid, divinylbenzene, and aliphatic 
diene with carboxylic acid functional groups (Lewatit S 
8528, Lanxess, Leverkusen, Germany); and the base of the 
weak base ion-exchange resins is a styrene–divinylbenzene-
copolymer with tertiary amine functional groups (Lewatit S 
4528, Lanxess, Leverkusen, Germany). These food grade 
ion-exchange resins already charged with different ions 
 (Zn2+,  Ca2+,  F− and  PO4

3−) were purchased from MionTec 
(Leverkusen, Germany). They were ground to below 50 µm 
particle size and mixed to form the NMTD product, in which 
the corresponding molar ratio between  Ca2+,  F− and  PO4

3−, 
is 2:1:1, respectively. Moreover,  Zn2+ ions-charged resin is 
added, representing the 0.2% of the dry weight of the related 
resin.

Methods

Reference fluorapatite sample

The fluorapatite reference powder was synthetized follow-
ing a solid phase reaction [55] mixing in the agate miller 

calcium fluoride (95%) and tricalcium phosphate (35–40% 
(Ca)) at the ratio of 1.67 Ca/P. Subsequently, the reagents 
were placed in the muffle furnace (Selecta 366 PE, Barce-
lona, Spain) and heated to 1200 °C for 2 h. The solid FA was 
then grounded during 15 min into powder.

Mineral growth in solution

To form FA in solution, 0.6 g of NMTD product was mixed 
with 1 ml of artificial saliva (KCl 0.24 g/l,  CaCl2∙2H2O 
0.078 g/l,  KH2PO4 0.544 g/l,  MgCl2∙6H2O 0.041 g/l, and 
HEPES 4.77 g/l; adjusted to pH 7.1 ± 0.4 with KOH pellets) 
and placed in a closed container inside an incubator at 37 °C 
during 24 h. The resultant paste is filtered with the aid of a 
funnel and a Kitasato flask under vacuum and dried at room 
temperature.

Amelogenin production

A human 175 amino acid amelogenin (Swissprot Q99217, 
isoform 1, excluding the signal peptide) was expressed in 
the Escherichia coli strain BL21 (DE3) and purified with 
an acid/heat treatment as described previously Svensson 
Bonde and Bulow [56]. The proteins were analyzed by 
matrix‐assisted laser desorption/ionization, sodium dodecyl 
sulfate polyacrylamide gel electrophoresis and western blot 
to confirm the obtainment of amelogenin. The recombinant 
amelogenin was quantified with a nanodrop.

Protein purification has been performed by the ICTS 
“NANBIOSIS”, more specifically by the Protein Produc-
tion Platform of CIBER in Bioengineering, Biomaterials and 
Nanomedicine (CIBER-BBN)/IBB, at the UAB SePBioEs 
scientific-technical service (http:// www. nanbi osis. es/ portf 
olio/ u1- prote in- produ ction- platf orm- ppp/).

Specimen preparation

Bovine mandibular incisors have a great macroscopic and 
microscopic similarity to human teeth, so they have been 
commonly used as a model in dental studies [57–59]. Human 
and bovine incisors have certain small differences that are 
important to consider when conducting physical or chemical 
studies of dental specimens. For example, bovine enamel 
crystals present larger diameter than human enamel crys-
tals and bovine prisms differ in shape compared to human 
prisms. In addition, calcium distribution is more homogene-
ous in bovine enamel than in human enamel. However, there 
are no significant differences in fluoride uptake or in carbon-
ate content between human and bovine enamel. Moreover, 
both kinds of teeth have also similar hardness, porosity and 
amount of interprismatic enamel [60–63].

Specimens of deciduous bovine incisors were cleaned of 
gross debris and the root was sectioned using a diamond 

http://www.nanbiosis.es/portfolio/u1-protein-production-platform-ppp/
http://www.nanbiosis.es/portfolio/u1-protein-production-platform-ppp/
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saw (South Bay Technology, San Clemente, CA, USA). 
Samples were embedded in a Fastray acrylic resin (Harry 
J. Bosworth, Skokie, IL, USA) to close the root hole. Then, 
teeth were etched with 1 M HCl for 30 s [64] to simulate the 
early stage of dental erosion and cleaned by rinsing with 
MilliQ water while brushing for 20 s with an electric tooth-
brush Vitality (Braun Oral-B) with brush head EB20 (Braun 
Oral-B).

In vitro remineralizing treatment

Groups of six teeth were prepared as explained in “Specimen 
preparation” for each time and treatment: NMTD, NMTD 
with human amelogenin, and blank samples.

Blank samples were immersed in the artificial saliva solu-
tion (prepared as explained in “Mineral growth in solution”) 
at 37 °C during the different times of the experiment and 
cleaned with MilliQ water while brushing with the electric 
toothbrush for 20 s every 24 h.

For both remineralizing treatments, artificial saliva (in 
the presence or absence of 100 µg/ml of human amelogenin) 
was added to NMTD until obtaining the optimal consistence 
of thick gel for its application onto the tooth (about twice as 
much artificial saliva is added as NMTD resin). The mixture 
was applied directly on the enamel surface of the etched 
teeth (Fig. 1). The samples were placed in a closed container 
with artificial saliva on the bottom and inside an incubator 
to maintain the humidity and the natural temperature of the 
oral cavity (37 °C). Every 24 h, each treatment was renewed 
by carefully washing the specimens with MilliQ water and 
brushing with the electric toothbrush for 20 s before apply-
ing a fresh portion of treatment.

The different groups of samples were treated between 4 
and 20 days (Fig. 2). Finally, teeth were cleaned by brushing 
with MilliQ water for 20 s using the electric toothbrush and 
stored in a 0.5% chloramine T solution until their analysis.

Moreover, some samples that were treated during 15 days 
with NMTD were brushed continuously for 15 min with the 
electric toothbrush Vitality (Braun Oral-B) with brush head 
EB20 (Braun Oral-B) maintaining constant force to study 
the strength of the remineralization.

To study the remineralized layer, selected samples were 
longitudinally cut in two halves along the central lobe with 
a Struers Minitom precision diamond saw (Copenhagen, 
Denmark) and polished with a Struers LaboPol-25 polisher 
(Copenhagen, Denmark). A sequence of silicon carbide 
paper was used to polish the longitudinal side, starting at 
grit size P1000 and sequentially increasing to P4000, under 
a constant flow of water. Then, a water-based diamond sus-
pension containing monocrystalline diamonds and cooling 
lubricant with a mean particle size of 1 µm (DiaDuo-2, Stru-
ers, Copenhagen, Denmark) was used to finish the polishing. 

After each polishing, the samples were sonicated for 1 min 
to clean the polishing residues.

SEM–EDX measurements

The structure and elemental composition of the samples 
were analyzed by scanning electron microscopy (SEM) and 
energy-dispersive X-ray spectroscopy (EDX) with a Zeiss 

Fig. 1  Bovine teeth with NMTD treatment placed in the container 
with artificial saliva on the bottom prior to sealing

Fig. 2  Scheme of the teeth with the different treatments indicating 
sample collection times
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Merlin field emission SEM equipped with an EDX Oxford 
INCA X-Max detector. This microscope has a unique charge 
compensation system that allows the high-resolution imag-
ing of non-conductive samples, and electrons which accu-
mulate on the sample surface are swept away by a fine jet 
of nitrogen. The images were taken on the surface and the 
longitudinal section of the teeth with the secondary electron 
detector with a low voltage of 1–3 kV and the EDX meas-
urements were taken at 10 kV. The powder from the min-
eral growth experiment and the HA and FA references were 
characterized under the same conditions as described above. 
All the experiments were performed at room temperature.

Nanoindentation

The hardness of the teeth was measured using an MTS Nano 
Indenter XP with a Berkovich tip that provides a fast and 
reliable way to acquire mechanical data on the submicron 
scale. The continuous stiffness measurements (CSM) were 
performed in the longitudinal section of the tooth with a 
depth limit of 1000 nm and a Poisson’s ratio of 0.25 [65, 
66]. Continuous stiffness measurement with depth, in con-
junction with the known indenter tip area function, allows 
continuous hardness monitoring [67]. All the experiments 
were performed at room temperature. Before every measure-
ment, the Berkovich diamond indenter was calibrated on a 
standard fused silica specimen.

Software

MEDUSA program (Stockholm, Sweden) [68] was used 
to create the chemical equilibrium diagram of the species 

formed in the presence of the ions released from the NMTD. 
The basic parameters that are necessary for the calculation 
of distribution diagrams, including equilibrium constants, 
are included in the program database.

The SEM images treatment was done using ImageJ [69, 
70], a public domain image processing and analysis program 
developed at the US National Institutes of Health.

GraphPad Prism 9 (GraphPad Software, San Diego, CA, 
USA) was used for statistical analysis.

Results

Mineral growth in solution

Theoretically, the predominant species formed in the pres-
ence of the ions released from the NMTD at pH 7.1 would 
be calcium fluoride and fluorapatite, as it can be seen in the 
chemical species distribution diagram of Fig. 3.

Figure 4 shows the SEM image of the elongated crystals 
obtained after the incubation of NMTD in artificial saliva 
solution for 24 h and the EDX results of one crystal and the 
fluorapatite reference powder.

In vitro experiment

SEM–EDX measurements

Teeth were lengthwise cut and the remineralized layer thick-
ness after each treatment time was measured using ImageJ 
software. Figure 5 shows that the layer grows gradually until 
day 15, when it reaches a plateau around 23 ± 1 µm.

Fig. 3  Theoretical distribution 
diagram of the species formed 
in the presence of the released 
ions from NMTD as function 
of medium pH (artificial saliva 
solution in our case)
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To study the formed layer bonding strength to the enamel 
surface, teeth were brushed continuously for 15 min after 
15 days of treatment. Figure 6 represents a longitudinal 
section of a tooth showing the remineralized layer after 
brushing.

The difference between the treatment in the presence and 
absence of amelogenin was studied. In Fig. 7, it can be appre-
ciated that the crystals are bigger in the presence of amelo-
genin. The diameter of the crystals for the 4-day treatment is 
0.11 ± 0.02 µm for NMTD and 0.14 ± 0.02 µm for NMTD in 
the presence of amelogenin. In the case of the 15-day treat-
ment, the diameter of the crystals is 0.13 ± 0.02 µm for the 
treatment without protein and 0.17 ± 0.03 µm with amelo-
genin. The 15-day treatment with protein shows significant 
differences in crystal size versus NMTD alone, according to 
the one-way ANOVA (analysis of variance) test performed 
with GraphPad Prism 9.

To study the composition of the remineralized layer, an 
EDX study was performed by measuring blank and treated 
samples after 4 and 15 days of treatment and comparing 
them to the references of fluorapatite and hydroxyapatite 
powder. EDX results are shown in Table 1.

To study the evolution of the formed layer across its 
outer part to the enamel, different EDX measurements 

were taken in longitudinally cut samples of 15  days 
through the formed layer until the enamel. Figure 8 shows 
the variations of each element when moving across the 
new layer to the natural bovine enamel.

Fig. 4  SEM image of the crystals obtained after the incubation of NMTD in artificial saliva solution during 24 h with 5000X magnification (a), 
EDX spectrum of one of the crystals (b), EDX spectrum of the fluorapatite reference powder (c)

Fig. 5  Evolution of the remineralized layer thickness with the time of 
NMTD treatment
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Fig. 6  Longitudinal section SEM images of a sample treated with NMTD for 15 days and brushed for 15 min with × 250 magnification (a) and 
× 1000 magnification of the square area (b)

Fig. 7  SEM images at × 20,000 magnification level of the tooth surface after 4 and 15 days of treatment: blank (a), NMTD (b), NMTD and 
amelogenin (c)

Table 1  Surface EDX measurements of the different treatments at dif-
ferent times: blank sample after 4  days (BL4), NMTD-treated sam-
ple after 4 days (NMTD4), NMTD+amelogenin-treated sample after 
4  days (AH4), blank sample after 15  days (BL15), NMTD+treated 

sample after 15  days (NMTD15), NMTD-amelogenin-treated sam-
ple after 15  days (AH15), fluorapatite powder reference (FA), 
hydroxyapatite powder reference (HA)

BL4 NMTD4 AH4 BL15 NMTD15 AH15 FA HA

Ca (atomic %) 18 ± 5 14 ± 1 20.7 ± 0.1 20 ± 4 14.78 ± 0.01 20.6 ± 0.1 25 ± 4 21 ± 3
P (atomic %) 15 ± 3 10.5 ± 0.5 14.68 ± 0.08 19 ± 2 10.9 ± 0.1 14.53 ± 0.04 14.3 ± 0.8 14.7 ± 0.9
O (atomic %) 66 ± 8 64.8 ± 1.0 56.5 ± 0.4 61 ± 5 63.3 ± 0.5 56.4 ± 0.5 56 ± 2 65 ± 3
F (atomic %) 0.3 ± 0.1 10.8 ± 0.5 8.1 ± 0.2 0.1 ± 0.1 11.0 ± 0.4 8.5 ± 0.4 4.9 ± 0.7 0.00 ± 0.01
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Nanoindentation

To assess the hardness of both kinds of remineralized layer 
with respect to the enamel, CSM measurements were taken 
in the layer and the enamel of longitudinally cut samples; 
the measurements are shown in Fig. 9.

Discussion

The results of the solution experiment confirm the expected 
formation of fluorapatite. It can be observed in Fig. 4 that 
the shape of the crystals formed with the NMTD in artifi-
cial saliva solution after 24 h resembles the first phase of 
the formation of fluorapatite spherulites [71–74]. Moreover, 

the EDX spectrum of the crystals matches the fluorapatite 
reference spectrum.

The remineralization of the tooth samples has been suc-
cessful, as it can be seen in Fig. 5, the thickness of the rem-
ineralized layer progressively increases until day 15, when it 
reaches its natural maximum at around 23 ± 1 µm.

Figure 6 shows the remineralized layer of the 15 days 
treatment to remain intact after brushing for 15 min, dem-
onstrating that it is attached to the tooth surface strongly 
enough to resist the brushing of the daily hygiene.

The increase in crystal size with amelogenin for both 
treatment times (4 and 15 days) seen in Fig. 7 suggests 
amelogenin protein to accelerate the crystallization rate [75].

We can observe in Table 1 that the presence of amelo-
genin during the remineralization process produces a layer 
more similar in composition to pure fluorapatite, with more 

Fig. 8  Longitudinal section SEM–EDX analysis of blank sample after 15  days (a), NMTD-treated sample after 15  days (b), 
NMTD+amelogenin-treated sample after 15 days (c)

Fig. 9  Longitudinal section continuous stiffness measurements of a 15-day NMTD-treated sample (a) and a 15-days NMTD+amelogenin-treated 
sample (b)
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Ca and P but less O and F than the layer formed only with 
NMTD that also shows the formation of other minerals like 
calcium fluoride. This calcium fluoride is a precursor that 
will derive in fluorapatite in the presence of phosphate [2, 
76]. The composition of the blank samples treated with 
artificial saliva alone is similar to that of hydroxyapatite as 
expected. The results obtained from the 4-day and 15-day 
treatments are similar, which means that extending the treat-
ment time increases the thickness of the layer, as observed 
previously, but does not alter its composition.

In Fig. 8, comparing the remineralized layer (first 23 µm) 
to natural enamel (beneath this 23 µm), fluorine concentra-
tion is higher and the oxygen concentration is lower due to 
the expected production of fluorapatite in the layer (increase 
of fluoride content) replacing corresponding hydroxyapatite 
(decrease of the  OH− content). In the presence of amelo-
genin, calcium and phosphorus remain largely similar along 
the new layer to the original enamel since fluorapatite and 
hydroxyapatite contain the same amount of calcium and 
phosphorus, thus supporting our expected mineral forma-
tion. On the contrary and in the absence of amelogenin, 
the observed decrease of oxygen, calcium, and phospho-
rus in the formed layer against the original enamel may be 
interpreted by the formation of a considerable proportion 
of  CaF2 instead of just fluorapatite. In the blank samples, 
these changes are not observed due to the absence of the 
remineralized layer.

We can observe in Fig. 9 the remineralized layer without 
protein to be slightly harder than enamel during the first 
500 nm although it loses hardness from there unlike enamel. 
However, in the presence of amelogenin, the hardness of the 
remineralized layer is maintained at values similar to the 
enamel. These results may be due to the role of amelogenin 
in guiding the morphology and alignment of crystals forma-
tion [22, 43].

The development of technologies to rebuild tooth enamel 
and preserve tooth structure is of great interest due to the 
inability of the mature tooth enamel to regenerate itself after 
substantial mineral loss [1, 2, 25, 40, 47, 77–79]. A widely 
studied remineralizing system uses nanocomplexes of casein 
phosphopeptide-amorphous calcium phosphate (CPP-ACP) 
to stabilize and deliver bioavailable ions [80]. CPP-ACPs 
have been introduced in toothpastes, mouthwashes, lozenges, 
chewing gums and even in bovine milk [81–83]. Another 
option is the combination of CPP-ACP with fluoride or the 
application of casein phosphopeptide-amorphous calcium 
fluoride phosphate (CPP-ACFP) to form fluorapatite. CPPs 
prevent the promotion of dental calculus, which consists of 
dental plaque mineralization, by stabilizing the calcium, 
phosphate, and fluoride ions. Yet, the ions are freely bioa-
vailable to induce remineralization by their diffusion through 
concentration gradients into enamel subsurface lesions [83, 
84]. CPP-ACP and CPP-ACFP are the technologies with 

most supporting evidence to sustain their use among those 
commercially available for dental remineralization [80]. In 
the case of the NMTD product, fluorapatite is also formed 
since these same ions are supplied. The ions are delivered in 
a controlled manner by means of weak ion-exchange resins, 
avoiding the precipitation of unwanted compounds by the 
massive encounter of ions outside the enamel surface, and 
allowing remineralization with fluorapatite by delivering 
the ions slowly to the enamel surface. The drawback of this 
necessary controlled release would be the long application 
time of the NMTD product required to achieve adequate 
remineralization, but it avoids high fluoride concentrations 
in the oral cavity unlike non-controlled-release products.

In conclusion, the NMTD product is effective and induces 
the remineralization after an acid attack creating a fluorapa-
tite layer of around 23 µm after 15 days of treatment, over-
coming the brushing process of the daily hygiene. The 
presence of amelogenin protein during the remineralization 
process improves the layer hardness and the crystal mor-
phology, also accelerating the crystallization rate. Further-
more, amelogenin seems to induce the composition of the 
layer closer to that of pure fluorapatite. The novel product of 
NMTD with amelogenin induces complete remineralization 
with a hardness that reaches the levels observed in natural 
healthy enamel. Therefore, the novel product is promising 
to provide long-term remineralization to inhibit caries and 
protect tooth structures. Nevertheless, further studies would 
be necessary to evaluate the clinical applicability of this bio-
mimetic material.

Acknowledgements The Spanish Ministerio de Economía y Competi-
tividad is acknowledged for the financial support provided (Project: 
CTM2015-65414-C2-1-R). Sandra Diez-García acknowledges the 
FI-2017 fellowship from Agència de Gestió d’Ajuts Universitaris i de 
Recerca (Generalitat de Catalunya).

Funding Open Access Funding provided by Universitat Autonoma de 
Barcelona. This work was supported by the Agència de Gestió d’Ajuts 
Universitaris i de Recerca (Generalitat de Catalunya) [Grant number 
FI-2017]; and the Spanish Ministerio de Economía y Competitividad 
[Grant number CTM2015-65414-C2-1-R]. The funders had no role 
in study design, data collection and analysis, decision to publish, or 
preparation of the manuscript.

Declarations 

Conflict of interest The authors declare that they have no conflicts of 
interest.

Ethical approval This article does not contain any studies with human 
participants or animals performed by any of the authors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 



554 Odontology (2022) 110:545–556

1 3

were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Hicks J, Catherine FG. Biological factors in dental caries: role 
of saliva and dental plaque in the dynamic process of demin-
eralization and remineralization (part 1). J Clin Pediatr Dent. 
2003;28:47–52.

 2. Hicks J, Garcia-Godoy F, Flaitz C. Biological factors in dental 
caries: enamel structure and the caries process in the dynamic 
process of demineralization and remineralization (part 2). J Clin 
Pediatr Dent. 2004;28:119–24.

 3. Hicks J, Catherine FG. Biological factors in dental caries: role 
of remineralization and fluoride in the dynamic process of dem-
ineralization and remineralization (part 3). J Clin Pediatr Dent. 
2004;28:203–14.

 4. Wang D, Deng J, Deng X, Fang C, Zhang X, Yang P. Control-
ling enamel remineralization by amyloid-like amelogenin mim-
ics. Adv Mater. 2020;32:200208.

 5. Featherstone JD. Prevention and reversal of dental caries: 
role of low level fluoride. Community Dent Oral Epidemiol. 
1999;27:31–40.

 6. Yoshihara K, Nagaoka N, Nakamura A, Hara T, Hayakawa S, 
Yoshida Y, et al. Three-dimensional observation and analy-
sis of remineralization in dentinal caries lesions. Sci Rep. 
2020;10:4387.

 7. Carrouel F, Viennot S, Ottolenghi L, Gaillard C, Bourgeois D. 
Nanoparticles as anti-microbial, anti-inflammatory, and remin-
eralizing agents in oral care cosmetics: a review of the current 
situation. Nanomaterials. 2020;10:140.

 8. Sandomierski M, Buchwald Z, Koczorowski W, Voelkel A. 
Calcium forms of zeolites A and X as fillers in dental restora-
tive materials with remineralizing potential. Microporous 
Mesoporous Mater. 2020;294:109899.

 9. Bapat RA, Chaubal TV, Dharmadhikari S, Abdulla AM, Bapat 
P, Alexander A, et al. Recent advances of gold nanoparticles as 
biomaterial in dentistry. Int J Pharm. 2020;586:119596.

 10. Owens TS, Dansereau RJ, Sakr A. Development and evaluation 
of extended release bioadhesive sodium fluoride tablets. Int J 
Pharm. 2005;288:109–22.

 11. Xiao Z, Que K, Wang H, An R, Chen Z, Qiu Z, et al. Rapid bio-
mimetic remineralization of the demineralized enamel surface 
using nano-particles of amorphous calcium phosphate guided 
by chimaeric peptides. Dent Mater. 2017;33:1217–28.

 12. Bröseler F, Tietmann C, Bommer C, Drechsel T, Heinzel-Guten-
brunner M, Jepsen S. Randomised clinical trial investigating 
self-assembling peptide P11-4 in the treatment of early caries. 
Clin Oral Investig. 2020;24:123–32.

 13. Örtengren U, Lehrkinder A, Safarloo A, Axelsson J, Lingström 
P. Opportunities for caries prevention using an ion-releasing 
coating material: a randomised clinical study. Odontology. 
2021;109:358–67.

 14. Cummins D. The development and validation of a new technol-
ogy, based upon 1.5% arginine, an insoluble calcium compound 
and fluoride, for everyday use in the prevention and treatment 
of dental caries. J Dent. 2013;41:S1–11.

 15. Fan M, Yang J, Xu HHK, Weir MD, Tao S, Yu Z, et al. Rem-
ineralization effectiveness of adhesive containing amorphous 
calcium phosphate nanoparticles on artificial initial enamel 
caries in a biofilm-challenged environment. Clin Oral Investig. 
2021;25:5375–90.

 16. Rodríguez-Martínez J, Valiente M, Sánchez-Martín M. Tooth 
whitening: From the established treatments to novel approaches 
to prevent side effects. J Esthet Restor Dent. 2019;31:431–40.

 17. Marquillas CB, Procaccini R, Malmagro MV. Breaking the 
rules: tooth whitening by means of a reducing agent. Clin Oral 
Investig. 2019;24:2773–9.

 18. Babot-Marquillas C, Sánchez-Martín MJ, Rodríguez-Martínez 
J, Estelrich J, Busquets MA, Valiente M. Flash tooth whitening: 
a friendly formulation based on a nanoencapsulated reductant. 
Colloids Surf B Biointerfaces. 2020;195:111241.

 19. Kwon SR, Kurti SR, Oyoyo U, Li Y. Effect of various tooth whit-
ening modalities on microhardness, surface roughness and surface 
morphology of the enamel. Odontology. 2015;103:274–9.

 20. Olivan SRG, Sfalcin RA, Fernandes KPS, Ferrari RAM, Horliana 
ACRT, Motta LJ, et al. Preventive effect of remineralizing mate-
rials on dental erosion lesions by speckle technique: an in vitro 
analysis. Photodiagn Photodyn Ther. 2020;29:101655.

 21. Perioli L, Nocchetti M, Giannelli P, Pagano C, Bastianini 
M. Hydrotalcite composites for an effective fluoride buccal 
administration: a new technological approach. Int J Pharm. 
2013;454:259–68.

 22. Carneiro KMM, Zhai H, Zhu L, Horst JA, Sitlin M, Nguyen M, 
et al. Amyloid-like ribbons of amelogenins in enamel mineraliza-
tion. Sci Rep. 2016;6:23105.

 23. Welborn VV. Enamel synthesis explained. Proc Natl Acad Sci 
USA. 2020;117:21847–8.

 24. Gil-Bona A, Bidlack FB. Tooth enamel and its dynamic protein 
matrix. Int J Mol Sci. 2020;21:4458.

 25. Guentsch A, Fahmy MD, Wehrle C, Nietzsche S, Popp J, Watts 
DC, et al. Effect of biomimetic mineralization on enamel and den-
tin: a Raman and EDX analysis. Dent Mater. 2019;35:1300–7.

 26. Simmer JP, Fincham AG. Molecular mechanisms of dental enamel 
formation. Crit Rev Oral Biol Med. 1995;6:84–108.

 27. Taha AA, Fleming PS, Hill RG, Patel MP. Enamel reminer-
alization with novel bioactive glass air abrasion. J Dent Res. 
2018;97:1438–44.

 28. Widyarman AS, Udawatte NS, Theodorea CF, Apriani A, Richi 
M, Astoeti TE, et al. Casein phosphopeptide-amorphous calcium 
phosphate fluoride treatment enriches the symbiotic dental plaque 
microbiome in children. J Dent. 2021;106:103582.

 29. Tammaro L, Vittoria V, Calarco A, Petillo O, Riccitiello F, Peluso 
G. Effect of layered double hydroxide intercalated with fluoride 
ions on the physical, biological and release properties of a dental 
composite resin. J Dent. 2014;42:60–7.

 30. Bijle MN, Abdalla MM, Ashraf U, Ekambaram M, Yiu CKY. 
Enamel remineralization potential of arginine-fluoride var-
nish in a multi-species bacterial pH-cycling model. J Dent. 
2021;104:103528.

 31. Hoxha A, Gillam DG, Agha A, Karpukhina N, Bushby AJ, Patel 
MP. Novel fluoride rechargeable dental composites containing 
MgAl and CaAl layered double hydroxide (LDH). Dent Mater. 
2020;36:973–86.

 32. Wei SuL, Lin DJ, Yen UJ. Novel dental resin composites con-
taining LiAl-F layered double hydroxide (LDH) filler: fluoride 
release/recharge, mechanical properties, color change, and cyto-
toxicity. Dent Mater. 2019;35:663–72.

 33. Reis DP, Filho JDN, Rossi AL, Neves AA, Portela MB, da Silva 
EM. Remineralizing potential of dental composites containing 
silanized silica-hydroxyapatite (Si-HAp) nanoporous particles 
charged with sodium fluoride (NaF). J Dent. 2019;90:103211.

http://creativecommons.org/licenses/by/4.0/


555Odontology (2022) 110:545–556 

1 3

 34. Wierichs RJ, Zelck H, Doerfer CE, Appel P, Paris S, Esteves-
Oliveira M, et al. Effects of dentifrices differing in fluoride com-
pounds on artificial enamel caries lesions in vitro. Odontology. 
2017;105:36–45.

 35. Pendrys DG. Risk of fluorosis in a fluoridated population. 
Implications for the dentist and hygienist. J Am Dent Assoc. 
1995;126:1617–24.

 36. Valiente M. Remineralizing material for organomineral tissues. 
USA patent US 6,413,498 B1. 1999.

 37. Imazato S, Kohno T, Tsuboi R, Thongthai P, Xu HHK, Kitagawa 
H. Cutting-edge filler technologies to release bio-active com-
ponents for restorative and preventive dentistry. Dent Mater J. 
2020;39:69–79.

 38. Torrado A, Valiente M, Zhang W, Li Y, Muñoz CA. Remineraliza-
tion potential of a new toothpaste formulation: an in-vitro study. J 
Contemp Dent Pract. 2004;5:18–30.

 39. Torrado A, Valiente M. Kinetics characterization of ion release 
under dynamic and batch conditions. I. Weak acid and weak base 
ion exchange resins. J Solution Chem. 2008;37:581–94.

 40. Li L, Mao C, Wang J, Xu X, Pan H, Deng Y, et al. Bio-inspired 
enamel repair via glu-directed assembly of apatite nanoparticles: 
an approach to biomaterials with optimal characteristics. Adv 
Mater. 2011;23:4695–701.

 41. Jágr M, Ergang P, Pataridis S, Kolrosová M, Bartoš M, Mikšík 
I. Proteomic analysis of dentin–enamel junction and adjacent 
protein-containing enamel matrix layer of healthy human molar 
teeth. Eur J Oral Sci. 2019;127:112–21.

 42. Alkilzy M, Tarabaih A, Santamaria RM, Splieth CH. Self-assem-
bling peptide P11–4 and fluoride for regenerating enamel. J Dent 
Res. 2018;97:148–54.

 43. Bai Y, Yu Z, Ackerman L, Zhang Y, Bonde J, Li W, et al. Protein 
nanoribbons template enamel mineralization. Proc Natl Acad Sci 
USA. 2020;117:19201–8.

 44. Sharma V, Srinivasan A, Roychoudhury A, Rani K, Tyagi M, 
Dev K, et al. Characterization of protein extracts from different 
types of human teeth and insight in biomineralization. Sci Rep. 
2019;9:9314.

 45. Cao Y, Liu W, Ning T, Mei ML, Li QL, Lo ECM, et al. A novel 
oligopeptide simulating dentine matrix protein 1 for biomimetic 
mineralization of dentine. Clin Oral Investig. 2014;18:873–81.

 46. Fan M, Zhang M, Xu HHK, Tao S, Yu Z, Yang J, et al. Reminer-
alization effectiveness of the PAMAM dendrimer with different 
terminal groups on artificial initial enamel caries in vitro. Dent 
Mater. 2020;36:210–20.

 47. Gibson CW. The amelogenin proteins and enamel development in 
humans and mice. J Oral Biosci. 2011;53:248–56.

 48. Li D, Lv X, Tu H, Zhou X, Yu H, Zhang L. Remineralization 
of initial enamel caries in vitro using a novel peptide based on 
amelogenin. Front Mater Sci. 2015;9:293–302.

 49. Fan YW, Sun Z, Wang R, Abbott C, Moradian-Oldak J. Enamel 
inspired nanocomposite fabrication through amelogenin supramo-
lecular assembly. Biomaterials. 2007;28:3034–42.

 50. Fan Y, Sun Z, Moradian-Oldak J. Controlled remineralization of 
enamel in the presence of amelogenin and fluoride. Biomaterials. 
2009;30:478–83.

 51. Fan Y, Nelson JR, Alvarez JR, Hagan J, Berrier A, Xu X. Amelo-
genin-assisted ex vivo remineralization of human enamel: effects 
of supersaturation degree and fluoride concentration. Acta Bio-
mater. 2011;7:2293–302.

 52. Fan Y, Wen ZT, Liao S, Lallier T, Hagan JL, Twomley JT, 
et  al. Novel amelogenin-releasing hydrogel for reminer-
alization of enamel artificial caries. J Bioact Compat Polym. 
2012;27:585–603.

 53. Kwak SY, Litman A, Margolis HC, Yamakoshi Y, Simmer JP. 
Biomimetic enamel regeneration mediated by leucine-rich amelo-
genin peptide. J Dent Res. 2017;96:524–30.

 54. Iijima M, Moradian-Oldak J. Control of apatite crystal growth 
in a fluoride containing amelogenin-rich matrix. Biomaterials. 
2005;26:1595–603.

 55. Wei M, Evans JH, Bostrom T, Grondahl L. Synthesis and charac-
terization of hydroxyapatite, fluoride-substituted hydroxyapatite 
and fluorapatite. J Mater Sci Mater Med. 2003;14:311–20.

 56. Svensson Bonde J, Bulow L. One-step purification of recombinant 
human amelogenin and use of amelogenin as a fusion partner. 
PLoS ONE. 2012;7:e33269.

 57. Posada MC, Sánches CF, Gallego GJ, Vargas AP, Restrepo LF, 
López JD. Dientes de bovino como sustituto de dientes humanos 
para su uso en la odontología. Revisión de literatura CES odontol. 
2006;19:63–8.

 58. Kim IH, Son JS, Min BK, Kim YK, Kim KH, Kwon TY. A simple, 
sensitive and non-destructive technique for characterizing bovine 
dental enamel erosion: attenuated total reflection Fourier trans-
form infrared spectroscopy. Int J Oral Sci. 2016;8:54–60.

 59. Nakamichi I, Iwaku M, Fusayama T. Bovine teeth as possible 
substitutes in the adhesion test. J Dent Res. 1983;62:1076–81.

 60. Yassen GH, Platt JA, Hara AT. Bovine teeth as substitute for 
human teeth in dental research: a review of literature. J Oral Sci. 
2011;53:273–82.

 61. Olek A, Klimek L, Bottacz-Rzepkowska E. Comparative scanning 
electron microscope analysis of the enamel of permanent human, 
bovine and porcine teeth. J Vet Sci. 2020;21:e83.

 62. Fonseca RB, Haiter-Neto F, Carlo HL, Soares CJ, Sinhoreti MAC, 
Puppin-Rontani RM, et al. Radiodensity and hardness of enamel 
and dentin of human and bovine teeth, varying bovine teeth age. 
Arch Oral Biol. 2008;53:1023–9.

 63. Fonseca RB, Haiter-Neto F, Fernandes-Neto AJ, Barbosa GAS, 
Soares CJ. Radiodensity of enamel and dentin of human, bovine 
and swine teeth. Arch Oral Biol. 2004;49:919–22.

 64. Groenhuis RAJ, Jongebloed WL, ten Bosch JJ. Surface roughness 
of acid-etched and demineralized bovine enamel measured by a 
laser speckle method. Caries Res. 1980;14:333–40.

 65. Braly A, Darnell LA, Mann AB, Teaford MF, Weihs TP. The effect 
of prism orientation on the indentation testing of human molar 
enamel. Arch Oral Biol. 2007;52:856–60.

 66. Xu HHK, Smith DT, Jahanmir S, Romberg E, Kelly JR, Thompson 
VP, et al. Indentation damage and mechanical properties of human 
enamel and dentin. J Dent Res. 1998;77:472–80.

 67. Ma Y, Cohen SR, Addadi L, Weiner S. Sea urchin tooth design: 
An “all-calcite” polycrystalline reinforced fiber composite for 
grinding rocks. Adv Mater. 2008;20:1555–9.

 68. Puigdomenech I. Program MEDUSA (make equilibrium diagrams 
using sophisticated algorithms). R Inst Technol Inorg Chem. 
2010: 10644. 

 69. Abràmoff MD, Magalhães PJ, Ram SJ. Image processing with 
ImageJ. Biophoton Int. 2004;11:36–41.

 70. Collins T. ImageJ for microscopy. Biotechniques. 2007;43:25–30.
 71. Wu YJ, Tseng YH, Chan JCC. Morphology control of fluorapatite 

crystallites by citrate ions. Cryst Growth Des. 2010;10:4240–2.
 72. Simon P, Schwarz U, Kniep R. Hierarchical architecture and real 

structure in a biomimetic nano-composite of fluorapatite with 
gelatine: a model system for steps in dentino- and osteogenesis? 
J Mater Chem. 2005;15:4992–6.

 73. Busch S, Schwarz U, Kniep R. Morphogenesis and structure of 
human teeth in relation to biomimetically grown fluorapatite–gela-
tine composites. Chem Mater. 2001;13:3260–71.

 74. Busch S, Dolhaine H, DuChesne A, Heinz S, Hochrein O, Laeri F, 
et al. Biomimetic morphogenesis of fluorapatite–gelatin compos-
ites: fractal growth, the question of intrinsic electric fields, core/



556 Odontology (2022) 110:545–556

1 3

shell assemblies, hollow spheres and reorganization of denatured 
collagen. Eur J Inorg Chem. 1999;1999:1643–53.

 75. Habelitz S, Kullar A, Marshall SJ, DenBesten PK, Balooch M, 
Marshall GW, et al. Amelogenin-guided crystal growth on fluoro-
apatite glass-ceramics. J Dent Res. 2004;83:698–702.

 76. Jardim JJ, Pagot MA, Maltz M. Artificial enamel dental caries 
treated with different topical fluoride regimes: an in situ study. J 
Dent. 2008;36:396–401.

 77. Ruan Q, Moradian-Oldak J. Amelogenin and enamel biomimetics. 
J Mater Chem B. 2015;3:3112–29.

 78. Yao S, Jin B, Liu Z, Shao C, Zhao R, Wang X, et al. Biominer-
alization: from material tactics to biological strategy. Adv Mater. 
2017;29:1605903.

 79. Wei Y, Liu S, Xiao Z, Zhao H, Luo J, Deng X, et al. Enamel repair 
with amorphous ceramics. Adv Mater. 2020;32:1907067.

 80. Cochrane NJ, Cai F, Huq NL, Burrow MF, Reynolds EC. New 
approaches to enhanced remineralization of tooth enamel. J Dent 
Res. 2010;89:1187–97.

 81. Walker G, Cai F, Shen P, Reynolds C, Ward B, Fone C, et al. 
Increased remineralization of tooth enamel by milk containing 

added casein phosphopeptide-amorphous calcium phosphate. J 
Dairy Res. 2006;73:74–8.

 82. Taha AA, Patel MP, Hill RG, Fleming PS. The effect of bioactive 
glasses on enamel remineralization: a systematic review. J Dent. 
2017;67:9–17.

 83. Reynolds EC. Calcium phosphate-based remineralization systems: 
scientific evidence? Aust Dent J. 2008;53:268–73.

 84. Srinivasan N, Kavitha M, Loganathan SC. Comparison of the 
remineralization potential of CPP-ACP and CPP-ACP with 900 
ppm fluoride on eroded human enamel: an in situ study. Arch Oral 
Biol. 2010;55:541–4.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	The power of weak ion-exchange resins assisted by amelogenin for natural remineralization of dental enamel: an in vitro study
	Abstract
	Introduction
	Materials and methods
	Materials
	Methods
	Reference fluorapatite sample
	Mineral growth in solution
	Amelogenin production
	Specimen preparation
	In vitro remineralizing treatment
	SEM–EDX measurements
	Nanoindentation
	Software


	Results
	Mineral growth in solution
	In vitro experiment
	SEM–EDX measurements
	Nanoindentation


	Discussion
	Acknowledgements 
	References




