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Abstract: Zirconia is increasingly favored for dental implants owing to its corrosion resis-
tance, hypoallergenic properties, and superior esthetics, but its biocompatibility remains
a challenge. This study explores laser-assisted surface modification to enhance zirconia
bioactivity. Zirconia transitions from the monoclinic to the tetragonal phase during sinter-
ing, with mixed phases observed in the pre-sintered stage. These transitions are critical
for understanding its structural stability and malleability. Grid patterns were imprinted
on the green body implant surface using a 1064 nm Nd-YAG laser (Continuum Surelite II,
San Jose, CA, USA), with mesh sizes ranging from 7 to 50 um and depths up to 2 um,
controlled by varying laser fluence, irradiation time, and templates. SEM, AFM, and XRD
analyses were used to characterize the surface morphology and crystallography. Protein ad-
sorption studies compared two patterned samples with different surface coverage—the first
sample had a patterned area of 0.212 cm? (27%), while the second sample had a patterned
area of 0.283 cm? (36%)—to a control sample. Protein adsorption increased by 92% in the
first and 169% in the second sample, demonstrating a direct correlation between increased
pattern area and bioactivity. Enhanced protein adsorption facilitates cell attachment and
growth, which are crucial for improving osseointegration. These results underscore the po-
tential of laser-assisted surface modification to optimize zirconia’s performance as a medical
implant material.

Keywords: zirconia; medical implant; laser patterning; confined plasma; sintering;
surface modification

1. Introduction

Medical implants are essential in modern healthcare, and they address various condi-
tions from joint replacements to dental and cardiovascular implants. The global medical
implant market was valued at approximately $112.8 billion in 2023 and is projected to reach
$225.7 billion by 2033 [1]. An aging population, advancements in medical technology, and
the increasing prevalence of chronic diseases drive this growth. Titanium has long been the
preferred material for medical implants, especially in orthopedic and dental applications.
In 2023, 91.55% of the revenue in the $5 billion dental implant market was generated by
titanium implants [2]. Its popularity stems from its excellent strength, durability, and
biocompatibility. Biocompatibility refers to the ability of an implant to integrate into the
body without causing adverse effects, such as inflammation or rejection, and is vital for
the implant’s stability and longevity. Additionally, biocompatibility is essential for osseoin-
tegration, the process by which the implant anchors to the bone, ensuring the implant’s
durability [3-5]. Titanium’s biocompatibility ensures that it is not harmful to living tissues,
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and its high specific strength, excellent corrosion resistance, and ability to osseointegrate
make it a reliable choice for long-term use [6,7]. However, titanium has some major draw-
backs that necessitate the use of alternative materials, such as zirconia. In dentistry, patients
often prefer more esthetically pleasing options, making titanium implants less suitable.
Over time, titanium particles can be released from the implant surface via a process called
tribocorrosion, the degradation of a material due to simultaneous mechanical wear and
chemical or electrochemical corrosion, potentially causing inflammation and other adverse
reactions [8]. It should be noted that, in rare instances, titanium particles released through
tribocorrosion can induce localized adverse effects, such as inflammation or bone loss.
These occurrences, although uncommon, highlight the importance of continued research
into alternative materials for specific patient populations [9-11].

Zirconia implants have emerged as a promising alternative to titanium implants,
particularly in dental applications [12-15]. Known for its esthetic superiority, zirconia is
white and blends more naturally with teeth, unlike the grey tint of titanium. It also exhibits
high corrosion resistance and is hypoallergenic, making it suitable for patients with metal
allergies [16-18]. However, zirconia typically shows lower osseointegration compared to
titanium, meaning that it does not integrate with bone as effectively, which can affect the
long-term stability of the implant [19,20].

Zirconia implants typically show lower osseointegration compared to titanium im-
plants due to differences in their surface properties [21]. Titanium’s inherent roughness and
ability to form a stable oxide layer provide a favorable environment for bone growth and
integration [22]. In contrast, zirconia surfaces are smoother and chemically inert, which
can limit cellular attachment and bone integration [23]. This limitation underscores the
importance of surface modification techniques, such as laser-assisted template imprinting,
to enhance zirconia’s bioactivity and improve its osseointegration potential.

To enhance the biocompatibility of zirconia, we propose using laser-assisted template
imprinting. This technique involves imprinting the shape of a grid template onto the
surface via a shockwave produced from laser-material interaction. Studies have shown
that topographical surface modifications can substantially alter a material’s interaction
with biological tissues by enhancing cell adhesion, protein adsorption, and bone-to-implant
contact [24]. Increased surface area, surface roughness, and specific patterns promote better
integration with the bone tissue [25-27]. Compared with other surface modification tech-
niques, laser-assisted template imprinting offers precise control over surface characteristics,
leading to enhanced osteoblast activity [28,29].

2. Materials and Methods
2.1. Preparation of Zirconia Sample

Zirconia pellets were prepared using MSE PRO Monoclinic Zirconium Oxide Nanopar-
ticles, MSE Supplies LLC, Tucson, AZ, USA (20-40 nm in size) with a purity of over 99.9%.
Zirconia powder was mixed with 5 wt% polyvinyl alcohol (PVA), which served as the bind-
ing agent. The mixture was then placed into a 13 mm-diameter hardened steel dry-pressing
die set to form pellets at a maximum pressure of 8 MPa. Each zirconia pellet weighed
1 g and had a 13 mm diameter in its pressed form, referred to as a green body. After
patterning, the samples were sintered in an MTI KSL-1500x (MTI Corporation, Richmond,
CA, USA) furnace at 1450 °C. During sintering the pellet’s diameter shrank to 10 mm due
to densification. Phase transition from monoclinic zirconia (p = 5.68 g/cm?) to tetragonal
zirconia (p = 6.1 g/cm?) results in increased density and particle diffusion.

Before patterning the pre-sintered zirconia samples, surface roughness was reduced to
0.05 um using a Buehler EcoMet 250 Grinder-Polisher with an AutoMet 250 Powerhead
(Buehler, Lake Bluff, IL, USA) [30]. Aluminum foil (Reynolds Wrap, Louisville, KY, USA)
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and graphite dry lubricant (Blasters, Tampa, FL, USA) were used as the sacrificial layers.
Sizes of 100-2000 mesh-sized copper TEM grids were used as templates. A clean glass
slide (Sargent Welch, New York, NY, USA) with 84% transmittance at 1064 nm served as a
confinement medium [31]. The laser used for patterning was a 1064 nm, 10 Hz Nd-YAG
pulsed laser with a pulse width of 5 ns, 225 Q-switch value, and a focused 3 mm-diameter
Gaussian beam.

Once the grid patterns were imprinted, the sample was subjected to a sintering process.
The sintering process was carefully managed to avoid pattern degradation or melting. To
achieve this, a two-stage sintering procedure was implemented. The patterned green body
will go through a two-step sintering, while the pre-sintered zirconia will go through a
second step of sintering at 1450 °C [32]. The processes of pre-sintering at 1200 °C and
complete sintering at 1450 °C are detailed in Table 1. The sintering process was developed
after numerous trials to find the one with the best pattern retention. This controlled
approach ensured that the patterns remained intact and consistent throughout sintering.
The pre-sintering phase is especially important for preventing the patterns from deforming.
Based on these findings, zirconia patterning requires careful attention to the material phase
and the methods used. Zirconia is functional in the tetragonal phase and malleable only in
the monoclinic phase. This change in the zirconia properties makes it a challenging task to
find the form with the perfect mix of phases for the best pattern imprinting and retention.
The success of the green body form of zirconia demonstrates that patterning at this stage is
the most effective strategy.

Table 1. Sintering process for green body zirconia. Steps 1-6: pre-sintering; steps 7-12: sintering.

Heating Rate

° . . ..
Step Temperature (°C) (©C/Min) Time (Min) Process Description
STEP 1 Heat from room temperature
(PRE-SINTERING) 20— 900 10 88 t0 900 °C at 10 °C/min
STEP 2 o .
(PRE-SINTERING) 900 - 20 Hold at 900 °C for 20 min
STEP 3 Heat from 900 °C to 1200 °C at
(PRE-SINTERING) 900 — 1200 10 30 10 °C/min
STEP 4 1200 ; 120 Hold at 1200 °C for 120 min to
(PRE-SINTERING) allow densification
STEP 5 (COOLING) 1200 — 300 10 90 Cool from 1200 °C to 300 °C at
10 °C/min
STEP 6 (COOLING) 300 — RT ; Natural Cool naturally from 300 °C to
room temperature (RT)
Heat from room temperature
STEP 7 (SINTERING) 20 — 900 10 88 0900 °C at 10 °C /min
STEP 8 (SINTERING) 900 - 20 Hold at 900 °C for 20 min
STEP 9 (SINTERING) 900 — 1450 10 55 Heat from 900 °C to 1450 °C at
10 °C/min
STEP 10 Hold at 1450 °C for 120 min to
(SINTERING) 1450 - 120 allow sintering
STEP 11 (COOLING) 1450 — 300 10 115 Cool from 1450 °C to 300 °C at
10 °C/min
STEP 12 (COOLING) 300 — RT ; Natural Cool naturally from 300 °C to

room temperature (RT)
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2.2. Laser-Induced Plasma

Laser-induced template imprinting via nonthermal plasma is a precision surface
modification technique that leverages laser-material interactions and plasma dynamics.
The process involves the use of a nanosecond-pulsed, 1064 nm Nd:YAG laser operating
at 10 Hz, coupled with a metal template and a confined plasma environment, to transfer
template patterns onto zirconia surfaces [33].

The process begins with the laser pulse interacting with an ablative layer, typically
made of aluminum or copper. These materials are selected for their excellent thermal and
electrical conductivity, which ensures efficient absorption of laser energy. Upon irradiation,
a thin layer of the template material undergoes rapid heating and vaporization, producing
a nonthermal plasma [34]. The nonthermal plasma generated in this process plays a crucial
role in efficient and localized energy transfer.

Unlike thermal plasmas, where all species are in thermal equilibrium, nonthermal
plasmas have much higher electron temperatures compared to ions and neutrals. This
temperature disparity arises because electrons, being lighter and more mobile, absorb and
donetransfer energy more rapidly than their heavier counterparts. The electron temperature
T, is given by:

_ 2E
=3k

where E, is the average electron energy, and kp is the Boltzmann constant. This disparity is

T,

a defining feature of nonthermal plasmas, enabling efficient energy localization during the
imprinting process.

This characteristic enhances energy transfer efficiency and allows for precise surface
modifications without excessive bulk heating. The generated plasma, composed of ener-
getic ions, electrons, and neutral particles, is confined using a glass slide placed above the
template. This confinement prevents the plasma from expanding freely, resulting in an
increase in localized temperature and pressure. The confined plasma acts as a highly ener-
getic medium, transferring its energy to the zirconia surface and inducing localized melting
and ablation. This process enables the zirconia to conform precisely to the template’s
pattern under the combined thermal and mechanical effects of the plasma.

Key parameters governing the plasma and energy transfer include the laser’s wave-
length, pulse duration, and energy density. The 1064 nm wavelength is particularly effective
due to its high absorption efficiency in metals like aluminum and copper, facilitating op-
timal plasma generation [35]. Additionally, the choice of nanosecond-pulse durations
balances thermal and mechanical effects, providing sufficient energy for material process-
ing while maintaining control over the heat-affected zone.

The absorbed laser energy (E) can be quantified as follows:

E= / I(t)dt
I(t) represents the laser intensity as a function of time [36]. The confined plasma

pressure (P) is given by the following:

2E
P:
AXxt

where A is the laser spot area, and t is the pulse duration [36]. Beam spot area (A) is a
fixed value in this setup, as it should be irradiating the 3 mm template used for imprinting.
The resulting high temperature and pressure induce localized melting and solidification
of zirconia, ensuring the imprinting of precise patterns [37]. Upon cooling, the imprinted
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zirconia retains these patterns, which are characterized by techniques like AFM and SEM
to evaluate their dimensions, uniformity, and depth.

2.3. Laser Shockwave Imprinting

Two similar approaches with different sacrificial layers were employed for the pattern
imprinting [38]. In the first approach, a thin 10 um layer of graphite was sprayed using
a dry graphite lubricant to function as a sacrificial layer, to prevent melting and ablation
of the sample. A TEM copper grid was then placed on top as a template and ablative
layer. The entire setup was sealed with BK7 glass, which confined the plasma generated by
the laser—ablative layer interaction. In the second method, aluminum foil was used as a
sacrificial layer to protect the material surface from melting and direct laser contact [39].
A TEM copper grid was placed on the zirconia surface and covered by a single sheet of
16 um-thick aluminum foil and a BK7 glass slide to seal the setup.

The prepared samples were irradiated under a 3 mm-diameter focused laser beam,
forming plasma. Plasma forms when zirconia is heated to extremely high temperatures,
causing it to vaporize and ionize. This ionization process strips electrons from atoms,
creating a hot, electrically charged gas [37,40]. The plasma expansion on the ablative layer
was contained using glass slides, creating a localized pressure of 9 GPa and a temperature
spike of 6500 K at a laser fluence of 2 J/cm?. Extreme pressure and temperature stamps the
TEM grid, causing plastic deformation on the zirconia surface, resulting in an imprinted
grid pattern on the surface [41]. For samples patterned using the first approach, the graphite
layer was washed with acetone.

Surface morphology was studied using scanning electron microscopy (SEM, Jeol
6510LV, Tokyo, Japan), atomic force microscopy (AFM, Nanosurf Flex AFM, Liestal, Switzer-
land), and a drop shape analyzer. The laser parameters were optimized to control protrusion
heights, ensuring the patterns achieved the desired depth and uniformity. These analyses
provided a detailed view of the pattern quality and surface modifications achieved, helping
to understand the effectiveness of laser-assisted template imprinting techniques.

3. Results
3.1. Phase Transitions in Zirconia

The XRD analysis of zirconia at different sintering stages provides insights into the
phase transitions and structural changes. Zirconia exhibits polymorphism, meaning it has
multiple phases that are stable within specific temperature ranges: cubic zirconia (c-ZrO;)
is stable above 2370 °C, tetragonal zirconia (t-ZrO,) between 1170 °C and 2370 °C, and
monoclinic zirconia (m-ZrO;) below 1170 °C [42]. To stabilize the tetragonal and cubic
phases of zirconia at room temperature, it is doped with trace amounts of yttria.

Figure 1 displays the XRD patterns of zirconia in three forms: green, pre-sintered,
and sintered. The hydrophobicity measurements for the green body, pre-sintered, and
sintered samples, using a drop shape analyzer and young modulus, had shown 0°, 60°, and
82° contact angles, respectively, giving insight into the porosity and surface modifications
happening. As expected, the XRD pattern of green body zirconia shows a pure monoclinic
phase, with no distinct peaks at other phases. The pre-sintered sample shows a mixture of
monoclinic and tetragonal zirconia. Figure 1 shows that the phase transition was observed,
as evidenced by the change in peak intensities in the X-ray diffraction (XRD) patterns, with
a decrease in the intensity of the monoclinic phase peaks and a corresponding increase
in the intensity of the tetragonal phase peaks. Such transitions are significant in zirconia
ceramics because the balance between monoclinic and tetragonal phases strongly influences
the material’s mechanical properties, including fracture toughness and strength. Repeating
sintering with a faster cooling rate increases tetragonal phase retention, indicating that
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the cooling rate influences the phase transition, and rapid cooling favors phase retention.
Other factors affecting phase transition and retention are the uneven distribution of yttria
and yttria evaporation. The XRD pattern of fully sintered zirconia shows a pure tetragonal
phase, confirming the total phase transition from monoclinic zirconia. This transformation
is consistent with zirconia’s phase stability, where the tetragonal phase is the most stable
between 1170 °C and 2370 °C. The full phase transition in the sintered sample shows that
the sintering temperature of 1450 °C provides enough energy for zirconia to completely
convert from the monoclinic to the tetragonal phase. The sharp, high-intensity tetragonal
peaks in the XRD pattern confirm the crystallinity and purity of the tetragonal phase. These
observations are consistent with the theory of zirconia polymorphism. When monoclinic
zirconia is heated above 1170 °C, it transitions to the tetragonal phase, where it undergoes
a martensitic transformation involving significant volume change and shear strain.
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Figure 1. XRD pattern of zirconia. Sintered (red), pre-sintered (green), and green body (blue) ZrO,
XRD profiles.

3.2. Laser Pattern Imprinting on Zirconia

The sintered properties of zirconia, particularly its high compressive strength, inherent
hardness, and brittleness, create substantial obstacles to deformation under pressure. These
attributes make patterning attempts exceedingly difficult, as the material’s resistance to
mechanical alteration often exceeds the capabilities of conventional patterning techniques.
Unlike metals that deform plastically, zirconia tends to fracture because of its Hugoniot
elastic limit (HEL) of 20-25 GPa [43]. Recognizing tetragonal zirconia’s hardness, we tried
green body and pre-sintered zirconia, seeking a balance between malleability for patterning
and robustness to prevent fracturing. The two critical factors to consider are pattern
retention and pattern precision. Sintered zirconia offers the highest pattern retention,
whilst leaving much to be desired for pattern precision. The opposite is true for green body
zirconia. Thus, finding a middle ground is an ideal case scenario. During our trials, the
green body zirconia produced the best results, as the two-stage sintering improved pattern
retention. Thus, we found green body zirconia to be the primary candidate for patterning.

Figure 2 shows SEM images illustrating the square grid pattern achieved on a zirconia
pellet surface. Initially smooth and unblemished, the zirconia surface was patterned using
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the first method, which used graphite as a sacrificial layer. We administered a 1.2 J/ cm?
laser shot for 2 s, aiming for a uniform and reproducible pattern with high fidelity. The
results show a clean imprint of the grid template. Elemental analysis of the grid square
and pitch revealed similar compositions, containing zirconia and oxygen, as expected. The
use of graphite in this method makes it unsuitable for sensitive fields such as medical
implants. Nevertheless, this technique has shown promise in patterning on copper and
titanium plates, where the precision and cleanliness of the imprint are less critical. The
alternative approach uses aluminum as the ablative layer, making it more suitable for
sensitive applications. Aluminum as a sacrificial layer facilitates a clearer, more precise

imprint on the surface, without leaving any trace (see Figure 3).

Figure 2. ZrO, patterned via the “graphite method”. Cu (400) mesh TEM grid template at F = 1]/cm?,
t=2s.

Figure 3. Zirconia surface patterned via the “aluminum method”. First row: Cu (400) square mesh
TEM template at F=2]/cm?, t = 1 s. Second row: Cu (400) hexagonal mesh grid TEM template at
F=2]/cm?, t=1s.

SEM and AFM images of zirconia patterned via laser template imprinting reveal a
highly precise and well-defined pattern. The SEM images show the uniformity and clarity of
the imprinted patterns, highlighting the effectiveness of the proposed technique. The AFM
images further support these findings, demonstrating excellent imprinting quality with
clear and distinct features (see Figure 4). Notably, the depth profile observed in the AFM
images is significantly deeper than that typically achievable with other laser-patterning
methods, such as femtosecond pulsed laser irradiation and direct laser interference pattern-
ing (DLIP) [44,45]. These methods, while effective in creating precise microstructures and
nanoscale periodic surface structures, often do not achieve the same depth and intricacy
as nanosecond laser template imprinting. This enhanced depth profile is particularly im-
portant for zirconia implants because it promotes better osseointegration by increasing the
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surface area, which allows for stronger and more stable integration with the bone [46,47].
In addition, deeper patterns improve mechanical stability by providing better mechanical
interlocking, reducing the risk of implant loosening or failure. They also help distribute
mechanical stress more evenly, reducing the likelihood of fractures. Furthermore, deeper
patterns enhance biocompatibility by providing a favorable environment for cell attach-
ment and proliferation. Overall, the combination of SEM and AFM analyses provides
a comprehensive understanding of the high-quality patterning achieved through laser

template imprinting on zirconia.

2.0

y- 100 pm

X100 ym

— Profile 1

Figure 4. AFM image, 3D image, and depth profile plot of a patterned zirconia via the aluminum
method. Cu(400) hexagonal mesh grid TEM template at F =2J/cm?, t = —1s.

3.3. Bioanalysis via Protein Adsorption

In this study, our focus was on enhancing the biocompatibility of zirconia implants,
with a particular emphasis on osseointegration. Osseointegration, which is crucial for the
success of zirconia implants, refers to the formation of a stable bond between living bone
tissue and the implant surface. Given the challenges associated with directly measuring
osseointegration, we used protein adsorption as an indirect indicator. Specifically, we
conducted a protein adsorption experiment using bovine serum albumin (BSA) to better
understand the osseointegration process and to draw indirect correlations [48,49].

The adsorption study was conducted under three surface conditions: 27% patterned
surface coverage (Sample 1), 36% patterned surface coverage (Sample 2), and a non-
patterned control. The absorbance measurements, which indicate the amount of light
absorbed by the protein in solution, were used to determine the amount of protein adsorbed
onto the surface. In this analysis, lower absorbance values correspond to higher levels of
protein adsorption on the surface. Figure 5 illustrates absorbance trends over time, with
the calculated slopes for Sample 2, Sample 1, and the untreated control determined to be
26x1073,5%x1073,and 7 x 1073, respectively. The results indicate that Sample 1 exhibited
a 92% increase in adsorption relative to the reference sample, while Sample 2 exhibited
a 169% increase. These data demonstrate a direct relationship between surface pattern
coverage and adsorption rate, validating the hypothesis that surface patterning enhances
protein adsorption. These findings indicate that a higher degree of surface patterning
supports improved osseointegration, as shown by increased protein adsorption.



Appl. Sci. 2025, 15, 362

9of 12

—e— 70% covered ¢
-# 50% covered e
—— Control

0.3

0.2

Absorbance

0.1

0.0

[ 10 20 30 40 50 60
Time (hours)

Figure 5. BSA absorbance as a function of time at 562 nm.

4. Discussion

The results of this study demonstrate the effectiveness of laser-assisted template im-
printing in enhancing the osseointegration of zirconia implants. The phase transition
analysis highlighted the critical role of sintering temperature and cooling rates in achieving
a stabilized tetragonal phase, essential for the implants” mechanical properties and bio-
compatibility [50,51]. By stabilizing tetragonal zirconia before the imprint patterning, we
were able to avoid the issues with phase degradation reported in other studies, such as
femtosecond LIPSS [52].

Our findings revealed that green body zirconia offered the best balance between
imprint precision and pattern retention during laser patterning, addressing the reported
issues of low fidelity observed in fully sintered zirconia due to its surface brittleness and
hardness [53]. The transition from graphite to aluminum as a sacrificial layer significantly
improved pattern quality, making it suitable for sensitive applications like medical implants.

Furthermore, protein adsorption studies confirmed a direct correlation between in-
creased surface pattern coverage and enhanced bioactivity, as evidenced by the notable
92% increase in protein adsorption for a patterned surface compared to the unpatterned
control. The increase in protein adsorption for the patterned area aligns with the finding
from studies on LIPSS patterning and sandblasting [46]. Beyond the primary outcomes, the
study revealed several secondary insights. The combination of SEM and AFM analyses
validated the precision and depth of the patterns achieved through laser-assisted template
imprinting, which were superior to other techniques like direct laser interference pattern-
ing and nanosecond laser-induced periodic surface structuring [44,45]. These deeper and
more intricate patterns are critical for promoting better osseointegration and mechanical
stability by providing enhanced surface area and interlocking capabilities. Additionally, the
hydrophobicity measurements aligned with the phase transition observations, illustrating
improved wettability with surface modifications. These findings align with the existing
research that shows wettability to improve protein interaction and osteoblast activity [51].
The comparison of sacrificial layers also provided valuable information on optimizing the
imprinting process for different applications.

The findings of this study align with and extend previous research on surface modifi-
cations to enhance the bioactivity of zirconia implants. While earlier studies have explored
techniques like direct laser interference patterning and femtosecond laser irradiation, our
approach of laser-assisted template imprinting offers a more precise and reproducible
method for achieving intricate patterns. Unlike traditional methods, our use of a confined
plasma environment and optimized sacrificial layers significantly improves the quality and
fidelity of the imprints. These advancements directly contribute to the growing body of
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literature supporting the use of surface patterning as a strategy to enhance osseointegration
and biocompatibility in zirconia implants.

Despite these promising results, the study has certain limitations that warrant con-
sideration. The research focused on in vitro analyses, and the findings must be validated
through in vivo studies to confirm their clinical relevance. Additionally, while the protein
adsorption experiments provided indirect evidence of enhanced osseointegration, direct
measurements, such as bone-to-implant contact analysis, are needed for a comprehensive
evaluation. Future research should also explore the long-term stability of the imprinted
patterns under physiological conditions and investigate the scalability of the laser-assisted
template imprinting technique for commercial applications. Lastly, expanding the study
to include different zirconia compositions and implant geometries could provide further
insights into the generalizability of the findings.

5. Conclusions

In this study, we investigated the phase transitions and laser patterning of zirconia
implants to enhance their performance. Our results demonstrate that laser-assisted template
imprinting significantly improves protein adsorption and osseointegration, with a 92%
increase for 27% surface coverage and a 169% increase for 36% surface coverage. These
improvements are attributed to precise and uniform surface patterns that promote better
integration with bone tissue. The findings on phase transitions during sintering and the
optimization of patterning techniques offer a basis for advancing zirconia implants. While
promising, further in vivo studies are needed to confirm the clinical benefits and long-term
efficacy of these implants. Future research will refine these processes and explore additional
materials for improved biomedical solutions.
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