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A B S T R A C T   

Objectives: Laser surface micropatterning of dental-grade zirconia (3Y-TZP) was explored with the objective of 
providing defined linear patterns capable of guiding bone-cell response. 
Methods: A nanosecond (ns-) laser was employed to fabricate microgrooves on the surface of 3Y-TZP discs, 
yielding three different groove periodicities (i.e., 30, 50 and 100 µm). The resulting topography and surface 
damage were characterized by confocal laser scanning microscopy (CLSM) and scanning electron microscopy 
(SEM). X-Ray diffraction (XRD) and Raman spectroscopy techniques were employed to assess the hydrothermal 
degradation resistance of the modified topographies. Preliminary biological studies were conducted to evaluate 
adhesion (6 h) of human mesenchymal stem cells (hMSC) to the patterns in terms of cell number and 
morphology. Finally, Staphylococcus aureus adhesion (4 h) to the microgrooves was investigated. 
Results: The surface analysis showed grooves of approximately 1.8 µm height that exhibited surface damage in 
the form of pile-up at the edge of the microgrooves, microcracks and cavities. Accelerated aging tests revealed a 
slight decrease of the hydrothermal degradation resistance after laser patterning, and the Raman mapping 
showed the presence of monoclinic phase heterogeneously distributed along the patterned surfaces. An increase 
of the hMSC area was identified on all the microgrooved surfaces, although only the 50 µm periodicity, which is 
closer to the cell size, significantly favored cell elongation and alignment along the grooves. A decrease in 
Staphylococcus aureus adhesion was observed on the investigated micropatterns. 
Significance: The study suggests that linear microgrooves of 50 µm periodicity may help in promoting hMSC 
adhesion and alignment, while reducing bacterial cell attachment.   

1. Introduction 

Over the last decades, the field of dentistry is increasingly shifting 
toward metal-free tooth-colored dental implants in order to avoid 
allergic reactions [1–3] and aesthetic concerns [4,5] associated to 
traditional titanium components. At present, Tetragonal Zirconia Poly-
crystal stabilized with 3% molar yttrium oxide (also denoted as 3Y-TZP) 
is by far the most commonly demanded dental substitute because of the 

combination of adequate mechanical properties (fracture toughness, 
strength, and hardness), high corrosion resistance and superior aesthetic 
appearance [6–8]. Additionally, 3Y-TZP exhibits excellent biocompati-
bility [9,10] and it has been demonstrated to be less prone to bacterial 
plaque accumulation and peri-implantitis in comparison to titanium 
[11–14], thus making this bioceramic material very attractive for dental 
applications. 

The success of dental implants, which are surgically inserted into the 
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jawbone, is largely determined by the osseointegration process. It is 
essential to achieve a direct and strong contact between the implant and 
the surrounding bone to ensure an optimal mechanical stability and 
long-term durability of the implant [15]. 

The selection of the material and the surface characteristics of the 
implant are crucial factors that influence the initial stages following 
implantation and may ultimately determine the implant’s success. This 
can be a disadvantage for zirconia given that it is a relatively inert 
material. Furthermore, although promising short-term survival rates 
have been reported for 3Y-TZP are positive, there is limited long-term 
survival data available on the performance and longevity of zirconia 
implants [16–18]. 

Given that the implant surface is key to modulate the initial steps of 
the osseointegration [19], surface modification of 3Y-TZP dental im-
plants is a well-stablished approach aimed at improving the biological 
response of this materials [20,21]. The chemical composition, wetta-
bility, and roughness of the implant surface affect a wide range of 
cellular activities that are crucial in the osseointegration process, 
including: adhesion, spreading, morphology, proliferation, and differ-
entiation of mesenchymal stem cells (MSC) [22–24]. 

This article particularly focuses on how micro/nanotextured 3Y-TZP 
influences the early response of hMSCs in terms of adhesion and cell 
morphology. Cell adhesion is crucial in the initial steps of osseointe-
gration. It is well known that increasing surface roughness improved 
hMSCs adhesion and spreading by increasing the available surface area 
to interact with and by providing these cell more contact points to an-
chor to [25,26]. Within this respect, according to Albrektsson and 
Wennerberg a surface with a moderate average surface roughness (Sa) 
between 1 and 2 µm showed the stronger bone response than smoother 
or rougher ones [27]. Also, the morphology of these cells influences 
their ability to form stable attachments, which is critical for the subse-
quent stages of osseointegration. On this respect, the topography of the 
substrate can guide and influence the cell’s shape. It has been proven 
that providing the surface with additional texture, such as groove-like 
structures, can activate specific signaling pathways, leading to cyto-
skeletal reorganization and changes in the cell morphology, and subse-
quently stimulate cell contact guidance, i.e. cell alignment, 
differentiation and migration [28–32]. 

Nevertheless, the osseointegration can be disbalanced by the bacte-
ria colonizing the implant surface. In fact, the fate of the implant is 
dictated by a process known as “race for the surface”, with is a compe-
tition between the tissue integration vs. the microbial adhesion and 
biolfilm growth [33]. As for the host tissue cells, bacterial adhesion is 
also influenced by the topographical properties of the substrate [34,35]. 
Depending on the surface structural features the effect on bacterial 
attachment can be either deterrent or attractive [36]. The latter is crit-
ical and must be avoided, since it could lead to a destructive inflam-
matory process called peri-implantitis [37]. 

Several topographical modification strategies have been explored to 
improve cell response on 3Y-TZP surfaces [21], including grinding 
[38–40], sandblasting [41–43], chemical etching [44–47] and laser 
treatment [31,48–52]. Of particular interest is the laser patterning 
technique, since it aims at designing detailed, accurate and periodic 
topographies able to target specific cell functions, and not merely 
increasing the surface roughness. Within this context, different struc-
tures have been already patterned on zirconia (e.g. grooves [31,53–56], 
pits [57] and grids [54,58]), which have demonstrated to promote 
particular cell functions (e.g. proliferation, differentiation and migra-
tion) that may be beneficial for a faster and better bone-implant inter-
locking. Moreover, 3Y-TZP surfaces have been patterned with different 
laser types (pulse duration and wavelength), and a wide variety of 
processing parameters, thus leading to a large variability on the ach-
ieved structures [50]. Nevertheless, the information available in this 
field is scarce and not yet enough to understand precisely the impact of 
the topographical features (i.e. pattern type, periodicity or depth) on cell 
functions and bacterial adhesion. 

Another important aspect to take into consideration is that 3Y-TZP is 
very sensitive to any surface alteration given its brittle nature. As a 
matter of fact, laser surface modification is accompanied by superficial 
and microstructural defects, which can negatively affect the mechanical 
properties of 3Y-TZP [52,59,60]. Besides, one major concern with 
3Y-TZP is the hydrothermal degradation (also known as ageing or 
low-temperature degradation – LTD) that the material suffers when in 
contact with water or exposed to a humid environment [61]. This 
degradation mechanism leads to microcracking and grain pull-out, 
which, from a clinical point of view, can be detrimental for the 
long-term integrity of the implant [52,62–65]. Moreover, the laser type 
employed and the processing parameters affect both the mechanical 
properties and LTD of 3Y-TZP. In the particular case of nanosecond (ns-) 
laser, the regime selected for this study, the material is mainly removed 
by a thermal mechanism rather than by ablation. Consequently, thermal 
damage in the form of material melting, microcracks, and micropores, 
together with the introduction of residual stresses, can be critical for the 
stability of the material [64,66]. Therefore, it is of vital importance to 
carefully optimize the laser processing parameters in order to minimize 
the thermal damage. 

The studies currently available in the literature tend to either focus 
on the characterization of the physicochemical, mechanical or LTD 
changes of 3Y-TZP after the laser patterning, or evaluate the improve-
ment on the cell response induced by the patterns. However, both as-
pects, which are very relevant to each other, are seldom investigated 
together. Moreover, the exact characteristics of the optimal laser pat-
terns that provide the best cell responses still remain unclear. 

In the present work ns-laser surface micropatterning of dental-grade 
3Y-TZP was explored with the objective of providing a groove-like 
topography able to guide bone-cell response. The influence of the pro-
cessing parameters on the quality and definition of the patterns were 
evaluated in terms of pattern depth and pile-up, allowing us to select the 
optimal processing parameters to produce microgrooves on 3Y-TZP with 
different periodicity i.e. above, below or in the range of cell size. The 
surface damage and the changes in the LTD resistance generated during 
the surface modification were subsequently evaluated, as well as the 
hMSCs adhesion and morphology as a function of the pattern period-
icity. Finally, Staphylococcus aureus (S. aureus) bacterial adhesion to the 
microgrooves was also investigated. 

2. Materials and methods 

2.1. Material processing 

Commercially available 3Y-TZP powder stabilized with 3 mol% 
yttria (TZ-3YSB-E, Tosoh) was used to produce 15 mm diameter disc- 
shaped specimens. The samples were shaped by cold isostatic pressing 
at 288 MPa and next the green bodies were sintered in air at 1450ºC for 
2 h with constant heating and cooling rates of 6 ◦C/min. Subsequently, 
the surfaces of the discs were grounded and mirror-like polished by 
using diamond suspensions of decreasing particle size (30–6–3 µm), and 
a finalizing polishing step with alumina of 0.02 µm particle size. 

2.2. Laser patterning 

The surface patterning was carried out using the Spectra-Physics 
Explorer One 349–120 laser source operating at 349 nm wavelength, 
< 5 ns pulse duration, and 120 µJ energy per pulse. A Design of Ex-
periments (DoE) was planned to study the influence of the key laser 
parameters (intensity, scan speed and frequency) on the morphology of 
the patterns, which has been included as supplementary material (S1). 
The topographies produced were characterized via Atomic Force Mi-
croscopy (AFM, Dimension 3100 from Bruker) and Laser Scanning 
Confocal microscopy (LSCM, Olympus Lext OLS3100). After this process 
of optimization, the laser parameters selected were: a laser intensity of 
2.5 A, 500 Hz output frequency, and 2 bit/ms scan speed. All the samples 
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were treated with a single pulse. 
Subsequently, three different topographies were engraved on the 3Y- 

TZP discs, consisting on parallel grooves with different periodicity. In 
detail, 30, 50 and 100 µm periodicities were produced and mirror-like 
polished 3Y-TZP was included as a control. The specimens and labels 
used during this work are summarized in Table 1. 

2.3. Surface characterization 

Scanning Electron Microscopy (SEM, JEOL JSM-7001 F) was used to 
visualize the topography of the laser-treated samples and to identify the 
surface damage associated to the treatment. LSCM was used to obtain 
the surface profiles of the three patterns and to measure the character-
istics of those profiles (i.e. groove width and height). To this end, images of 
96 × 128 µm were taken with 50x magnification. Two specimens of each 
condition were used and 9 images per sample were taken for statistical 
significance. 

2.4. Hydrothermal degradation 

Accelerated degradation tests were performed in water steam at 
134 ◦C and 2 bars of pressure (Micro8, Selecta) to evaluate the hydro-
thermal degradation resistance of the samples after the laser treatment. 
The samples were degraded for 10 h, which is equivalent to 30–40 years 
when implanted in the body [62]. 

X-Ray Diffraction (XRD) was used to evaluate the crystalline phases 
of the specimens before (before HD) and after (HD10h) the hydrother-
mal degradation. XRD spectra were recorded on a diffractometer (D8- 
Advance, Bruker) using Cu Kα radiation (40 kV and 30 mA) in an angle 
range of 20◦ ≤ 2θ ≤ 70◦ at a scan rate of 1 s/step and a scan size of 0.02◦. 
The monoclinic (m-) volume fraction (Vm) was estimated by the equation 
proposed by Toraya et al. [67] as follows: 

Vm =
1.311 [Im(111) + Im(111) ]

1.311 [Im(111) + Im(111) ] + It(101)
(1)  

where Im and It correspond to the intensities of the monoclinic (m-) and 
tetragonal (t-) peaks, respectively. 

Confocal Raman Spectroscopy (Cm-RS, inVia Qontor, Renishaw) 
technique was used to analyze the m-phase distribution along the pat-
terns. A 532 nm wavelength laser was used as a source of excitation and 
1 s spectrum integration time. An area of 30 × 50 µm was selected for 
the analysis and the Vm was calculated by the equation proposed by 
Katagiri et al. [68]: 

Vm =
I181

m + I190
m

2.2
(
I247

t

)
+ I181

m + I190
m

(2)  

where Im and It correspond to the integrated intensities of the m- and t- 
bands, respectively. 

Both XRD and Raman spectroscopy analyses were performed using 
one sample per condition. 

2.5. Biological characterization 

2.5.1. Cell culture 
Human mesenchymal stem cells (hMSCs) at passage five were 

cultured in Advanced Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 10% (v/v) fetal bovine serum (FBS), 50 U/mL 
penicillin, 50 U/mL streptomycin and 1% (w/v) L-glutamine and 
maintained at 37ºC in a humidified 5% CO2 atmosphere. The culture 
medium was changed every 3–4 days until a confluence of 90% was 
reached. At that point, the hMSCs were ready for the assay and were 
detached using trypsin-EDTA. 

2.5.2. Cell adhesion and immunofluorescence analysis 
An immunofluorescence analysis was performed in order to evaluate 

the effect of the laser patterns on cell attachment and morphology. First, 
the 3Y-TZP samples were sterilized with 70% (v/v) ethanol during 
15 min, rinsed thrice with phosphate-buffered saline (PBS), and trans-
ferred to a 24-well plate to carry out the experiment. Subsequently, 
hMSCs at passage 6 were seeded on the 3Y-TZP samples at a concen-
tration of 5000 cells/well in serum-free culture medium. After 6 h of 
incubation, the medium was aspired and the wells washed with PBS to 
eliminate non-adherent cells. Finally, adherent cells were fixed using 
paraformaldehyde (PFA, 4% w/v in PBS) during 30 min, washed again 
thrice with PBS and stored at 4ºC in PBS. 

For morphology assessment via fluorescence staining, the cells were 
permeabilized with 0.05% (w/v) Triton X-100 in PBS for 20 min fol-
lowed by a 30 min blocking step with bovine serum albumin (BSA, 1% 
(w/v) in PBS). The cytoskeletal actin filaments (F-actin) were stained 
using phalloidin (1:400, in triton 0.05%, 1 h). Focal adhesions (FAs) 
were stained with mouse anti-vinculin (1:400, in BSA 1%, 1 h) followed 
by Alexa488 goat antimouse IgG antibody ((2drops/Ml, in triton 0.05%, 
1 h). The nuclei was stained with 4′,6-diamidino-2- phenylindole (DAPI) 
(1:1000, in PBS-glycine 20 mM) for 2 min. PBS-glycine was used in 
between all steps to rinse the samples (3 times x 5 min). Finally, the 
specimens were mounted in Mowiol 4–88, and examined by fluores-
cence LSCM (Carl Zeiss LSM 800). The 5x objective was employed to 
observe the cell adhesion (i.e. cell numbers), 10x magnification was 
used to examine cell area (i.e. cell spreading) and morphology, and 40x 
magnification for the FAs. 

The experiment was performed using triplicates. The acquired im-
ages were analyzed using Fiji/ImageJ image processing package. Mini-
tab software was used for the statistical analysis, in which the statistical 
differences (p < 0.05) among the conditions of the study were assessed 
by ANOVA using Tukey test and confirmed by Mann-Whitney non- 
parametric test. 

Once all images were obtained, the samples were immersed in PBS at 
room temperature for 1–2 days, while gently shaking. The mounting 
medium was dissolved and the coverslips removed. Cells were then 
dehydrated through immersion in increasing concentrations of ethanol 
and visualized by Field Emission Scanning Electron Microscopy (FESEM, 
Carl Zeiss Neon 40). 

2.5.3. Bacterial culture 
For the bacterial adhesion study, Staphylococcus aureus (S. aureus) 

was selected as model of gram-positive bacteria. S. aureus was inocu-
lated in 10 mL of sterilized Brain Heart Infusion Broth (BHI) (Difco) and 
incubated at 37ºC overnight in order to let bacteria grow. 

2.5.4. Bacterial adhesion by live/dead assay 
A live/dead assay was performed in order to evaluate the antimi-

crobial properties of the laser patterned 3Y-TZP. Before conducting the 
experiment, the 3Y-TZP samples were sterilized by immersing them in 
70% ethanol during 15 min, washed trice with PBS and transferred into 
a 12-well plate. Meanwhile, the optical density of the bacteria from the 
incubated inoculum was measured at the wavelength of 600 nm and 
adjusted to 0.20 ± 0.01, which corresponds to a concentration of 
approximately 108 colony forming units (CFU)/mL. Next, the bacteria 
were diluted 1:5 times to a concentration of approximately 2 × 107 

CFU/mL, seeded on the 3Y-TZP samples with 1 mL for each specimen, 
and incubated during 4 h at 37ºC. The assay was performed in static 
conditions and three replicas of each working condition were employed. 

Table 1 
Label and description of the specimens used in the study.  

Label Description 

CTRL Mirror-like polished 3Y-TZP samples used as reference. 
L30 Laser patterned samples with a groove periodicity of 30 µm. 
L50 Laser patterned samples with a groove periodicity of 50 µm. 
L100 Laser patterned samples with a groove periodicity of 100 µm.  
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Once the incubation time was over, the non-adherent bacteria were 
removed by washing the samples trice with PBS. The adherent bacteria 
were fixed using glutaraldehyde (2.5% w/v in PBS) for 20 min, washed 
again thrice with PBS and stored at 4ºC in PBS. Then, the bacterial 
attachment and viability were analyzed using a LIVE/DEAD BackLight 
Bacterial Viability Kit (Thermo Fisher). All bacteria are stained by the 
SYTO 9 green-fluorescent nucleic acid staining agent, which penetrates 
both undamaged and damaged cell membranes, while dead bacteria are 
labeled by the red-fluorescent nucleic acid staining agent propidium 
iodide, which only penetrates damaged membranes. A solution con-
taining 39 µL of the two dyes in 13 mL of PBS was prepared, and 1 mL of 
that solution was added to each sample and incubated at room tem-
perature in the dark for 15 min. Subsequently, the samples were washed 
trice with PBS. 

A fluorescence CLSM was used to acquire fluorescence images of the 
bacteria under the 63x magnification. Image J software was used to 
quantify the live bacteria from captured images by measuring the area of 
the green fluorescence. Then, the bacterial attachment to the micro-
grooves was analyzed by calculating the ratio of the live bacteria on each 
pattern (% area of green fluorescence) compared to the adhesion on the 
polished 3Y-TZP (CTRL). 

Once all images were obtained, the samples were immersed in PBS at 
room temperature for 1–2 days, while gently shaking. The mounting 
medium was dissolved and the coverslips removed. The bacteria were 
then dehydrated through immersion in increasing concentrations of 
ethanol and visualized by Scanning Electron Microscopy. 

3. Results 

3.1. Topographical characterization 

The SEM micrographs of microgroove patterns produced with the ns- 
laser are presented in Fig. 1. Three distinct linear patterns were gener-
ated by varying the periodicity between the grooves, with the objective 
of studying the influence of the periodicity on the cell behavior. In 
detail, these periodicities were chosen with respect to the dimension of 
hMSCs: 30 µm (below the cell size) (Fig. 1a), 50 µm (close to the cell 
size) (Fig. 1b) and 100 µm (above the cell size) (Fig. 1c). 

The three structured patterns were composed of well-defined, 
reproducible and periodically spaced grooves, in which two distinctive 
areas could be differentiated (see Fig. 1c): the laser valley (light grey), 
and the non-treated zone (dark grey), which is reduced in size as the 
periodicity decreases. Table 2 summarizes the most relevant topo-
graphical characteristics of the patterns, which include: the periodicity 
(P), the total height of the grooves (Ht), the height (Hv) and width (Wv) of 
the laser valley, and the height (Hp) and width (Wp) of the pile-up. On 
the whole, only the periodicity varies among the three conditions. The 
other features were rather similar on the three patterns, since only the 
distance between the grooves varies but not the processing parameters 

employed to texture the surfaces. Moreover, the ns-laser employed in the 
study led to the formation of pile-up structures at the sides of the 
grooves, because of the material melting, flowing and accumulation that 
occurred during the laser irradiation. From the measures presented on 
Table 2 it is evidenced that those topographical features appeared on the 
three patterns, independently on the periodicity. Also, the size of the 
pile-up was very pronounced when compared with the one of the 
grooves, given that the Hp and Wp are about a quarter and a third of the 
Ht and Wv, respectively. 

Closer inspection of the microgrooves allowed to observe other 
topographical features and surface damage induced by the laser pro-
cessing (see Fig. 2). Melting tracks appeared along the laser lines, indi-
cating that the molten material flowed parallel to the grooves before it 
was resolidified and the pile-up was formed. Such topographical fea-
tures provided the grooves with additional submicrometric size topog-
raphy. Additionally, a network of interconnected microcracks was 
detected over the treated surface, as a result of the cracking of the 
resolidified material, and randomly distributed submicrometric size pits 
were observed in the surface. It should be mentioned that the extent and 
distribution of the generated surface damage was the same on the three 
patterns, given to the fact that none of the laser parameters changed, 
only the spacing between the grooves. 

3.2. Microstructure 

The XRD spectra of the microgrooved samples and the smooth CTRL 
condition are shown in Fig. 3a (CTRL, L30, L50 and L100). No peaks 
associated to the m-phase were detected in any of the laser-modified 
surfaces, indicating that the treatment did not induce t→m phase 
transformation. Indeed, the Vm calculated for the patterned 3Y-TZP 
samples was not significantly altered compared to CTRL, remaining 
below than 3% in all cases (see Fig. 3b): 1.43% (CTRL), 2.33% (L30), 
2.06% (L50), and 1.87% (L100). 

3.3. Low temperature degradation 

Although the m-phase volume was found to be very low after the 
laser processing, the presence of the microcracks network on the laser 
tracks may affect the LTD resistance of 3Y-TZP. To characterize this, an 
accelerated aging test was performed for 10 h, which is proposed to 
simulate 30–40 years in vivo [62]. 

As depicted in Fig. 3a, the m-peaks (− 111)m, (111) m and (002)m 
appeared on all the aged zirconia samples (the CTRL and the patterned 
specimens), thus indicating that all the conditions suffered from LTD. 
Nevertheless, the m-phase volume calculated after ageing was different 
among the samples, as depicted in graph from Fig. 3b. The measured Vm 
(%) was, 31.92% in the CTRL, 43.64% in L30, 38.14% in L50, and 
27.07% in L100 pattern. Accordingly, the long-term stability of 3Y-TZP 
was decreased on the 30 and 50 µm micropatterns when compared to 

Fig. 1. SEM micrographs of the microgroove pattern engraved on the 3Y-TZP disk as a function of the studied periodicities: (a) 30 µm, (b) 50 µm and (c) 100 µm.  
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the untreated condition, but it was slightly increased on the highest 
periodicity pattern (L100). 

Additionally, Raman spectroscopy was performed on the aged sam-
ples to evaluate the distribution of the m-phase along the surface. As 
expected, the m-phase was homogeneously distributed on the polished 
3Y-TZP (Fig. 4a), but, on the contrary, it was unevenly distributed along 
the surface of the three different patterns (Fig. 4b-d). On the laser 
structured 3Y-TZP, three zones could be differentiated according to the 
Vm measured (Fig. 4e): the flat part, the laser valley, and the pile-up 
zone. Among these regions, the maximum phase transformation is 
located at the pile-up zone. In contrast, the non-treated regions pre-
sented the lowest amount of m-phase, which was very similar to the 
CTRL. 

3.4. Cell adhesion study 

A cell adhesion assay was conducted to study the effect of the mi-
crogrooves on the adhesion and morphology of hMSCs (Fig. 5). The 
number of cells attached to CTRL and the patterned 3Y-TZP samples was 
found to be comparable, and although a trend towards higher cell 

attachment could be found for conditions L30 and L50, the differences 
were not statistically significant; thereby indicating that the number of 
adhering cells to the surfaces is not influenced by the engraved patterns, 
regardless of their periodicity (Fig. 5a). On the contrary, the area and 
morphology of the attached cells was clearly influenced by the micro-
grooves. In fact, the hMSCs adhered to the structured 3Y-TZP exhibited 
significantly (p < 0.05) bigger cell area (i.e. cell spreading) compared to 
the ones attached to the CTRL surface, yielding the highest values of 
spreading for condition L50 (Fig. 5b). Additionally, the cell aspect ratio 
was calculated as an indicator of the cell morphology and elongation: an 
aspect ratio close to 1 is related to rounded cells while higher values 
indicate that the cells have a more elongated shape. According to the 
results shown in Fig. 5c, the morphology of the cells depends on the 
groove periodicity. With more detail, the cells adhered to L30 and L100 
samples displayed an aspect ratio close to 2, which was similar to the 
CTRL, indicating a rather circular morphology; in contrast the L50 
pattern was able to promote a very elongated cell shape, with values of 
cell aspect ratio three times higher than the rest of conditions. 

These findings are clearly evidenced in the fluorescence images 
presented in Figs. 5d to 5g. While the majority of the hMSCs attached to 

Table 2 
Topography analysis performed by the LCSM (50x). P is the periodicity; HT, Hv, and Hp indicate the total height, the valley height, and the pile-up height (respectively); 
and Wv, Wp, indicate valley and pile-up width (respectively). All the measures are in µm.  

Sample P HT Hv Hp Wv Wp 

L30 30.14 ± 0.57 1.76 ± 0.07 1.26 ± 0.08 0.43 ± 0.09 14.82 ± 0.45 4.39 ± 0.35 
L50 50.29 ± 0.71 1.80 ± 0.08 1.30 ± 0.08 0.45 ± 0.04 14.71 ± 0.43 4.35 ± 0.29 
L100 100.11 ± 0.54 1.82 ± 0.06 1.38 ± 0.07 0.45 ± 0.06 14.69 ± 0.36 4.48 ± 0.29  

Fig. 2. SEM micrograph and magnification of the laser valley indicating the surface damage generated after the laser surface modification. The micrograph cor-
responds to the L50μm condition. 

Fig. 3. (a) XRD analysis on the specimens before and after the LTD test and (b) quantification of the monoclinic volume fraction (Vm) of each condition before 
(orange) and after (blue) the LTD test. 
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polished zirconia surface presented a round morphology (Fig. 5d), very 
well spread and bigger cells were observed on the three microgroove 
patterns (Figs. 5e to 5g), indicating a notable enhancement in hMSC 
spreading. To further characterize the adhesion of hMSCs, the formation 
of FAs was evaluated via vinculin staining (Fig. S2, Supplementary 
Material). The cells adhering to the three laser-treated samples, but not 
to the control, presented nascent focal complexes, which are associated 
with a strong adhesion of the cell to the substrate. 

Additionally, great changes in the cell-shape and alignment were 
observed only on the L50 condition. In this laser pattern, whose peri-
odicity better mimic the dimension of the hMSCs, the cells acquired an 
elongated morphology and were clearly aligned according to the groove 
direction (see Fig. 5f). It is worth nothing that the elongated cells fitted 
mostly in between the laser grooves (on the non-treated zone), and not 
inside, as could be expected (Fig. 5h). Instead, the sub-microtopography 
generated inside of the grooves served as anchoring point for the cells, as 
evidenced in Fig. 5i-j, where filopodial extensions could be observed 
growing from the cell body to the lateral side of the laser structures. The 
other patterns displayed similar cell-groove interactions (Fig. S3b-d, 
Supplementary Material). On the contrary, round-shape and poorly 
spread cell were observed on the polished surface (Fig. S3a). 

3.5. Bacterial adhesion 

S. aureus was selected for this study, since it is one of the most 
common pathogens causing implant-related infections and a common 
cause of infections in many patients with dental implants [69,70]. The 
adhesion of this gram-positive bacteria was evaluated by live/dead 
staining after 4 h of incubation. Representative fluorescence images of 
the four samples are illustrated on Fig. 6, in which viable bacteria are 
stained green, while dead ones should be stained red. According to the 
images, the number of dead bacteria seems to be negligible on all the 

samples, indicating that the microgroove topographies do not display a 
direct bactericidal effect on S. aureus. However, the analysis of the viable 
bacteria adhering to the samples revealed notable differences. In this 
regard, bacterial attachment on the CTRL specimens was found to be 
maximum (Fig. 6a). In contrast, a considerable reduction in the number 
of adherent S. aureus was observed on the 30 and 50 µm textured 
specimens (Figs. 6b to 6d). 

To further characterize this observation, the percentages of the area 
covered by the live bacteria were calculated from the fluorescence im-
ages and are presented in Table 3. Bacterial adhesion on the laser- 
treated samples was compared to the untreated 3Y-TZP (CTRL), where 
the maximum value of bacterial attachment was achieved (100%). In 
comparison, the colonization area was significatively reduced in two of 
the patterns: the greatest decrease was achieved on the L30 pattern 
(22.5%), followed by the L50 condition (17.8%). 

S. aureus adhesion was further characterized by SEM and the corre-
sponding images have been included in the supplementary material 
(Fig. S4.1). In accordance with the fluorescence images, there is a 
decrease in the number of bacteria adhered to L30 and L50 patterns. In 
the polished zirconia (Fig. S4.1a), quite big and close-packed bacteria 
agglomeration were observed, while smaller size and more separated 
bacteria agglomerations were adhered to the microgrooves of the L30 
pattern (Fig. S4.1b). Interestingly, for L50 pattern (Fig. S4.1c), that is 
composed of more separated microgrooves, we did not observe a striped 
distribution of the S. aureus, suggesting that the bacteria adhere equally 
to the flat part and grooves. On the contrary, there are less bacteria in 
both the flat part and the ridges when compared to the control, since the 
bacteria agglomerations are again smaller and more separated. Finally, 
S. aureus surface coverage on the L100 pattern is similar to one of the 
polished 3Y-TZP (Fig. S4.1d). 

Fig. 4. Confocal micro-Raman spectroscopy analysis of the monoclinic (m-) phase distribution determined along the surface of the 10 h LTD samples: (a) CTRL, (b) 
L30, (c) L50 and (d) L100. (e) Image indicating the three spots that are distinguished on the L50 – HD10h sample according to the monoclinic volume fraction 
(Vm) measured. 
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4. Discussion 

Laser patterning is a powerful approach to develop cell instructive 
and antibacterial surfaces for implant applications. In this study, three 
microgroove patterns of different periodicity (30, 50 and 100 µm) were 
fabricated on 3Y-TZP by a ns-laser, in order to study the interaction 
between the cells and the structured surfaces. Furthermore, the effect of 
laser processing on the topography, microstructure and hydrothermal 
degradation resistance was also evaluated. 

The ns-laser employed allowed the fabrication of well-defined and 

reproducible groove structures on 3Y-TZP. The pattern formation 
involved melting and resolidification of the surface material, as evi-
denced from the melting tracks, pile-up structures, and interconnected 
crack network generated over the treated surfaces (Fig. 2). This is 
related to the photothermal material removal mechanism governing in 
ns- regime [71–73]. In this regime, the pulse duration is longer than the 
thermalization time of 3Y-TZP, and therefore there is enough time to 
transfer the heat from the electrons to the surface, leading to a rapid 
localized heating and melting of the material [74]. Consequently, a 
temperature gradient is generated on the surface, driving the melted 

Fig. 5. hMSCs adhesion test results after 6 h of incubation in serum free medium. (a) Cellular adhesion (cell/cm2), (b) cell area (µm2), and (c) cell aspect ratio. In the 
graphs, there are no significative differences among the groups with the same symbol (* or #) (p < 0.05). (d)-(g) Representative fluorescence images on the hMSCs 
cultures on (d) CTRL, (e) L30, (f) L50 and (g) L100 specimen. Actin filaments were stained with Alexa Fluor 488-conjugated phalloidin (red), and cell nuclei with 
DAPI (blue). (h)FESEM micrographs of a hMSC cultured on the L50 sample. (i)-(j) Magnifications showing the cell anchoring to the laser grooves. The remaining 
samples are available as supplementary material. 
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material to flow from the highest temperature zone to the cold untreated 
part, where it is then piled and recrystallized [75]. In fact, such a 
topographical alteration has already been described in the literature on 
ns-laser treated zirconia. For instance, Roitero et al. observed traces of 
molten material together with interconnected intragranular cracks 
along the microgroove topography [50,76]. Similarly, Pereira et al. re-
ported a “melted like-topography” that presented a scratched 
morphology because of the thermal cracks produced during the melting 
and recrystallization [52]. In addition, other surface defects similar to 
the ones observed in our work, such as the presence of pores, cavities, 
bumps, asperities, or debris, have been reported [73,77]. 

The already described topographical damage can be critical for the 
mechanical reliability of the material [21]. On this respect, femtosecond 
(fs-) lasers are a great alternative over ns-ones to minimize the surface 
damage, particularly because the main material removal process is 
changed from melting to ablation [74]. In the fs- regime, the pulse 
duration is below the electron-phonon relaxation time so that there is 
not enough time for the heat transfer and the material is removed mainly 
by evaporative ablation [31]. Thus, the thermal effect is almost elimi-
nated, and the resulting topography is free of melting tracks and pile-up, 
and the generated cracks and pores are reduced from micrometric to 
nanometric size [31,57,78,79]. 

The damage induced during laser micromachining is not only limited 
to the surface. The microstructure of 3Y-TZP can also be altered by the 
exposure to high temperatures and the introduction of thermal stresses 
that occurred during the laser irradiation [76]. What is more, when 
working in the ns-regime, a surface layer composed of m- grains is ex-
pected from the recrystallization of the melted material. In fact, Jing 
et al. [73] measured large m- phase volumes by XRD on ns-laser treated 
3Y-TZP, which ranged between 50% and 64% (depending on the pro-
cessing parameters) [73]. The authors attributed this significant phase 
transformation to the microcracks and high thermal stresses generated 
during the laser treatment [73]. To a lesser extent, Roitero et al. [76] also 
found approximately 8% of Vm on microgrooved 3Y-TZP produced by a 
ns-laser, although in that work the surfaces apparently displayed less 
cracks and lower pile-up. Nevertheless, our microstructural findings 
differ much from those results. According to the XRD investigation, the t- 
phase was preserved after the laser structuring in the three micro-
topographies (Fig. 3b). These results indicated that after melting, the 
material may have recrystallized again into the t- form and not into the 

m- one, which may be attributed to a rapid cooling process. 
Furthermore, it is crucial to assess the LTD resistance of laser-treated 

3Y-TZP when considering its clinical use for dental application. Even 
though no microstructural changes were observed after the laser surface 
modification, the introduced surface damage (i.e. microcracks and pits) 
decreased the hydrothermal degradation resistance of the L30 and L50 
patterns when compared to polished zirconia (Fig. 3b). This is because 
the surface flaws acted as nucleation points for the t→m transformation 
during the initial steps of aging [63,66,80]. These results are in agree-
ment with other works using ns-laser [64] and even fs-laser [31,52], in 
which the reduction in the LTD resistance was associated to the for-
mation of topographical defects (e.g. microcracks), but also to the 
pre-existing m-phase grains at the surface and the internal tensile 
stresses induced by the thermal shock. 

Interestingly, the reduction in LTD resistance seems to be inversely 
proportional to pattern periodicity, as the L100 condition showed the 
best aging behavior (Vm 27.07%). This may be explained by the non- 
homogeneous m- phase volume distribution observed on the pattern’s 
surface, after aging, by Raman Spectroscopy analysis (Fig. 4): the Vm was 
much higher on the laser grooves (the pile-up zone) than on the un-
treated zone, as this is the region concentrating more damage due to the 
presence of microcracks and recrystallized material accumulation. 
Therefore, as the periodicity between the lines is increased, lower 
grooves (and therefore lower amount of damage) are included in the 
XRD analysis spot, and consequently the overall m- phase volume of the 
evaluated spot is lower. 

The characteristics of the surface topography plays a significant role 
on the cell-surface interaction [81]. Laser patterning offers greater 
control over topography when compared to other methods (i.e. 
grinding, sandblasting), since it allows the structuring and scalability of 
different geometrical features. On this respect, several works evidenced 
that laser patterned topographies improved cell commitment ([53–55, 
82–87]), however, it is not clear yet how the dimensions of the struc-
tures affect the cell behavior. 

On this work, preliminary biological studies were performed to 
evaluate the effect of laser patterning and microgroove periodicity (30, 
50 and 100 µm) on the early response of MSCs, in term of cell adhesion 
and morphology. Overall, the three microgroove patterns mainly 
affected cell-shape and spreading, without significant changes in the cell 
number. The results evidenced that the three laser patterns improved 
hMSCs response by increasing the area of the adhered cells, meaning 
that the topographical structures formed on the laser grooves provide 
the cells more contact points that strengthen cell spreading. Accord-
ingly, increased cell area was also evidenced on other works where 
microgrooves [31], micropillars [54] and micropits [57] were struc-
tured on 3Y-TZP. Additionally, the nascent FAs observed on the three 
laser patterns confirmed that the cells are capable of stablishing more 
and stronger cell-surface interactions due to the presence of micro/-
nanofeatures [88,89]. In a previous work, Carvalho et al. [90] evidenced 

Fig. 6. Fluorescence microscopy images of the live/dead staining of S. aureus after 4 h of incubation. (a) CTRL, (b) L30, (c) L50 and (d) L100. On the images all 
bacteria are stained in green and dead bacteria in red. 

Table 3 
Percentage of bacterial adhesion compared to the untreated (CTRL) 3Y-TZP. 
* Indicated significative different with respect to the CTRL (p < 0.05).  

S. Aureus adhesion compared to polished zirconia (%) 

CTRL L30 L50 L100  

100 77.5 ± 7.98 * 82.2 ± 0.50 * 89.3 ± 4.83  
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mature FAs on fs-laser microgrooved zirconia, and the clustering of the 
integrins was also associated to the presence of laser induced nano-
topography. Of note, it is well known that FAs play a vital role in MSC 
signaling, and therefore, are essential for various cellular processes such 
as proliferation, differentiation, and migration [91,92]. 

Surface topography-modulated MSC morphology was mainly ach-
ieved on the L50 specimen. The MSCs adhered to this pattern adopted a 
very elongated morphology and were aligned according to the groove 
direction. Furthermore, we observed that many of the elongated cells 
did not fit inside the grooves, but instead they appeared to be adhered to 
the non-treated surface. Such preferential position of the hMSCs could 
be related to the width of the non-treated zone, which is about 25 µm in 
the L50 sample, very close to the size of hMSCs. The width of the laser 
groove is also similar, nevertheless, it is composed by the pile-up and the 
laser valley. Therefore, it seems that the cells do not fit well inside of it, 
but instead, they use the nanotopography of the grooves to stablish 
strong cell-surface interactions, as evidenced by the filopodia extending 
to the lateral grooves (Fig. 5i-j) and the presence of nascent FAs 
(Fig. S2). This agrees with other studies suggesting that patterns with 
features close to the cell size can better module the cell response 
compared with lower or larger size structures [28,93]. Additionally, 
these microgrooved-like topography mediated changes in the cell 
morphology and alignment have been well described in the literature 
[31,54,55,83,94]. In previous studies, such an elongated cell 
morphology and alignment, coupled with the microgrooves that pro-
vides directionality cues to the cells, have been proved to improve MSC 
migration [31,55]. Also, other studies have pointed out that topogra-
phies similar to the microstructures of our work increased bone miner-
alization and osteogenic related gene expression [83,84]. Nevertheless, 
neither MSC migration nor differentiation were evaluated in this study. 

Any topographical change on the surfaces that enhances eukaryotic 
cell adhesion may also have an effect in the capacity of bacteria to 
colonize the surface [20,36,95]. In order to guarantee the survival of the 
implant it is crucial that the bacteria adhesion is minimum, since 
otherwise, it can lead to an inflammatory process called peri-implantitis 
[96]. This can be achieved by fabricating bactericidal or antifouling 
surfaces [20,97]. As a matter of fact, killing of bacteria by topographical 
features has only been described for nanostructured surfaces displaying 
high aspect ratio topographies, e.g. nanoneedles or nanospikes, that 
impose deformational stresses to bacterial membranes, thus piercing 
and rupturing them [20]. Such types of high aspect ratio features were 
absent in our samples. 

In our case, even though any bactericidal effect was achieved, the 
patterns engraved on 3Y-TZP slightly reduced S. aureus early adhesion 
when compared to the polished surface (Table 3). The greatest decrease 
was observed on the L30 pattern, followed by the L50 one. On this 
respect, changes in bacterial behavior have often been related to the 
topography. As concluded in a review by Hasan and Chatterjee, topog-
raphies with sub-micro or nanoscale features, which are smaller to the 
bacterial cell size, may effectively minimize bacterial attachment [96]. 
In line with this, Helbig et al. [95] also proposed a dependence of the 
initial bacterial retention with the structural dimensions of the surface. 
Topographies with features greater or in the range of the bacterial 
size–mostly > 1–2 µm, depending on the bacterial strain – increase the 
cell-surface contact area, generally leading to higher bacterial settle-
ment. On the contrary, such contact area is decreased on a sub-cell sized 
topography, where the bacteria can not establish strong bonding with 
the surface and the early bacterial attachment is restrained. Accordingly, 
we initially hypothesized that the sub-micrometric size structur-
es/roughness of the grooves, which are below the S. aureus size, may 
inhibit bacterial adhesion (i.e. antifouling effect). Nevertheless, SEM 
images from the bacterial adhesion assay revealed that bacteria adhere 
equally to both the flat part and the grooves of the patterns, suggesting 
that the antifouling effect observed for L30 and L50 conditions is not 
provided by the topography of the grooves. Thus, with the results ob-
tained from the bacterial assays we cannot make a clear statement on the 

underlying anti-bacterial mechanism, but we propose that it could be 
related to other surface properties, such as changes in the surface energy 
[98]. Further studies, out of the scope of the present paper, should be 
directed to elucidate that. 

To the best of our knowledge, bacterial adhesion to laser treated 3Y- 
TZP has not been systematically studied yet. There are only few works in 
which antibacterial surfaces have been created by laser modification on 
other materials, mostly titanium and stainless steel [51,99–102]. Such 
topographies consist on cone-, hole- or ripple-like structures of a size 
ranging from about 200–800 nm, which showed an antiadhesive effect 
against different bacterial strains. Nevertheless, in all those studies the 
patterns were fabricated employing fs-lasers, since achieving such 
nanometric features with a ns-laser is challenging. 

This study provides a general overview of the effects of ns-laser 
surface modification on the topography, microstructure, hydrothermal 
degradation resistance and early biological response of 3Y-TZP. We have 
demonstrated that ns-laser is a suitable approach to produce well- 
defined and repeatable microgroove structures on 3Y-TZP, while intro-
ducing only minor changes in the hydrothermal degradation resistance. 
Furthermore, it provides new information for understanding the impact 
of the laser induced topographical features on cell adhesion and, to the 
best of our knowledge, is one of the pioneers evaluating the bacterial 
response to laser patterned zirconia. In fact, we were able to improve cell 
spreading and tune MSC morphology and alignment on the 50-µm 
microgroove pattern, while slightly decreasing S. aureus adhesion at 
short incubation times. Nonetheless, we acknowledge that these bio-
logical studies are preliminary, and that further evaluating the influence 
of the patterns on MSC differentiation and migration is needed. Addi-
tionally, a more comprehensive bacterial characterization should be 
conducted to elucidate the long-term impact of the patterns on bacterial 
response and to gain insights into the underlying mechanisms contrib-
uting to the observed antibacterial effects. 

5. Conclusion 

The surface of 3Y-TZP has been modified using a ns-laser and three 
microgroove patterns have been produced by varying the periodicity 
(30, 50 and 100 µm). The changes produced in the topography, micro-
structure, hydrothermal degradation resistance and biological response 
have been investigated, leading to the following conclusions:  

• Surface damage (microcracks and pits) was produced in the three 
patterns, independently of the periodicity. Other topographical al-
terations (melting tracks and material pile-up) were also generated.  

• The melting tracks and microcracks provided the grooves with 
additional submicrometer size topography.  

• The introduced flaws slightly worsen the LTD resistance of the laser 
treated 3Y-TZP; however, the decrease was not very significant. 

• MSCs adhesion and spreading was improved on the three micro-
groove patterns.  

• The best results in terms of MSC morphology (elongated shape) and 
alignment were obtained on the 50 µm pattern (L50).  

• S. aureus adhesion was reduced on 30 µm (L30) and 50 µm (L50) 
microgroove patterns. The homogeneous distribution of the bacteria 
along the L50 surface suggested that the reduction may not be due to 
the topography. 

In conclusion, the laser surface modification of 3Y-TZP holds great 
promise for the design of antibacterial and cell instructive topographies 
in biomedical applications. In this regard, the use of fs-laser may offer a 
greater potential for such a purpose, as it enables to gain a better control 
over the nanoscale topography. 
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[21] García-de-Albeniz N, Jiménez-Piqué E, Roa JJ, Mas-Moruno C. A review of 
surface topographical modification strategies of 3Y-TZP: Effect in the 
physicochemical properties, microstructure, mechanical reliability, and 
biological response. J Eur Ceram Soc 2023;43:2977–3004. https://doi.org/ 
10.1016/j.jeurceramsoc.2023.02.043. 
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[63] Muñoz-Tabares JA, Jiménez-Piqué E, Anglada M. Subsurface evaluation of 
hydrothermal degradation of zirconia. Acta Mater 2011;59:473–84. https://doi. 
org/10.1016/j.actamat.2010.09.047. 

[64] Roitero E, Ochoa M, Anglada M, Mücklich F, Jiménez-Piqué E. Low temperature 
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2021. 

[83] Delgado-Ruíz RA, Gomez Moreno G, Aguilar-Salvatierra A, Markovic A, Mate- 
Sánchez JE, Calvo-Guirado JL. Human fetal osteoblast behavior on zirconia 
dental implants and zirconia disks with microstructured surfaces. An 
experimental in vitro study. Clin Oral Implants Res 2015;00:1–10. https://doi. 
org/10.1111/clr.12585. 

[84] Rezaei NM, Hasegawa M, Ishijima M, Nakhaei K, Okubo T, Taniyama T, et al. 
Biological and osseointegration capabilities of hierarchically (meso-/micro-/ 
nano-scale) roughened zirconia. Int J Od Nanomed 2018;13:3381–95. 

[85] Lee BEJ, Exir H, Weck A, Grandfield K. Characterization and evaluation of 
femtosecond laser-induced sub-micron periodic structures generated on titanium 
to improve osseointegration of implants. Appl Surf Sci 2018;441:1034–42. 
https://doi.org/10.1016/j.apsusc.2018.02.119. 

[86] Klos A, Sedao X, Itina T, Helfenstein-Didier C, Donnet C, Peyroche S, et al. 
Ultrafast laser processing of nanostructured patterns for the control of cell 
adhesion and migration on titanium alloy. Nanomaterials 2020;10. https://doi. 
org/10.1109/cleo/europe-eqec52157.2021.9541931. 

[87] Daskalova A, Angelova L, Carvalho A, Trifonov A, Nathala C, Monteiro F, et al. 
Effect of surface modification by femtosecond laser on zirconia based ceramics for 
screening of cell-surface interaction. Appl Surf Sci 2020;513:1–15. https://doi. 
org/10.1016/j.apsusc.2020.145914. 

[88] Lim JY, Dreiss AD, Zhou Z, Hansen JC, Siedlecki CA, Hengstebeck RW, et al. The 
regulation of integrin-mediated osteoblast focal adhesion and focal adhesion 
kinase expression by nanoscale topography. Biomaterials 2007;28:1787–97. 
https://doi.org/10.1016/j.biomaterials.2006.12.020. 

[89] Luo J., Walker M., Xiao Y., Donnelly H., Dalby M.J., Salmeron-Sanchez M. The 
influence of nanotopography on cell behaviour through interactions with the 
extracellular matrix-A review 2021. https://doi.org/10.1016/j.bioactmat.20 
21.11.024. 

N. Garcia-de-Albeniz et al.                                                                                                                                                                                                                    

https://doi.org/10.1016/j.jmbbm.2013.09.004
https://doi.org/10.1016/j.jmbbm.2013.09.004
https://doi.org/10.1016/j.jeurceramsoc.2017.10.050
https://doi.org/10.1016/j.jeurceramsoc.2017.10.050
https://doi.org/10.1007/s42452-020-03492-6
https://doi.org/10.1016/j.jeurceramsoc.2017.06.022
https://doi.org/10.1016/j.jeurceramsoc.2017.06.022
https://doi.org/10.1186/1746-160X-4-29
https://doi.org/10.1016/j.jeurceramsoc.2015.09.021
https://doi.org/10.1016/j.jeurceramsoc.2015.09.021
https://doi.org/10.5301/jabfm.5000376
https://doi.org/10.5301/jabfm.5000376
https://doi.org/10.1002/jbm.b.31743
https://doi.org/10.1002/jbm.b.31743
https://doi.org/10.1111/j.1744-7402.2009.02420.x
https://doi.org/10.1111/j.1744-7402.2009.02420.x
https://doi.org/10.1016/j.dental.2016.09.040
https://doi.org/10.1016/j.optlastec.2019.105973
https://doi.org/10.1016/j.optlastec.2019.105973
https://doi.org/10.1016/j.ceramint.2019.10.065
https://doi.org/10.1016/j.ceramint.2019.10.065
https://doi.org/10.1016/j.apsusc.2021.149020
https://doi.org/10.1016/j.apsusc.2021.149020
https://doi.org/10.1007/s10103-020-03066-3
https://doi.org/10.1016/j.apsusc.2017.11.206
https://doi.org/10.1016/j.ceramint.2019.09.101
https://doi.org/10.1016/j.ceramint.2019.09.101
https://doi.org/10.1016/j.jeurceramsoc.2017.08.019
https://doi.org/10.1016/j.jeurceramsoc.2017.08.019
https://doi.org/10.1016/j.ceramint.2018.02.164
https://doi.org/10.1016/j.msec.2019.110390
https://doi.org/10.1111/j.1744-7402.2008.02222.x
https://doi.org/10.1111/j.1744-7402.2008.02222.x
https://doi.org/10.1016/j.biomaterials.2005.07.034
https://doi.org/10.1146/annurev.matsci.37.052506.084250
https://doi.org/10.1016/j.actamat.2010.09.047
https://doi.org/10.1016/j.actamat.2010.09.047
https://doi.org/10.1016/j.jeurceramsoc.2017.10.044
https://doi.org/10.1016/j.jeurceramsoc.2017.10.044
https://doi.org/10.1016/j.jmbbm.2015.03.017
https://doi.org/10.1016/j.jmbbm.2015.03.017
https://doi.org/10.1111/j.1551-2916.2009.03278.x
https://doi.org/10.1111/j.1151-2916.1984.tb19715.x
http://refhub.elsevier.com/S0109-5641(23)00438-4/sbref68
http://refhub.elsevier.com/S0109-5641(23)00438-4/sbref68
http://refhub.elsevier.com/S0109-5641(23)00438-4/sbref68
https://doi.org/10.1016/j.surge.2012.05.003
https://doi.org/10.3390/ma14082030
https://doi.org/10.3390/ma14082030
https://doi.org/10.1016/j.jphotobiol.2021.112189
https://doi.org/10.1016/j.jphotobiol.2021.112189
https://doi.org/10.1016/j.ceramint.2015.11.118
https://doi.org/10.1016/j.ceramint.2020.06.197
https://doi.org/10.5772/63892
https://doi.org/10.5772/63892
https://doi.org/10.3390/mi7010013
https://doi.org/10.1016/j.jeurceramsoc.2017.05.052
https://doi.org/10.1016/j.jeurceramsoc.2017.05.052
https://doi.org/10.4012/dmj.2018-153
https://doi.org/10.1115/1.4046040
https://doi.org/10.1016/j.matlet.2018.06.059
https://doi.org/10.1016/j.dental.2010.04.006
https://doi.org/10.1016/j.dental.2010.04.006
http://refhub.elsevier.com/S0109-5641(23)00438-4/sbref81
http://refhub.elsevier.com/S0109-5641(23)00438-4/sbref81
http://refhub.elsevier.com/S0109-5641(23)00438-4/sbref82
http://refhub.elsevier.com/S0109-5641(23)00438-4/sbref82
http://refhub.elsevier.com/S0109-5641(23)00438-4/sbref82
https://doi.org/10.1111/clr.12585
https://doi.org/10.1111/clr.12585
http://refhub.elsevier.com/S0109-5641(23)00438-4/sbref84
http://refhub.elsevier.com/S0109-5641(23)00438-4/sbref84
http://refhub.elsevier.com/S0109-5641(23)00438-4/sbref84
https://doi.org/10.1016/j.apsusc.2018.02.119
https://doi.org/10.1109/cleo/europe-eqec52157.2021.9541931
https://doi.org/10.1109/cleo/europe-eqec52157.2021.9541931
https://doi.org/10.1016/j.apsusc.2020.145914
https://doi.org/10.1016/j.apsusc.2020.145914
https://doi.org/10.1016/j.biomaterials.2006.12.020
https://doi.org/10.1016/j.bioactmat.2021.11.024
https://doi.org/10.1016/j.bioactmat.2021.11.024


Dental Materials 40 (2024) 139–150

150

[90] Carvalho A, Cangueiro L, Oliveira V, Vilar R, Fernandes MH, Monteiro FJ. 
Femtosecond laser microstructured Alumina toughened Zirconia: a new strategy 
to improve osteogenic differentiation of hMSCs. Appl Surf Sci 2018;435:1237–45. 
https://doi.org/10.1016/j.apsusc.2017.11.206. 

[91] Yamaguchi N., Knaut H. Focal adhesion-mediated cell anchoring and migration: 
from in vitro to in vivo 2022. https://doi.org/10.1242/dev.200647. 

[92] Zhao Y, Sun Q, Huo B, Yz Bh, Yz, et al. Focal adhesion regulates osteogenic 
differentiation of mesenchymal stem cells and osteoblasts. Biomater Transl 2021; 
2:312–22. https://doi.org/10.12336/biomatertransl.2021.04.007. 

[93] Zhao G, Schwartz Z, Wieland M, Rupp F, Geis-Gerstorfer J, Cochran DL, et al. 
High surface energy enhances cell response to titanium substrate microstructure. 
J Biomed Mater Res A 2005;74:49–58. https://doi.org/10.1002/jbm.a.30320. 

[94] Dumas V, Rattner A, Vico L, Audouard E, Dumas JC, Naisson P, et al. Multiscale 
grooved titanium processed with femtosecond laser influences mesenchymal stem 
cell morphology, adhesion, and matrix organization (A) J Biomed Mater Res A 
2012;100:3108–16. https://doi.org/10.1002/jbm.a.34239. 
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