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ABSTRACT  
 
Aims: The aim of this study was to incorporate Hydroxylherderite (HEr) into an adhesive and evaluate the 
properties of the resulting material. 
Study design:  In vitro study. 
Methodology: Hydroxylherderite was incorporated into the adhesive at concentrations of 2% and 5% by 
weight. The degree of conversion (DC, n = 3) was measured using an ATR-FTIR spectrometer. After 
immersion in absolute ethanol for two hours, the softening of the adhesive was assessed using a 
microhardness tester with a Knoop indenter. After 7 and 28 days of immersion in Simulated Body Fluid 
(SBF), mineral deposition in the adhesive was evaluated using a Raman microscope. Cell viability in 
contact with the adhesive was assessed according to ISO 10993-5. Data were analyzed using paired t-
tests, ANOVA, and Tukey's post hoc tests with a significance level set at 0.05.  
Results: The incorporation of HEr into the adhesive did not affect the degree of conversion compared to 
the control. DC ranged from 59.21 ± 11.11% to 63.49 ± 5.30%. The 5 wt% group showed a significant 
increase in initial microhardness (p < 0.05). Higher mineral deposition was observed with increased 
immersion time HEr concentration. All HEr concentrations maintained cell viability above 80% after 48 
and 72 hours of contact. 
Conclusion: HEr was successfully incorporated into the adhesive resin, promoting mineral deposition 
without cytotoxic effects and without compromising the physicochemical properties of adhesive. 
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1. INTRODUCTION 
 

The bonding mechanism results from demineralization, resin infiltration, and polymerization, leading to 

micromechanical interlocking in the enamel etch-pits and exposed collagen in dentin1-3. Discrepancies in etching depth 

and monomer infiltration and degradation of polymer matrix could leave denuded collagen in hybrid layer. The presence of 

denuded organic fibrils, along with residual solvent from the adhesive system and aqueous fluid in dentinal tubules, can 

compromise adhesion performance1,2. Consequently, adhesion becomes vulnerable to hydrolytic degradation, which 

breaks covalent bonds in the polymer3, and collagen biodegradation due to enzyme activation in the acidic environment 

of dentin2,4. 

To address these limitations, several inorganic fillers have been incorporated into adhesive materials, improving 

their properties and the longevity of adhesion. Among these are hydroxyapatite5, calcium phosphates6, zinc oxide7, 

bioactive glasses8. Inorganic fillers replace part of the organic polymeric matrix, which decreases both hydrolytic2,4 and 



 

 

enzymatic degradation9, while promoting interaction with biological tissues10. The ion release from adhesives containing 

bioactive particles promotes mineral deposition, thereby protecting dentin collagen11,12. Dentin biomineralization requires 

ion precipitation in both the intrafibrillar and interfibrillar spaces of collagen. These spaces correspond to the gap zone of 

collagen fibrils and the surface of collagen fibrils, respectively. Proposed mechanisms for dentin mineralization can be 

based on classical ion-cluster theories or non-classical amorphous precursor theories. Intrafibrillar mineralization also 

includes mechanisms such as polymer-induced liquid precursor, which enables minerals to be drawn into the gaps of 

collagen fibrils through capillary infiltration. Furthermore, electrostatic attraction between the positive charges near the C-

terminal end of collagen molecules and ions facilitates infiltration into collagen fibrils. The collagen framework serves as a 

site for mineral deposition, acts as a gatekeeper for various molecules, and regulates diffusion into the inner spaces of 

collagen fibrils. Theories of interfacial energy-guided mineralization and Gibbs-Donnan equilibrium must be established 

between the extrafibrillar and intrafibrillar spaces of collagen fibrils, balancing electrostatic neutrality and osmotic 

equilibrium. Consequently, improving the mechanical, chemical, and biological properties of the adhesive and hybrid layer 

can extend the clinical longevity of adhesion. 

Beryllium (Be) is found on the Earth's surface at an average concentration of 3 ppm13. This mineral exhibits high 

hardness and dimensional stability under a wide range of temperatures13,14,15. Beryllium compounds are widely 

distributed and can be found in many countries, including Brazil13,15. The stability and reaction between beryllium (Be), 

calcium (Ca), and phosphate (PO4) result in hydroxylherderite (HEr)13,14,15. This compound has a monoclinic structure, 

consisting of sheets of corner-sharing phosphate units and BeO3OH tetrahedra, linked along the c-axis by sheets of 

edge-sharing Ca-containing polyhedra, as described in previous crystallographic studies on hydroxylherderite from Minas 

Gerais, Brazil16. In addition to its favorable mechanical properties, the beryllium-modified calcium phosphate compound 

also demonstrates biological potential. The precipitation efficiency of calcium phosphate is significantly affected by the 

Ca/P ratio17. The Ca/P ratio of HEr is 1.2918, which is close to the desirable value of 1 and similar to the ratios of enamel 

(1.59), dentin (1.67), octacalcium phosphate (OCP, 1.33), tricalcium phosphate (TCP, 1.5) and hydroxyapatite (HA, 1.67). 

When the ratio is closer to 1.67, the resulting material exhibits lower solubility. Although HA is considered the most stable 

compound with superior mechanical properties compared to others, it still falls short in some areas due to its hydrophilicity 

and porosity19. Therefore, hydroxylherderite can serve as an alternative to previously used calcium phosphate 

compounds in the search for a material that not only enhances physical and mechanical properties but also maintains its 

biological potential. However, no reports exist on the incorporation of HEr in dental adhesive. The aim of this study was to 

incorporate HEr into an adhesive and evaluate the properties of the resulting material. 

 

2. MATERIAL AND METHODS  
 
2.1 Hydroxylherderite process and characterization  

 Samples of Hydroxylherderite (CaBe[PO4]OH) were collected from different pegmatites in Minas Gerais, Brazil. 

The mineral was pulverized in an agate mortar, resulting in particles with an average size of 5 µm. The samples were 

analyzed by powder X-ray diffraction using a D8 Advance DaVinci diffractometer with CuK radiation. Chemical 

characterization of hydroxylherderite was performed by Electron Microprobe Analysis (EMP). The sample was analyzed at 

five distinct spots using a Jeol JXA8900R spectrometer. The standards for each element included Ca–Apatite, P-Ca2P2O7, 

F–Fluorite, Mn–Rhodonite, Fe–Magnetite, Al-Al2O3 and Mg-MgO. Stoichiometric calculations were used to determine the 

quantities of Be and H2O. A thin layer of evaporated carbon was applied to the hydroxylherderite samples. The electron 



 

 

probe microanalysis in WDS (wavelength dispersive spectrometer) mode was conducted at a 15 kV accelerating voltage 

and a beam current of 10 nA. The results were averaged from five spots.  

 

2.2 Incorporation of Hydroxylherderite into adhesive 

The Hydroxylherderite (HEr) was incorporated into a commercial adhesive (Scotchbond MP, 3M-ESPE, St Paul, 

Minnesota, USA) at 2% and 5% by weight. An adhesive with no particles was used as the control group. The monomer 

composition of this commercial adhesive is Bisphenol A Diglycidyl Ether Dimethacrylate (BISGMA; 55-65 wt%) and 2-

Hydroxyethyl Methacrylate (HEMA; 35-45 wt%), as reported by the manufacturer. The incorporation of HEr into the 

adhesive was achieved by mixing and ultrasonication (CBU 100/1 LDG, Plana, São Paulo, SP, Brazil) for 30 minutes. 

 

2.3 Degree of conversion (DC) 

The degree of conversion of adhesives (HEr 0%, 2%, 5%) was determined using an attenuated total reflectance 

(ATR) device of a Fourier-transform infrared (FTIR) spectrometer (Vertex 70, BrukerOptics, Ettlingen, Alemanha). A disk 

(3.0 mm diameter and 2.0 mm thickness) from each adhesive (n = 3) was photoactivated for 20 seconds by a light-

emitting diode (LED) with 1,200 mW/cm2 irradiance (Radii cal, SDI, Bayswater, Baden-Württemberg, Austrália). Before 

and immediately after photoactivation, absorbance spectra (32 scans, 4 cm−1 resolution) were obtained. The degree of 

conversion was calculated based on the peak height (intensity of absorbance) of the aliphatic carbon–carbon double bond 

stretching vibration at 1638 cm−1 and aromatic ring at 1608 cm−1. 

 

2.4 Softening in ethanol  

Disk samples (5.0 mm diameter and 1.5 mm thickness; n = 3) were prepared, embedded in acrylic resin, and 

polished with a series of silicon carbide (SiC) papers (600, 1200, and 2000 grit) for 2 minutes each. Microhardness was 

evaluated using a Knoop indenter at a load of 25 g for 15 seconds in a microhardness tester, before (initial) and after 

immersion (final) in absolute ethanol and water (1:1, 200mL) for 2 hours. The percentage reduction in microhardness was 

calculated. Three indentations were made on each sample surface. 

 

2.5 Mineral deposition 

Mineral deposition was analyzed using a Raman InVia microscope (Renishaw, Wotton-under-Edge, 

Gloucestershire, United Kingdom). Three disks from each group were used. Each sample was immersed in 15 ml of 

Simulated Body Fluid (SBF) for 7 and 28 days at 37 °C. The Simulated Body Fluid (SBF) was formulated according to ISO 

23317. The center of each sample (area of 10 × 10 μm) was irradiated by a helium–neon laser (785 nm). Spectra were 

obtained from 440 to 1800 cm-1 before and after immersion in SBF (7 and 28 days). Images were processed using WiRe 

software 5.2 (Renishaw). The peak height at 960 cm-1, corresponding to the phosphate content5, was used for analysis. 

To map the chemical changes on the surface of the samples, the average intensity of the phosphate peak was calculated 

from the three samples. 

 

2.6 Cytotoxicity 

Cell viability was tested using fibroblast cells (L929, BCR, Rio de Janeiro, RJ, Brazil) according to ISO 10993-5. 

The MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) test was performed using polymeric disks (5.0 

mm x 1.5 mm20). Three samples from each adhesive group (HEr 0%, 2% and 5%) were sterilized using ethylene oxide 



 

 

and used to obtain extracts for the test. Cells (L929) were incubated at 37oC in a 5% CO2 atmosphere and seeded in a 

96-well tissue culture plate at a concentration of 104 cells/well (100 µL). The medium consisted of Dulbecco's Modified 

Eagle's Medium (DMEM, Gibco, Glasgow, UK) supplemented with 10% Fetal Bovine Serum (FBS, Gibco). After 24 hours, 

the extract was added to each well, and the cells were incubated for 48 and 72 hours at 37oC. For the negative control, 

the medium was maintained alone. A volume of 50 µL of MTT solution (Invitrogen® CAT No. M6494, 0.005 g MTT, 5 ml 

PBS, 10 ml DMEM, no FBS) (1 mg/mL) was added to each well. After incubation, the MTT solution was removed, and 200 

µL of dimethyl sulfoxide (DMSO) was added to dissolve the formazan crystals. Absorbance was measured at 570 nm 

(Multiskan EX Microplate Reader, MTX Lab Systems, Vienna, Virginia, USA). Cell viability (expressed as a percentage) 

for each group was calculated, and the average was determined. 

 

2.7 Statistical analysis 

Mineral deposition and cytotoxicity were analyzed descriptively. One-way ANOVA and Tukey’s tests were 

performed for degree of conversion and softening in ethanol. Paired t-tests were used to compare initial and final Knoop 

microhardness. All tests were conducted at a significance level of 5% using SigmaPlot software. 

 
 
 

3. RESULTS  
 
The chemical composition of the hydroxylherderite sample is presented in Table 1, and it matches the ideal formula.  

 The values for degree of conversion (DC), microhardness, and softening in solvent are in Table 2. No significant 

changes in DC were observed with the incorporation of hydroxylherderite (P > .05). Microhardness values increased 

significantly (P < .05) from 24.30 ± 6.22 (HEr 0%) to 63.21 ± 10.76 after the incorporation of 5% HEr. A significant 

reduction in microhardness (P < .05) was observed after immersion in solvent. The HEr 5% group showed a significant 

increase in softening in solvent (81.40  0.02%) compared to the control and HEr 2% groups (P < .05). 

    Mineral deposition was detected on the specimens after seven days of immersion in solution. Phosphate 

content was not observed on the surface of the control group (HEr 0%) in any time point. A gradual increase in mineral 

deposition was observed with longer immersion times in the SBF solution and higher HEr concentrations (Figure 1). 

Different concentrations of HEr maintained cell viability above 80% both 48 hours (Figure 2a) and 72 hours (Figure 2b) of 

contact. 

 
 

Table 1. Chemical characterization of hydroxylherderite samples in wt%.  

 

aCalculated on the basis of ideal formula of hydroxylherderite (CaBe(PO4)(OH). 

Sample 

P2O5 

MnO 

FeO CaO Al2O

3 

BeO F H20 

Hydroxylherderit

e 

42.57 0.01 0.01 33.89 0.02 15.52 0.07 5.42 

Ideal formulaa 44.06 0.00 0.00 34.82 0.00 15.53 0.00 5.59 



 

 

 

Table 2. Degree of conversion (DC) and softening in ethanol (Δ%) of the adhesive with different concentrations of 

hydroxylherderite (HEr). DC, in percent (%), initial (KHN1), and final (KHN2) microhardness and softening in 

ethanol in percent (Δ%). 

Groups 

Degree of 

Conversion 

Microhardness 

Initial                      Final Δ% 

HEr 0%  61.82  0.79A 24.30  6.22Ba 14.55  1.76b 37.13  2.33A 

HEr 2% 63.49  5.30A 19.40  5.81Ba 11.13  0.21b 39.49  1.57A 

HEr 5%  59.21  11.11A 63.21  10.76Aa 11.61  0.68b 81.40  0.02B 

Different upper case indicates significant difference in the same column (P ˂ .05). 
Different lowercase indicates a significant difference in the same row (P ˂ .05). 

 



 

 

 

Figure 1. Raman map of phosphate deposition on samples’ surface before immersion (initial), after 7 and 28 days 

of immersion in SBF. The intensity is given by the integration of 960 cm−1 peak. The level of mineral deposition 

intensity is demonstrated according colors scale. HEr 0%: experimental adhesive without addition of 

hydroxylherderite; HEr 2% and 5%: adhesive containing 2 and 5% of hydroxylherderite. 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Figure 2. Viable L929 cells (in percent, %), by MTT test, on contact, during 48 h (A) and 72 h (B), to adhesives 

containing HEr in different concentrations (0%, 2% and 5%) and negative control. 

 

4. DISCUSSION  

 The remineralization of demineralized dentin is crucial for dentin the long-term stability of dentin bonding21. We 

sought to preserve collagen fibrils within the hybrid layer by incorporating HEr into a conventional adhesive system. HEr is 

a natural compound from the single-crystal series found in the mid-region of Brazil, recently characterized14 as containing 

hard-metal beryllium functionalized with -OH groups. This unique composition suggests that HEr could enhance the 

adhesive’s properties and promote mineral deposition. In this study, the incorporation of Her (at a 2% concentration) 

promoted mineral deposition, exhibited no cytotoxicity effects, and maintained the adhesive’s physicochemical properties. 

With a high monomer conversion rate in polymers, fewer unreacted monomers are expected to remain within the 

polymer matrix22, resulting in improved physicochemical properties of the adhesive. However, excessive incorporation of 

fillers may hinder light permeation during photoactivation, thereby limiting chains mobility during the propagation phase of 

polymerization23. Considering the inorganic composition and size of the fillers, a significant phenomenon of light scattering 

within the material is plausible24,25,26,27. This scattering effect is further amplified as filler content increases, coupled with a 

reduction in translucency, which could lead to greater variation in the degree of conversion24,25,26,27. Consequently, this 

may result in a reduced degree of conversion and compromised mechanical properties of dental adhesives. Notably, the 

concentrations of HEr used in the present study were adequate to maintain consistent DC values. 

Softening in ethanol reflects the crosslink density of the polymer3,28. Solvent uptake and material dissolution occur 

in the free spaces within the polymer network3,28. The forces of attraction between solvent molecules and polymer chains 

exceed the forces of attraction between the polymer chains3. The penetration of the solvent leads to the expansion of 

polymer chain openings3. Polymers with a higher degree of crosslinking are less susceptible to softening, while linear 

polymers offer more pathways for solvent molecules to diffuse through their structure3. Although an increased degree of 

conversion (DC) could help preserve the polymer matrix against softening29, polymers with similar DC values may exhibit 

varying crosslink densities due to differences in chain linearity28. Accordingly, hardness assessment prior to ethanol 

storage provides an indirect estimation of the degree of conversion30. Meanwhile, the percentage decrease in Knoop 

hardness following ethanol storage serves as an indicator of the polymer’s crosslink density, a critical factor influencing its 

mechanical properties31.   

The quality of polymeric matrix of resin-based materials is closely linked to their chemical and thermal stability, 

which directly influences the longevity of resin restoration3. The methacrylate resin network can be compromised by 

sorption and solubility effects. The incorporation of inorganic filler particles partially replaces the organic content, thereby 

providing protection against the deleterious effects of hydrolysis32. The hardness of beryllium, a componente of HEr13,14, 

contributed to the increased microhardness observed in the resin containing 5% of this inorganic compound. However, 

despite its higher hardness, this property alone was insufficient to prevent material degradation in the solvent. After aging 

simulation, the resin containing 5% HEr exhibited hardness values comparable to those of other concentrations after 

aging simulation.  



 

 

Furthermore, the degradation of materials is influenced by their composition. The presence of calcium, phosphate, 

hydroxyl groups, and the crystal structure of HEr resembles that of hydroxyapatite (HA). However, while the Ca/P ratio of 

HA is 1.67, Her exhibits a Ca/P ratio is 1.0. This ratio is similar to that of monohydrogen calcium phosphates and calcium 

pyrophosphates, both of which have been utilized in clinical orthopedic and dental applications due to their 

biomineralization potential33. Generally, minerals with lower Ca/P ratios tend to exhibit higher solubility33. The solubility of 

incorporated HEr may explain why it was unable to prevent polymer degradation. 

Rather than preventing solubility, the incorporation of HEr may play a significant role in enhancing mineral 

availability, potentially benefiting the hybrid layer. Mineral deposition is facilitated by the release of calcium and phosphate 

ions from resin-based material34. The effect of calcium phosphate compounds involves an initial dissolution process 

followed by subsequent mineral deposition35, as demonstrated in the images captured at early times points and in 

previous studies35. Although HEr particles are unable to infiltrate dentinal tubules due to their size, the release of ions can 

create a supersaturated microenvironment that promotes hydroxyapatite precipitation36. This mineral deposition protects 

collagen fibrils and can also neutralize acids produced by bacteria, thereby shielding teeth against mineral loss34.  

For adhesives containing HEr, phosphate was detected before immersion in simulated body fluid, as Raman 

spectroscopy identified characteristic bands around 985 and 998 cm-1, corresponding to the stretching vibration of 

phosphate units14. Additionally, increasing phosphate and calcium content was observed, proportional to both the HEr 

concentration and duration of sample immersion in SBF. This confirms that ion release is enhanced by higher phosphate 

content in the material36,37. Furthermore, it suggests that the mineral deposition capacity of HEr is both cumulative and 

capable of persisting over time36,37. 

To be suitable for application in dental lesions, developed materials must exhibit low toxicity. While resin is 

commonly used, this study marks the first application of HEr in dental material. The incorporation of HEr maintained cell 

viability in accordance with ISO 10993-5 recommendations, which require a minimum of 70% cell viability to ensure the 

biological safety of biomaterials. Furthermore, HEr shares a similar composition with hydroxyapatite, a material known for 

its lack of cytotoxic effects38. The high cell viability observed confirms that hydroxylherderite holds potential for broad 

applications in dental materials, including adhesives, composites, sealants, and cements.  

The presented study explored two critical aspects of dentin adhesion. The incorporation of fillers tends to reduce 

hydrolytic effects related to water sorption, which is likely the most significant pathway for bond degradation39. 

Additionally, biomimetic remineralization promotes both intra- and interfibrillar remineralization, thereby preventing the 

degradation of exposed collagen39. Although these effects were evaluated, the complexity of the hybrid layer interface-

where degradation is linked to both collagen and polymer processes-suggests that longitudinal microtensile bond strength 

tests of the current material could be a valuable subject for future research. 

 

5. CONCLUSION 
 

It was possible to conclude that hydroxylherderite was successfully incorporated into an adhesive, promoting 

mineral deposition without cytotoxic effects and maintaining the physicochemical properties of adhesive at a concentration 

of 2%. 
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