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Abstract

:

The laser treatment and hydroxyapatite coating of dental implants are supposed to enhance osseointegration, but prior to preclinical testing, any negative impact on cell viability should be ruled out. This study aimed to evaluate the response of murine osteogenic cell lineage MC3T3-E1 and the bone marrow-derived stromal cells ST2 to surface modifications of machined titanium discs, e.g., laser treatment without and with hydroxyapatite coating, as well as sandblasting followed by acid etching. Scanning electron microscopy and the contact angle measurements revealed that laser treatment caused a honeycomb surface and higher wettability compared to a machined or sandblasting acid-etched surface. Hydroxyapatite coating, however, not only reduced the viability of MC3T3-E1 and ST2 cells but also provoked the expression and release of interleukin-6. These findings suggest that the laser treatment of titanium supports its hydrophilicity, but adding hydroxyapatite can reduce cell viability and induce the concomitant release of inflammatory cytokines.
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1. Introduction


The osseointegration of dental implants is fundamental to the clinical success of this reconstructive therapy aiming to replace tooth loss [1,2]. The process of osseointegration basically follows the conserved sequence of bone regeneration, but it is the topography and roughness of the dental implant that dictates how fast bone forms on the surface. The surface topography and roughness of dental implants affect the in vitro attachment, proliferation, and differentiation of osteogenic cells [3]. Furthermore, in vivo research suggests that surface treatment can support the osseointegration of dental implants [4,5,6]. Methods to improve the surface characteristics of dental implants have extensively been explored, with sandblasting followed by acid etching being commonly used in clinical routine [7]. However, changes in nanotopography have a multifaceted impact, not only modifying surface roughness but also influencing the physical, chemical, and biological properties [1,8]. Surface roughness plays a fundamental role in determining cell behavior, where an optimal range of roughness facilitates cell growth and proliferation. At the same time, cellular deformability plays a substantial role in shaping its response to surface roughness [9]. Using the cell lines HeLa and MDA MB 231, a moderate surface energy and intermediate roughness ratio were favorable for cell adhesion, growth, and proliferation [9]. Furthermore, advancing the osteophilic properties of dental implant surfaces further is helpful in complex clinical scenarios, including immediate post-tooth extraction implants and cases involving patients with weakened bone or impaired wound healing abilities [10,11,12,13,14]. Here, laser and coating with hydroxyapatite nanoparticles seems to be a promising approach to modify and ideally improve the osteoconductive capacity of dental implants.



The laser treatment of implant surfaces is a promising approach to support early osseointegration [5]. Surface modifications include the creation of a nanostructured surface with enhanced roughness [15]. Laser treatment can further improve the resistance to corrosion and wear, eliminate contaminants, reduce infection risk, and improve the biocompatibility of the implant [16]. Laser can thicken the oxide layer on the titanium surface [17]. As a consequence, the laser treatment of implants enhances their removal torque, indicating a stronger bond between implant and bone [18,19]. Hydroxyapatite (HA) coating is another strategy used for enhancing the osseointegration of dental implants [4]. Nanoparticles composed of calcium phosphate exhibit physical properties and porosity resembling human bone [20,21]. Thus, HA is used as a bone substitute [21] and for coating dental implants [22]. One novel approach is to combine the laser treatment and HA coating of dental implants.



Combining laser treatment with HA coating is a promising strategy to enhance the osteophilic properties of dental implants [23]. These implants show increased bone-to-implant contact and faster osseointegration, especially during the first two months after implant placement [4]. Implants treated with laser followed by phosphate deposition showed increased surface roughness, improved surface chemistry, and enhanced biocompatibility for bone cells [24,25]. The use of laser for surface treatment with subsequent phosphate deposition can support the performance of dental implants [1,26]. Cells exposed to rough biomaterials firmly attach and interact with the material, in addition to their high proliferation rates [24]. However, HA nanoparticles can induce inflammation by triggering the activation of monocytes and neutrophils [27]. There is thus a demand for a bioassay to simulate the impact of laser treatment and the HA coating of implant surfaces on the cellular response.



In vitro, HA particles can stimulate the release of cytokines, including interleukin-6 (IL6) [28]. HA has the potential to be a contributing factor to implant-associated inflammation [27,29]. On the other hand, HA-coated and machined titanium discs showed a similar inflammatory response [30]. HA also increased the osteogenic activity [25] and osteogenic differentiation of bone marrow cells [31]. Other studies concluded that the size and shape of HA particles had no impact on the proliferation [32] and differentiation of MC3T3-E1 osteogenic cells [33]. Thus, the in vitro studies are heterogenous with respect to how laser treatment and HA coating affect the in vitro cell response, particularly with respect to their viability and cytokine production. Therefore, although the combination of laser treatment and HA deposition supports the osseointegration of dental implants in vivo [29], it is crucial to assess the inflammatory response of mesenchymal cells exposed to surfaces treated with laser and HA deposition.



The objective of this study was to evaluate the in vitro response of the osteogenic cell line MC3T3-E1 and the bone marrow-derived stromal cells ST2 to the laser treatment and HA deposition of titanium discs.




2. Materials and Methods


2.1. Surfaces


Titanium discs with dimensions of 8 mm in diameter and 3 mm in thickness were generously provided by Titanium Fix (AS Technology, São José dos Campos, São Paulo, Brazil) with two types of surfaces: a machined surface (MS) and sandblasted and acid-etched surface (SBAS). MS discs were also sent to the Institute of Chemistry at São Paulo State University (Araraquara, UNESP). Surface modifications were performed using a laser beam (LS) and a laser beam followed by the deposition of the HA biomimetic method without heat treatment (LHS).




2.2. Laser Beam


The MS discs were firmly affixed in a rotary lathe under the pulsed Yb: 20 W laser equipment (Pulsed Ytterbium Fiber Laser, OmniMark System 20F, Ominitek Tecnologia Ltd., São Paulo, Brazil). The laser worked with a nominal power input of 140 mJ, pulse frequency of 20 kHz, wavelength 1064 nm, and cut-off length 10 µm. The laser beam was directed across the entire surface of the discs for 90 min, and this procedure was carried out at room temperature.




2.3. Laser Beam Followed by Deposition of Hydroxyapatite Biomimetic Method (LHS)


Following laser irradiation, the discs were subjected to a 24 h immersion in a 5 M NaOH solution within an oven set at 60 °C. This step aimed to activate the surface and create a sodium titanate layer. Afterward, the discs were placed in the oven for 3h to allow the surface to dry. Subsequently, they were immersed in a simulated body fluid (SBF) [34], designed to replicate the ionic composition and pH levels of blood plasma. The discs remained submerged in this solution for 4 days at a temperature of 37 °C and a pH of 7.25 to facilitate the formation of a hydroxyapatite coating. The SBF solution was changed every 24 h to ensure a consistent ion concentration.




2.4. Topographic Characterization of Surfaces


The surface properties of the discs were evaluated with the scanning electron microscope EVO LS15, equipped with an EDX microanalysis detector (Zeiss, Oberkochen, Germany). To determine the contact angle (θ), discs were assessed at room temperature with a relative humidity of 75% using the OCA 15Plus Video-Based Optical Contact Angle Measuring Instrument (Dataphysics Instruments GmbH, Filderstadt, Germany). For each sample, the contact angle was measured three times, and an average value was calculated.




2.5. Cell Culture


The murine osteogenic cell line MC3T3-E1 was generously provided by Oskar Hoffman from the Department of Pharmacology and Toxicology at the University of Vienna. Additionally, bone marrow-derived stromal cells (ST2) were sourced from the Riken Cell Bank in Tsukuba, Japan. Both cells were expanded in a growth medium and then seeded at a density of 5 × 105 cells/cm2 into 24-well plates. They were cultured in Dulbecco’s modified Eagle medium (DMEM, Sigma Aldrich in St. Louis, MO, USA) and supplemented with 10% fetal calf serum (FCS, Capricorn Scientific GmbH, Ebsdorfergrund, Germany) and 1% antibiotics (PS; Sigma Aldrich, St. Louis, MO, USA) at 37 °C, with 5% CO2 and a humidity level of 95%.




2.6. Phalloidin Staining


Cells were seeded on the discs. After 72h, the cells were fixed with formaldehyde 4% in PBS for 20 min, permeabilized with PBS containing 0.1% TritonX-100 for 5 min, and then incubated in phalloidin (Phalloidin CruzFluorTM conjugates, 1:1000 in DMSO and 1% BSA) for 90 min at room temperature in the dark. Finally, the discs were washed and mounted onto glass slides. Images were taken using a fluorescent microscope (Echo Revolve MTEL2LL/A, 2019, San Diego, CA coupled to Echo system software version 13.4) [35].




2.7. Viability Assay


Cells were grown on the discs placed in 48-well plates (CytoOne, Starlab International, Hamburg, Germany). After 72 h, 0.5 mg/mL of an MTT solution—3-(4,5-dimethythiazol-2-yl)-2,5-diphenyltetrazolium bromide—(Sigma-Aldrich, St. Louis, MO, USA) was added to each well for 2 h at 37 °C. Following the removal of the culture medium, formazan crystals were dissolved using dimethyl sulfoxide. Optical density measurements were taken at 570nm, and the results were expressed as a percentage relative of the MS surface.




2.8. qRT-PCR and Immunoassay Analysis


The total RNA was extracted using the ExtractMe total RNA kit (Blirt S.A., Gdańsk, Poland). Subsequently, for quantitative analysis, the NanoDrop 1000 spectrophotometer (Thermo Fischer Scientific, Waltham, MA, USA) was employed to measure the RNA concentration, reported in ng/μL. Reverse transcription (RT) was carried out using the LabQ FirstStrand cDNA Synthesis Kit (LabQ, Labconsulting, Vienna, Austria). A reverse transcription–polymerase chain reaction (RT-PCR) was conducted using the LabQ kit on a CFX Connect™ Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA). The primer sequences for IL6 are gctaccaaactggatataatcagga (forward) and ccaggtagctatgg-tactccagaa (reverse). To determine the mRNA levels, normalization was performed using the housekeeping genes GAPDH (forward—aactttggcattgtggaagg; reverse—ggatgcagggatgatgttct) using the ΔΔCt method. The immunoassay was conducted using the mouse IL6 Quantikine ELISA kit (R&D Systems, Minneapolis, MN, USA).




2.9. Statistical Analysis


The experiments were repeated a minimum of three times, and the dot plots represent data from all these independent experiments, with the mean and standard deviation (SD) values indicated. Statistical analysis was conducted using a one-way ANOVA with correction for multiple comparisons. These analyses were carried out using Prism v9 (GraphPad Software, La Jolla, CA, USA). Significance was established at p < 0.05.





3. Results


3.1. HA Coating Affects the Surface Morphology Observed with Laser Treatment


To determine the roughness of each surface, SEM analysis was performed. MS showed a smooth topography with traces of the machining process (Figure 1A). SBAS exhibited a pattern of subtractive topography, leading to the formation of microcavities with varying depths and sizes (Figure 1B). The LS had a rough surface displaying a more consistent and uniform morphological pattern and the existence of spherical particles indicates the presence of nano-sized structures. (Figure 1C). The incorporation of HA into the surface modified by laser beam (LHS) presented a rough, homogeneous, and regular surface (Figure 1D).




3.2. Laser Treatment Enhances the Wettability of Titanium Discs


To evaluate the degree of wettability, measurements of the contact angle were performed. Three measurements were performed, and the means are expressed in Table 1. All surfaces were hydrophilic with a contact angle of less than 90°; however, the high contact angle for MS and SBAS suggests that both surfaces present a moderate degree of wettability.




3.3. Laser Treatment of Titanium Discs Altered the Morphology of MC3T3-E1 and ST2 Cells


For the evaluation of cell morphology, phalloidin staining was performed. When grown on the smooth MS and SBAS surfaces (Figure 2A,B), MC3T3-E1 cells maintained their fibroblastic morphology, expressing long actin filaments. In contrast, there was an irregular morphology when MC3T3-E1 cells were grown on the laser-treated surfaces (Figure 2C,D). Consistently, ST2 cells maintained their original morphology when grown on a smooth surface (Figure 3A,B) but changed their morphology to irregular when grown on the laser-treated surfaces (Figure 3C,D). The presence of HA further weakened the phalloidin staining intensity in MC3T3-E1 and ST2 cells (Figure 2D and Figure 3D).




3.4. Hydroxyapatite Coating Reduced Cell Viability in MC3T3-E1 and ST2 Cells


To understand the impact of surface modification on the cell viability, an MTT assay was performed. As indicated in Table 2, HA coating caused a significant lowering of formazan formation, while all other surface modifications were comparable to the machined surface.




3.5. Hydroxyapatite Coating Increased IL6 in MC3T3-E1 and ST2 Cells


To determine the inflammatory response of MC3T3-E1 and ST2 to different surfaces, cells were grown on the discs for 48 h. The increased expression of IL6 was noted when MC3T3 cells were exposed to HA present on the surface LHS (Figure 4A). At the IL6 protein level, consistent results were observed (Figure 4B). LHS caused ST2 cells to express relatively more IL6 on the transcriptional (Figure 5A) and at the protein level (Figure 5B).





4. Discussion


The surface topography and roughness of dental implants exert a substantial influence on the behavior of osteogenic cells in vitro [24]. In the present study, we observed that the roughness patterns of the MS and SBAS surfaces were similar and showed moderate hydrophilicity. The laser-modified surface with and without HA, however, had a high roughness, with valleys, peaks and absolute hydrophilicity. These surface properties can affect how cells respond and may influence the rate and extent of bone deposition [4]. For a surface with moderate roughness, it is advantageous for cells to adhere stably, promoting their growth and subsequent proliferation; on the other hand, superhydrophilic and superhydrophobic surfaces are not conducive to cell attachment and growth [9]. In general, laser-modified surfaces can accelerate bone healing around implanted materials [4,36,37], through their ability to enhance osteoblast differentiation, increase matrix mineralization, and increase the expression of genes specific to bone formation [24]. Moreover, laser-treated implants with HA coating exhibit higher torque values and increased new bone volume compared to machined and acid-etched implants [4,5]. Nevertheless, there is concern regarding the HA coating of implant surfaces due to the risk of fragmentation. Fragmentation may lead to HA particles potentially triggering leukocyte activation and consequently provoking an inflammatory response [29]. However, the possible role of HA coating to affect the viability and the inflammatory status of mesenchymal cells is less clear.



The present study revealed that the laser-modified surface prompted alterations in the morphology of both MC3T3-E1 and ST2 cells, with an additional impact of HA coating. With HA coating, the cell shape was altered, and less cells with nuclear staining were noticed. Support for our findings comes from others showing that MC3T3-E1 cells were less spread and elongated on an HA surface compared to a tissue culture surface [32]. Consistently, HA coating reduced cell viability in MC3T3-E1 and ST2 cells, similar to the results from previous reports in a tissue culture dish serving as the controls [32].



Previous studies have established that the structure of HA nanoparticles significantly influences immediate inflammation, regardless of their chemical composition and charge [20]. HA nanoparticles have the capacity to enhance the release of pro-inflammatory agents such as IL1, along with chemotactic factors like IL8, macrophage inflammatory proteins, and matrix metalloproteinase 9. HA also activates polymorphonuclear neutrophils, possibly contributing to implant-related inflammation [29]. Furthermore, HA particles can trigger the production of IL18 in human monocytes due to their specific characteristics [38]. In light of these results, and to understand if the lower viability translates into an inflammatory response, the expression of IL6 was determined. Consistent with the lower viability, HA coating caused higher GAPDH values, reflecting lower cell numbers. Interestingly, HA coating caused an increased IL6 on the level of gene expression and protein in the supernatant of the MC3T3-E1 and ST2 cells. Taken together, these data suggest that while laser treatment seems safe and increases the wettability, the additional HA coating might cause some adverse reaction that affects the viability of mesenchymal cells and may even translate into a local inflammatory response, at least under in vitro conditions.



There are, however, certain limitations of this study that need to be discussed. Considering that in vitro experiments were performed, simulating patterns were created in order to simulate complex organisms, but they do not represent the clinical situation. There are several coating techniques with different tricalcium phosphate derivatives, and, in the present study, only HA coating without heat treatment and laser was tested. Further studies are necessary, evaluating different sizes and shapes of HA particles, as well as coating methods, titanium alloys, and evaluations of early and late periods, to understand under which conditions, specifically, HA is beneficial for cells and which methods should be avoided to reduce the local inflammatory process.



In summary, we can conclude that the laser treatment of titanium supports hydrophilicity, but adding hydroxyapatite may provoke an inflammatory response in vitro. These data may be important for future studies, which may use different HA coating techniques, as well as different particle sizes, aiming to reduce the expression of inflammatory mediators in short incubation periods, maintaining the advantages related to proliferation and differentiation in osteoblastic cells.
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Figure 1. Scanning electron microscopy (SEM). Images showing the roughness pattern present on machined commercially pure titanium surfaces (A); sandblasting followed by acid etching (B); laser treatment without HA coating (C) and with HA coating (D). The inset images provided a detailed view of the surface morphology at high resolution. 1000× magnification. 
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Figure 2. Laser treatment of titanium discs altered the morphology of MC3T3-E1 cells. Light and fluorescence images of phalloidin staining of MC3T3-E1 cells seeded on (A) machined surface—MS, (B) sandblasting followed by acid etching—SBAS, (C) laser treatment without HA coating and (D) with HA coating and observed by confocal laser scanning microscope. Black spaces in LS and LHS correspond to surface roughness. The scale bar is 200 μm. 
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Figure 3. Laser treatment of titanium discs altered the morphology of ST2 cells. Light and fluorescence images of phalloidin staining of ST2 cells seeded on (A) machined surface—MS, (B) sandblasting followed by acid etching—SBAS, (C) laser treatment without HA coating, and (D) with HA coating and observed by confocal laser scanning microscope. Black spaces in LS and LHS correspond to surface roughness. The scale bar is 200 μm. 
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Figure 4. Effect of HA-mediated IL6 secretion in MC3T3-E1. (A) IL6 expression. The RT-PCR analysis was performed in accordance with the procedure described in the Materials and Methods section, and the data depict the expression levels of IL6 normalized to the control, represented by MS surface. (B) Immunoassay showed that HA increased the expression of IL6 in MC3T3-E1. Each format shape represents the levels of IL6 from individual experiments and are presented with mean and SD values. Statistical analysis was carried out through a one-way ANOVA, and corrected p-values were indicated. 
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Figure 5. Effect of HA-mediated in IL6 secretion in ST2 cells. (A) IL6 expression. The RT-PCR analysis was performed in accordance with the procedure described in the Materials and Methods section, and the data depict the expression levels of IL6 normalized to the control, represented by MS surface. (B) Immunoassay showed that HA increased the expression of IL6 in ST2 cells. Each format shape represents the levels of IL6 from individual experiments and are presented with mean and SD values. Statistical analysis was carried out through a one-way ANOVA, and corrected p-values were indicated. 
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Table 1. Variation in contact angle (θ) values across different surface modifications. The wetting properties of the discs were assessed in triplicate under room temperature conditions. These measurements are indicated by the contact angle with water. A lower contact angle indicates a higher level of surface hydrophilicity.
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	Surface/Angle
	MS
	SBAS
	LS
	LHS





	1st review
	68.9°
	48.8°
	0
	0



	2nd review
	81.2°
	37.5°
	0
	0



	3rd review
	72.9°
	22.9°
	0
	0



	Average
	74.3°
	36.4°
	0
	0










 





Table 2. Cell viability decreased upon exposure to the HA present on the LHS surface. Cell viability is quantified by measuring formazan production and was expressed as a percentage relative to the control (MS). HA exposure resulted in a reduction in cell viability of approximately 30–50% in both MC3T3-E1 and ST2 cell lines.
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