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Abstract: The clinical success of dental implantation is associated with the phenomenon of 

osteointegration. Geometry and topography of the implant surface are critical for the short- and 

long-term success of an implantation. Modification of the surface of endosseous part of the implant 

with sandblasting was of special interest for our study. Taking into account the advantages of 

currently used ceramic abrasives: aluminum oxide, titanium oxide, calcium phosphate, these 

materials are able to break down during collision with the treated surface, the possibility of 

incorporation of their residues into the implant surface, as well as the difficulty of removing these 

residues. This paper aimed to determine the preferred composition and the shape of the abrasive, 

as well as the treatment regime for ZrO2 sandblasting modification of the surface of the endosseous 

part of the dental implant. Tetragonal and cubic solid solutions are based on ZrO2, as an abrasive 

that is applied for zirconium-niobium alloy sandblasting under different pressures. Optical and 

scanning electron microscopy, the physical and chemical state of the surface of implants as well as 

contact angle measurement and cell viability were used to assess surface after sandblasting. The 

results demonstrate the potential of using granular powders that are based on zirconium dioxide as 

an abrasive to create a rough surface on endosseous part of dental implants made from zirconium-

based alloys. It does not lead to a significant change in the chemical composition of the surface layer 

of the alloy and it does not require subsequent etching in order to remove the abrasive particles. 

Based on structural and chemical characterization, as well as on cell viability and contact angle 

measurement, sandblasting by tetragonal ZrO2 powder in 4 atm. and an exposure time of 5 s 

provided the best surface for dental implant application. 

Keywords: dental implant; surface treatment; sandblasting; ZrO2 

 

1. Introduction 

Over the past 20 years, the number of placed dental implants in the world has reached about 

one-million a year. Clinical success of dental implantation is associated with the phenomenon of 

osteointegration. Geometry and topography of the implant surface are critical for the short- and long-
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term success of an implantation. These parameters, in combination with flawless surgical techniques, 

are a necessary condition for obtaining a successful clinical outcome [1].  

There are two types of reaction of bone tissue on the implant. The first type involves the 

formation of a fibrous soft capsule around the implant. This capsule, which consists of fibrous tissue, 

does not provide proper biomechanical fixation and it leads to clinical failure of the dental implant. 

Direct contact of the implant and bone surfaces without an intermediate layer of connective tissue 

characterizes the second type of bone reaction. This phenomenon is known as osteointegration. 

Change in the microstructure of the implant surface has been the goal of numerous studies in recent 

years, especially with the advent of a variety of methods to refine the grain size of these materials 

down to the submicron range/nano. The development of these techniques made it possible to create 

a surface with exceptional mechanical properties [2–4] and enhanced biological compatibility [5–8] 

The rate and quality of osteointegration of implants are known to be related to their surface 

properties. Composition, hydrophilicity, and roughness are the parameters that can play a certain 

role in the interaction of the implant with surrounding tissues.  

There are numerous studies proving that the surface roughness of implants affects the rate of 

osteointegration and biomechanical fixation [9,10]. The surface roughness can be divided into three 

levels, depending on the scale: macro-, micro-, and nanoscale topologies. The macrolevel assumes a 

surface structure with an interval of variations in the range up to tens of microns. This scale directly 

determines the implant geometry. Numerous studies have shown that the primary fixation and long-

term mechanical stability of the implant can be improved by means of the developed surface 

geometry [11–13]. The microlevel of the implant surface is determined in the range of 1–10 μm. This 

roughness range regulates the connection between the bone tissue and the implant surface [10,13]. In 

cases of insufficient bone tissue, short implants, which were developed with a rough surface, showed 

superior clinical results when compared to the implants with a smooth surface [14,15]. Numerous 

studies have shown that the surface roughness in this range provides a stable implant integration 

and a higher torque resistance when the implant is being unscrewed when compared to the other 

types of surface geometry [10,13]. These studies have established that implants with rough surfaces 

have greater contact with the bone as compared to the implants with a smoother surface [9,10]. 

Nevertheless, to date, no clinical signs have been revealed that demonstrate the superiority of any 

particular implant surface geometry [16]. 

Up to date, various methods for modifying the surface of dental implants have been developed 

in order to improve their osteointegration. These methods use plasma action, sandblasting with 

ceramic particles, acid etching, and anodizing. 

Modification of the surface of endosseous part of the implant with sandblasting was of special 

interest for our study. The method is based on the impact of the implant surface with solid ceramic 

particles that are projected through the nozzle at high speed with compressed air. Depending on the 

size, characteristics of ceramic particles, and modes of their projection, surfaces with different 

characteristics can be obtained. At the same time, the abrasive should be chemically stable, 

biocompatible, and it should not interfere with the osteointegration of the implants. There are the 

following ceramic abrasives: aluminum oxide, titanium oxide, and calcium phosphate. The 

disadvantages of the listed materials are their ability to break down during collision with the treated 

surface, the possibility of incorporation of their residues into the implant surface, as well as the 

difficulty of removing these residues, even by means of ultrasonic cleaning, acid passivation, and 

sterilization. Aluminum oxide does not dissolve in acid and it is thus difficult to remove from the 

implant surface. Cases of migration of abrasive particles into surrounding tissues and their 

interference with the processes of osteointegration of implants have been reported. The presence of 

abrasive residues on the surface of the implant disrupts its chemical heterogeneity, which reduces 

the corrosion resistance in the environment [17]. Titanium oxide is also used for sandblasting of the 

surface of implants. Titanium oxide particles with an average size of 25 μm produce a moderately 

uneven surface of 1–2 μm. Experimental studies of microimplants in the human body showed higher 

osteoconductive abilities of surfaces that were treated with TiO2 when compared to other abrasives 

[12,18–21]. In an experiment with rabbits, Wennerberg et al. [13] proved that the impact of TiO2 or 
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Al2O3 particles on the implant surface yielded similar bone regeneration values [22]. These studies 

also confirm that the modification of the implant surface with the creation of a roughness increases 

their mechanical fixation in the bone. 

Despite the existence of a sufficient number of methods and technologies for surface treatment, 

the creation of a developed surface of the endosseous part of the implant remains an important task 

[23]. Since each method has its advantages and disadvantages, the search for the methods to improve 

the technology in order to enhance the biocompatibility of implants continues. 

The aim of this paper was to determine the preferred composition and shape of the abrasive, as 

well as the treatment regime for ZrO2 sandblasting modification of the surface of the endosseous part 

of the dental implant. 

2. Materials and Methods 

2.1. Materials 

The KTZ-125 alloy of the zirconium-niobium system (Zr–2.5 wt.% Nb) that was obtained from 

Osteoplant R&D (Dębica, Poland) we used in experiment. 7 mm diameter cylindrical samples with a 

height of 3 mm were prepared for sandblasting. Before processing, the samples were subjected to 

mechanical grinding and polishing. Tetragonal (T–ZrO2) and cubic (C–ZrO2) zirconium dioxide 

granules with a fraction size of 250 μm were used as a sandblasting agent (prepared in Institute for 

Problems in Materials Science, Kyiv, Ukraine). The granules were obtained from a nanocrystalline 

zirconium dioxide powder, which was complexly stabilized with yttrium and cerium oxides (ZrO2–

Y2O3–CeO2).  

All media and reagents for the cell culture experiment were purchased from Gibco®, USA 

(Gaithersburg, MD). Primary cultures of Human osteoblast were obtained from medical company 

Ilaya (Kyiv, Ukraine). 

2.2. Sandblasting Process 

Abrasive treatment of the surface was carried out in the Heraues Combilabor Kulzer CL-FSG94 

chamber. Nozzle diameter of the sandblast gun was 1.2 mm, the air pressure was 4 and 6 atm, the 

distance from the nozzle to the sample surface was 1.3 cm, and the bombardment angle was 90°. The 

processing time equaled 5 s. 

2.3. Alloy Chemical Compound 

X-ray fluorescent analysis (XRF, Carl Zeiss, Oberkochen, Germany), using a VRA-20 spectrometer, 

was used to determine the surface chemical composition before and after sandblasting treatment 

2.4. Surface Erosion Assessment 

To assess erosive wear (Er), all of the samples were weighed before and after treatment and 

formula 1 was used: 

�� =  
��

�
−

��

�
 (1) 

where, Mi—initial sample weight, mg; Mp—posttreatment sample weight, mg; S—sample area, cm2  

2.5. Optical Microscopy 

To visualize the geometric shape of the abrasive and to evaluate its effect on the surface of the 

alloy samples, the Zeiss Axiovert 40 optical microscope (Zeiss, Oberkochen, Germany) was used, 

with 50×, 100×, and 200× magnification. An analysis of the distribution of implanted particles was 

carried out while using Image Jay image processing software (V 2.0). 
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2.6. Scanning Electron Microscopy 

Scanned Electron Microscope Tescan Mira 3LMN (Tescan, Czech Republic) was used to analyze 

the surface morphology after treatment and chemical composition. Secondary (surface geometry 

mode) and reflected (phase contrast mode) electrons mode were applied. In the surface survey mode, 

the accelerating voltage for determining the topography was 10 keV, the electron beam current was 

10 A, and the beam diameter was 0.03 μm. In this case, the magnification was set at 500–30000 times. 

The chemical analysis of the surface was carried out using an EDS Oxford X-max 80 mm2 energy 

dispersive analyzer (EDA) (Oxford-instruments, Oxford, UK), at an accelerating voltage of 20 keV. 

2.7. Surface Roughness Measurement 

The Ra values were determined using Mahr profilometer (Mahr GmbH, Göttingen, Germany). 

Before measurement, all of the samples washed in 96% ethanol in Emmi-20HC ultrasonic bath 

(EMAG, Mörfelden-Walldorf, Germany). Measurement length was 1.5 mm and it was carried out in 

triplicate. 

2.8. Contact Angle Measurement 

Contact angle (CA) measurements experiments were made using a video-based optical contact 

angle measuring instrument (OCA 15 EC, Data Physics, San Jose, CA, USA). The CA data was 

recorded for ultra-pure water, for at least three parallel samples. 

2.9. Cell Culture Experiment 

Samples before and after sandblasting (six in each group) being 10 mm in diameter were 

sterilized by 70% ethanol for 3 h at room temperature, washed in PBS twice, and then placed in 24-

well plates. Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12) with L-

glutamine used, containing 100 units/mL penicillin, 100 μg/mL streptomycin, 2.5 μg/mL 

amphotericin B, 10% Fetal Bovine Serum, and 1.0 ng/mL bFGF was added to each well, and it was 

then incubated at 37 °C in a humidified environment with 5 % CO2. After 24 h, the human osteoblast 

cells were seeded at 104 cells per sample in 2 mL of DMEM/F-12. Samples with cells were incubated 

at 37 °C with 5% CO2, and media was changed every two days during a seven-day culture period. 

All of the experiments were triplicates. 

Alamar Blue (AB) assay was used to access cell viability on day one, three, and seven after 

seeding. The media was removed from each well and washed with PBS. 1 mL of Alamar Blue™ 

solution was added to each scaffold and then incubated for two hours. Two aliquots of 200 μL of 

Alamar Blue™ solution were collected from each scaffold and the absorbance was read on the 

absorbance reader using 570 and 600 nm wave lengths. 

2.10. Statistic 

Data was expressed as means ± standard deviation. Student’s t-test on unpaired data was used 

to assess the statistical significance of the difference. Statistical significance was assumed at a 

confidence level of 95% (p < 0.05).  

3. Results and Discussion 

3.1. Optical Microscopy 

As described above, for the sandblasting process, we have used two types of ZrO2 abrasives—

tetragonal and cubic shape. In Table 1, individual physical characteristics of the abrasives are shown. 
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Table 1. Comparative characteristics of abrasives. 

Characteristic 
Abrasive 

ZrO2 Tetragonal ZrO2 Cubic 

Density, g/cm³ 6.0–6.05 6.5–10 

Modulus of rupture in bending, MPa 750–1050 – 

Young’s modulus, GPa 200–210 – 

Vickers hardness, GPa 12–13 – 

Crack resistance, MPa m½ 8.0–10.0 – 

Moh’s hardness – 7.5–8.5 

Optical microscopy of ZrO particles show (Figure 1) that the abrasive based of T–ZrO2 has a 

rounded shape with small sharp protrusions over the entire surface, and the C–ZrO2 particles have 

sharp edges and an uneven surface. Based on mechanical and morphological parameters, they can 

provide different effects to implant surface within the sandblasting surface. 

The surface characteristics, as well as particle distribution after sandblasting using ZrO abrasive, 

depends on particle shape and applied pressure. The implantation of abrasive particles of up to 50–

100 μm in size is typical for all samples after sandblasting. However, the increasing of pressure from 

4 to 6 atm during the sandblasting leads to single implantation of 200 μm particles for both types of 

abrasive. Alloy treatment with T–ZrO2 powder at a pressure of 4 atm lead to covering 24% of the 

surface with abrasive particles (Figure 2a). However, if pressure increase up to 6 atm, the particle 

distribution decreases—only 17% of surface covered by ZnO particle. For C–ZrO2 powder, we 

determine opposite dependence—increasing of pressure lead to an increasing of particle distribution 

from 14% to 29% (Figure 2c,d). 

 

Figure 1. Optical microscopy image of T–ZrO2 (A) and C–ZrO2 (B) particle, used for sundblasting. 

×1000.  

  
(a) (b) 
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(c) (d) 

Figure 2. Optical microscopy image of sandblasted surface using T–ZrO2 particles ((a) 4 atm; (b) 6 atm) and 

C–ZrO2 ((c) 4 atm; (d) 6 atm) ×200.  

3.2. Chemical Composition of the Surface after Treatment 

The integrated surface chemical composition was determined as the average value at the three 

selected areas. Data indicates a uniform trend towards oxygen wt.% increasing in the samples that 

were treated with ZrO2 particles. It can notify (Figure 3a) an increase in the oxygen wt.% upon 

treatment with both types of ZrO2 abrasives. A noticeable decrease of the content of basic elements 

of the zirconium and niobium alloy in the surface layer indicates an increase in the thickness of the 

modified surface region. At the same time, the oxygen content increases to 20 wt.%, which can 

probably indicate the formation of a dense oxide film or additional incorporation of O after 

sandblasting using ZrO2. The application of T–ZrO2 powder leads to an increasing of oxygen wt.% 

up to 23% as compared to the C–ZrO2. The local chemical composition analysis was carried out at 

selected areas in order to identify the inclusion phases. Figure 3b shows the different types of surface 

areas of the sample after treatment with T–ZrO2 powder and areas of chemical analysis; the results 

of which are presented in Figure 3c. Local analysis allows for identifying inclusions of abrasive 

particles (Spectrum 1), contamination (Spectrum 2), and areas of the alloy surface, which were not 

significantly affected (Spectrum 3). 

 

Figure 3. Chemical composition of the surface layer of alloy depending on the type of abrasive and 

treatment mode. (a)—X-ray fluorescent analysis. (b)—Chart of chemical analysis of the surface areas 

of a sample treated with T–ZrO2 at a pressure of 6 atm and (c)—EDX from selected areas (from b). 
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3.3. Scanning Electron Microscopy 

Surface analysis in the secondary electron mode allows for observing the contrast in height, since 

dark spots correspond to basins, and bright spots correspond to elevations (Figure 4). After alloy 

treatment with T–ZrO2 powder, a developed surface with lacunae and protrusions of about 50 μm is 

formed. However, at high magnification, it should be noticed that pores of about 0.5 μm formed on 

the surface after treatment at a pressure of 4 atm are destroyed when the pressure increases up to 6 

atm (Figure 4c). Obviously, particles have a higher velocity and most of the particles interact with the 

front side not perpendicularly, but tangentially, and such particles leave the corresponding traces on 

the surface. 

The effect of C–ZrO2 abrasive to sample surface is similar to that of the T–ZrO2 ones (Figure 4b,d). 

During a detailed study of structure, the formation of regular structures 0.5 μm in size is noticeable, 

but along with this, traces of large-sized powder particles interacting with the surface at a tangent 

are also visible (Figure 4b). When pressure increases, such structures are no longer formed, evidently 

because of the high interaction energy (Figure 4d). 

  
(a) (b) 

  
(c) (d) 

Figure 4. Scanning electron microscopy of samples after sandblasting using T–ZrO2 powder (a,c) and 

T–ZrO2 powder (b,d) in different regimen: (a,b)—5 sec with pressure of 4 atm, (c,d)—5 sec with 

pressure of 6 atm.  

3.4. Contact Angle and Roughness 

Average Ra values in all experimental groups significantly increased when compared to the 

polished ones. There were no differences between pressure used for the sandblasting process. The C–

ZrO2 particle provided significant less roughness when compared to the T–ZrO2 ones (Table 2). 

The CA of polished surface was 92.17° ± 2.78° and it significantly decreased in both T–ZrO2 

(76.83° ± 2.63° and 82.13° ± 5.10°) and in C–ZrO2 treated under the 4 atm. (81.17° ± 4.66°). Cubic ZrO2 

powder application under 6 atm. leads to not significant decrease of CA of up to 86.5° ± 3.20° (p = 
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0.10). There were no significant differences in CA between samples that were treated in different atm. 

with same ZrO2 shapes.  

Table 2. Ra values (μm) and CA (°) measurement results after treatment with different particle shape 

and time. 

Parameter Polished 
ZrO2 Tetragonal ZrO2 Cubic 

4 atm 6 atm 4 atm 6 atm 

Ra Values (μm) 0.45 ± 0.092 3.57 ± 0.12 3.86 ± 0.35 2.19 ± 0.28 2.76 ± 0.44 

CA (°) 92.17 ± 2.78 76.83 ± 2.63 82.13 ± 5.10 81.17 ± 4.66 86.5 ± 3.20 

3.5. Cell Culture 

The cell viability assay did not show cell toxicity of all surfaces, but the attachment and 

proliferation rates were significantly different, depending on groups. When comparing the positive 

control—Tissue culture plastic (TCP), cell attachment rate (percent of viable cells) on day 1 was 

significantly (p ≤ 0.001) less on the polished non-modified ZrNb surface. The surface that was 

sandblasted by T–ZrO2 particles shows significant more cell viability than the polished (p ≤ 0.001) and 

C–ZrO2 ones (p = 0.023). We did not see any significant differences in cell number between samples 

that were treated in 4 and 5 atm. (Figure 5A). 

On day 3 and 7, we observed cell proliferation in all samples, but osteoblast better proliferate on 

sandblasted surfaces (Figure 5B,C). The minimal cells were detected on the polished surface due to 

low attachment on day 1. Both time-point did not show differences in cell viability between the TCP 

and T–ZrO2 surfaces. It should be noted that on day 7 that osteoblast proliferated much better with 

significant difference (p ≤ 0.01) on T–ZrO2 compare the C–ZrO2 with no difference within samples 

that were treated in 4 and 5 atm. 

 

Figure 5. Cell viability assay of human osteoblasts on different surfaces on day 1 (A), 3 (B) and 7 (C); 

N = 3.  

4. Discussion 

Surface topography and chemistry are essential parameters for the interaction between implant 

and surrounding tissues due to their influence on ion exchange, protein adsorption, and cell adhesion 

and interaction. There are a lot of evidences that rough surfaces significantly increase the osteogenic 

properties of different materials [24]. Surface topography is a key factor for successful metal-tissue 

integration. The process of direct anchorage of an implant by the formation of bony tissues around 

the implant without the growth of fibrous tissues at the bone/implant interface is the osteointegration 

[25]. This process starts directly after the implantation from blood protein and growth factors 

absorption on implant surface with further cell attachment and proliferation [26]. Bone progenitor 

cells, like mesenchymal stem cells (MSCs) and lining osteoblast, produce collagen with further 

mineralization and bone remodeling. In this paradigm, surface topography and wettability are key 

parameters in determining implant/tissue interaction and osteointegration [27].  
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The design of surfaces with high waviness and porosity in microscale dimensions allows for 

bone ingrowth and induces strong bone interlocking, thereby improving the mechanical resistance 

and stability of the implant [28]. Various treatments have been developed to modify the implants 

surface, including machining/micromachining, sand-blasting, acid etching, electropolishing, anodic 

oxidation, and plasma spraying [29]. 

Surface stability after treatment is a key factor of clinical success. Some authors [30] found that 

most of the failed implants are characterized by an affected surface, on which a large number of 

embedded microparticles of Аl2O3, as well as rare-earth oxides, were detected. Moreover, titanium 

and aluminum ions were found in the bone matrix. 

In this paper we assessed possible application of ZrO2 powder in cubic and tetragonal shape for 

ZrNb-based implant sandblasting in different regimen—4 and 6 atm. The main attention was paid to 

the complex stabilization of zirconium dioxide with yttrium and cerium oxides. This is necessary to 

prevent the “aging” process, i.e., the destruction of bioinert ZrO2-based materials in a living organism 

due to uncontrolled phase transformation of tetragonal ZrO2 modification into a monoclinic ZrO2 

modification in moist environment [31]. 

Our data have shown that the application of ZrO2 in both shapes did not affect chemical 

composition of implant but add some additional oxygen, which is probably due to the incorporation 

of ZrO2. Chemical interaction of the metal with the abrasive, a strong adherence of particles to the 

surface layer, and additional surface oxidation are observed in the surface layers that are activated in 

such a way [23,32]. 

Sandblasting using ZrO2 powder in a tetragonal shape significantly decrease the contact angle 

of implant that is one of critical factor of osteointegration. Hydrophilic (CA less than 90°) surface can 

provide more better protein absorption after the implantation procedure. The cell culture experiment 

supports this data and has shown better cell adhesion and proliferation on a sandblasted surface, 

spatially on substrate that is treated by tetragonal shape ZrO2. 

5. Conclusion 

 The results demonstrate the potential of using granular powders that are based on zirconium 

dioxide as an abrasive to create a rough surface with a low contact angle; also being absent of 

cell toxicity on the endosseous part of dental implants made from zirconium-based alloys. 

 Sandblasting with the abrasive, as proposed in this paper, does not lead to a significant change 

in the chemical composition of the surface layer of the alloy and it does not require subsequent 

etching in order to remove abrasive particles, as in the case of a traditional abrasive on the basis 

of aluminum oxide, which should have a positive effect on the corrosion characteristics of the 

implants (biocompatibility).  

 It was found that it is preferable to use round shaped powder of ZrO2 pellets of tetragonal form, 

with small sharp protrusions over the entire surface, with a size of 250 μm, at an operating 

pressure of not more than 4 atm and an exposure time of 5 s. 
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