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Abstract 
 

Metals such as titanium alloys or Cr-Co alloys have been the most widely used materials in 
biomedical applications that require high mechanical properties, such as implantology. However, 
a major disadvantage of these materials is related to the release of ion metals to the body. As 
an alternative, prostheses made of ceramic materials produce less debris and have better 
durability. The aim of the present work is to culture human bone-marrow-derived mesenchymal 
stem cells (hBM-MSCs) on 3D printed rough yttria-stabilized zirconia parts to study their 
biocompatibility. For that, surface roughness and biocompatibility tests are carried out, and it 
was confirmed that 3 mol % yttria-stabilized zirconia is a promising material due to its high 
biocompatibility. 

 

1. Introduction 
 

Metals have been the most widely used materials in biomedical applications that require 

excellent mechanical properties, such as implantology. However, a major disadvantage of these 

materials is related to the release of ion metals. These may cause inflammatory and 

hypersensitivity reactions 1. Additionally, a failure in medical implants such as hip or knee would 

lead to the removal of the device and the need to implant a new one. As an alternative, research 

in the use of ceramics is growing in popularity. Prostheses made from ceramic materials produce 

less debris and have better durability than those made from metals or plastics 2. 
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Amongst the different ceramics used in prosthetics (such as hydroxyapatite 3, or alumina 4,5), 

zirconia 4 offers several advantages: (1) reduction in the wear rate of implants 6 and the risk of 

toxicity 7; (2) excellent biocompatibility 8 and corrosion resistance 9;  (3) outstanding mechanical 

properties for the manufacture of prostheses 8. Zirconia has a monoclinic structure at room 

temperature. As temperature increases, it changes to tetragonal and later to cubic. The 

transition between monoclinic and tetragonal leads to an important volume change.  For this 

reason, yttria is often added to zirconia to stabilize it with a mix of tetragonal and cubic 

structures at room temperature 10. Among the different parameters that can affect the 

performance of the ceramics is related to their surface roughness, for example in terms of 

fracture toughness.  

 

One of the most employed AM techniques for ceramics is Direct Ink Writing (DIW), an extrusion 

technique in which a ceramic paste is extruded and subsequently deposited layer-by-layer11. 

Different ceramic materials can be printed with DIW, for example, kaolinite clay ceramics12, 

zirconia13, zirconia-toughened alumina14 or hydroxiapatite15. 

 

Yttria-stabilized zirconia (YSZ) is a biocompatible ceramic with high mechanical properties. It also 

has the advantage that it can be 3D printed in order to manufacture complex shapes such as 

prostheses or dental implants 16,17. Nevertheless, to the author’s knowledge, few in vitro studies 

are known for proving the biocompatibility of 3D printed YSZ 18,19. On the other hand, the surface 

finish of ceramics is known to affect their mechanical properties 20 and also influence their 

biocompatibility21. In addition, surface roughness is related to bacterial growth in dental 

implants22. The aim of the present research study is to culture human bone-marrow-derived 

mesenchymal stem cells (hBM-MSCs) on 3D printed yttria-stabilized zirconia parts with different 

surface roughness values to assess their suitability. 

2. Materials and Methods 
 

2.1. Zirconia parts preparation for cell culture 

 
Zirconia pastes were prepared in a mixer. Mixing time was 2 min and rotational speed was 2000 

min-1. Vacuum pressure was used to enable both dispersions of materials and removal of 

bubbles (ARV-310P Thinky Corporation, Tokyo, Japan). Yttria-stabilized zirconia (YSZ) with a 3 

mol% concentration (HSY-3B, Daiichi Kigenso Kagaku Kogyo Co., Ltd., Japan) and a 0.5 % wt 

dispersant (Dolapix PC75, Zschimmer & Schwarz, Germany) were mixed to a Pluronic F-127 
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(Sigma-Aldrich, UK) stock solution of 25 wt% concentration. The final solid percentage was 40 

v%. The d50 value of the ceramic powder ranged between 0.7 and 1.5 μm.  

Disk-shaped samples of diameter 10 mm and height 4 mm were printed and subsequently 

sintered at 1550 °C, with a heating rate of 5 °C/min. The final dimensions of the disks were 

around 8.5 mm in diameter and 3 mm in height. A linear infill pattern of raster angle 0° was 

used, with different infill values of 80% and 95% respectively. Three replicates were considered 

for each experiment.  

A customized 3D printer was used, Dual Paste Extruder, from CIM-UPC (Figure 1). Nozzle 

diameter was 0.58 mm, layer height was 0.3 mm, printing speed was 5 mm/s and the extrusion 

multiplier was 100%. 

 

 
 

 
2.2. Surface roughness characterization 

According to 23, the different roughness parameters can be divided into six groups: (1) 

amplitude, (2) spatial, (3) hybrid, (4) functional, (5) feature, and (6) other 3D parameters. In the 

present study, not only areal an arithmetical mean studied, but also skewness (Ssk) and kurtosis 

(Sku). Sa (Equation 1) is the average value of the heights, expressed as an absolute value, 

regarding the central plane 13. Ssk (Equation 2) corresponds to the symmetry of the heights 

concerning the central plane. A positive Ssk value indicates the predominance of peaks, while a 

negative value corresponds to the predominance of valleys 24. Kurtosis parameter Sku (Equation 

3) is related to the peakedness of the surface. Sharp peaks and valleys correspond to Sku >3, 

while rounded peaks and valleys are related to Sku <3 24. Both parameters are related to the 

friction control of surfaces 25. 

A Smartproof 5 confocal microscope (Zeiss, Oberkochen, Germany) was used to measure areal 

roughness, with a 20X magnification lens. Optical equipment was used, to prevent damage to 

Figure 1. Printing head of the Dual Paste extruder from CIM-UPC 
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the samples and/or to the tip of a contact roughness meter 26. The uncertainty of the microscope 

in the vertical direction is ± (0.1 µm + 0.008 × L), whereas in the horizontal direction it is ± (0.1 

µm + 0.012 × L). Areal parameters were determined according to ISO 25178 standard 27.  

𝑆𝑆𝑎𝑎 =
1
𝐴𝐴

 �|𝑍𝑍 (𝑥𝑥, 𝑦𝑦)| 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐴𝐴

 (1) 

𝑆𝑆𝑘𝑘𝑘𝑘 =
1
𝐴𝐴𝑞𝑞4

 � |𝑍𝑍 (𝑥𝑥, 𝑦𝑦)|3 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐴𝐴

 (2) 

𝑆𝑆𝑠𝑠𝑠𝑠 =
1
𝐴𝐴

 �|𝑍𝑍 (𝑥𝑥, 𝑦𝑦)| 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐴𝐴

 (3) 

 
where A is the measured area and Z (x, y) is a function that corresponds to the surface 

topography. 

Roughness was measured on the upper surface of the disks, within an area of 0.5 x 0.5 mm. 

2.3. BM-MSCs culture 

hBM-MSCs are widely used in regenerative medicine and they are a widely accepted model to 

test the biocompatibility of new scaffold developments 28. hBM-MSCs were expanded and 

cultured following the manufacturer’s instructions (ATCC, VA). The medium was replaced every 

2 days and cells were split from T-75 flasks at reaching 80% confluence. Cells in passage 5 were 

used for this study. 3D printed zirconia scaffolds were sterilized by high pressure and vapor using 

an autoclave (Tomy SX-700E) before seeding the cells, and half of them were coated with type I 

collagen at a concentration of 0.1 mg/mL (Merck, US).  Cells were seeded with a density of 4·104 

cells/cm2 and cultured for 24h and 72h. At the endpoint, samples were stained for DNA 

(NucBlue) to identify cell nuclei and imaged with a confocal microscope with a monitored X-Y 

stage (Nikon TI-HUBC, Japan) with a 10x objective.  

 

3. Results and Discussion 
 

3.1. Surface Roughness 

Table 1 shows the average values of areal arithmetic mean, skewness, and kurtosis of both 80% 

and 95% porosity experiments. Overall, both porosities show a smooth roughness, no sharp or 

rounded valley or as well as the presence of high peaks or deep valleys. Figure 2 shows the 

surface topography of the 3D-printed parts.  
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Table 1. Surface roughness of the upper surface of the yttria-stabilized zirconia samples. 

 Sa [µm] Ssk Sku 
80% porosity 0.30±0.026 -0.002±0.48 10.35±8.37 
95% porosity 0.69±0.007 -0.137±0.048 5.03±0.41 

 

 

 

 

 

 

 

The surface topographies show that the different printed lines were fused, showing no holes 

among them. In Figure 2a, several parallel crests are observed, corresponding to the deposition 

of material along parallel lines in the linear structure. In Figure 2b only some crests are observed, 

showing that, due to an excess of material, the paste has mixed. As for Sa values in Table 1, 

higher roughness values are observed for 95 % infill (Figure 2b) than for 80 % infill (Figure 2a). 

This suggests that, for high infill value of 95 % there is an excess of material that leads to higher 

crests. A slightly negative value for Ssk was reported for 95 % infill (Figure 2b), showing higher 

valleys than peaks. As for Sku, the high value of 10.35 was obtained for 80 % infill, corresponding 

to sharp peaks and valleys, with a lower value of 5.03 for 95 % infill. In both cases, Sku was higher 

than 3, which corresponds to a normal distribution of heights. 

Shao et al. 29 reported surface roughness close to 8 μm for zirconia. For implants, Sa values below 

or equal to 1 µm are considered to be smooth, while values above 1 µm are rough 30. Therefore, 

the samples in the present study are smooth and, therefore, it is not necessary to undertake a 

subsequent polishing operation. Additionally, the surface roughness obtained in lateral walls of 

(b) (a) 

Figure 2. Surface topography of YSZ parts printed with: (a) 80% infill, (b) 95% infill 
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yttria-stabilized zirconia pastes depends on print speed. The lower speed, the smoother the 

surface is 31. In the present work, however, the roughness was measured on the upper surface 

of the printed parts to assess its influence on cell compatibility.   

3.2. In vitro biocompatibility assessment 

As can be observed in Figure 3, hBM-MSCs were able to attach to the 3D printed zirconia 

scaffolds and showed good viability after 3 days of culture (no differences were observed 

between 24h and 72h of culture). It is noticeable that no differences were observed between 

uncoated and coated samples (type I collagen), showing that the bare material is biocompatible 

enough to allow direct cell culture on top without the need for functionalization, so unspecific 

adhesions formed by MSCs on bare scaffolds are enough for them to proliferate. Collagen has 

been proven to enhance biocompatibility mainly on metallic substrates such as titanium32 or 

magnesium alloys33 but it might not be so effective on ceramic substrates. On the other hand, 

although a higher proliferation might be observed in the higher infill scaffolds, the difference is 

not significant enough to extract conclusions about the most appropriate infill parameter.  

 

 

 

The surface properties of the scaffolds directly affect cellular behavior. A too smooth or too 

rough scaffold could cause the cells not to adhere or to modify their behaviour. For example, in 

soft hydrogels osteodifferentiation increased with surface roughness, being important from Rq 

values around 0.38 μm, while in stiff hydrogels higher osteodifferentiation was observed for 

intermediate roughness values34.  In this work, the areal average roughness Sa measured in the 

Figure 3. Fluorescent images (DAPI, cell nuclei) of hBM-MSCs cultured for 24h or 72h on zirconia scaffolds 
(80% or 95% of porosity) with and without type I collagen coating. 
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above scaffolds, between 0.30±.026 μm and 0.69±0.0 μm, led to a good cell proliferation 

behavior as shown in Figure 3. Thus, it seems that scaffolds’ roughness makes them suitable for 

MSCs culture.  

 

4. Conclusions 
 

In the present work, 3D-printed yttria-stabilized zirconia parts are presented to be used as a 

novel material in implantology. It was found that the physical properties of the material, such as 

the surface topography, make the material a suitable candidate for prosthetics. The culture on 

top of the developed scaffolds of hBM-MSCs showed high viability. Interestingly, there was no 

difference between bare parts and those coated with an extracellular matrix protein to increase 

adhesion, so the 3D printed scaffolds could be used without further processing. This opens a 

door in the field of personalized medicine, as scaffolds could be directly printed with the needed 

shape before the intervention in the patient. Further research in vivo, by implanting the 

developed scaffolds in animals, would be needed to evaluate the scaffolds presented herein, 

but in vitro results suggest that biocompatibility would not be a limiting factor in those 

experiments.     
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