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ABSTRACT: The advancements in laser technology have enabled Material characterization

its widespread application in the materials science, manufacturing, -aser-surface texturing /” 5
; . . -

and healthcare industries. Among these, laser-assisted surface @———Lv Surfacchopography  Surface roughness

modification of biomedical materials is currently one of the most 0 S

s ?

"lil
widely investigated research areas owing to the multiple advantages ( 34 ' a &

Surface wettability

of laser-based techniques over conventional methods. When a laser
beam of adequate energy is irradiated onto a substrate, it induces

ablation through melting, evaporation, and resolidification, g g

resulting in micro/nanolevel surface features. Such laser-assisted \}\ . -
surface treatment, a noncontact method, offers significant control x\‘/ 'Il

over process parameters, enabling high reproducibility of surface  Dental biomaterials =
features. Pulsed lasers, more particularly those with nanosecond, Microbial adhesion study

picosecond, and femtosecond pulse durations, are extensively used

for surface modification of dental biomaterials due to their precision and effectiveness. The applications of laser-based surface
texturing span from enhancing osseointegration and antimicrobial properties to improving tribological properties such as reduced
friction, wear, and corrosion resistance. Among these, most of the research focused on the effect of laser patterning on improving the
surface characteristics of biomaterials. Achieving surfaces with optimum characteristics requires an intricate understanding of laser-
matter interaction mechanisms, material properties, and the effect of laser patterning parameters on the material surface. In this
regard, there is considerable scope for exploring the suitability of lasers as a potential tool for surface modification of biomaterials. In
addition, in-depth research is anticipated to advance the efficiency of dental biomaterials. This review aims to dive deep into the
principles of controlled laser ablation, the effects of various laser parameters on material surface properties, and the role of material
surface properties, on the overall performance of dental biomaterials. While laser patterning is used to alter the surface characteristics
for a variety of applications, the current review focuses primarily on laser surface modification to achieve superior osseointegration
and reduce microbial adhesion.
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1. INTRODUCTION technology.6 The unique features of ultrafast laser processing,
such as extremely high peak power and minimal heat diffusion
to surrounding areas, have been extensively used in
commercial, industrial, medical, and research applications,
including micronano machining, 3D and volume processing,
electronic chip fabrication, microfluidics, cutting and welding
of various materials, clinical purposes, including diagnosis and
treatment, and surface modification of many materials.”®
Recently, the use of ultrafast lasers for the surface modification
of various biomedical materials that require high energy and

The ability of lasers to direct a large amount of energy into a
very confined space at the target site has enabled their use for
multiple purposes, including cutting, sintering, welding,
drilling, and surface functionalization across a wide range of
materials." This versatility has led to the adoption of lasers in
nearly all medical specialties, especially in dentistry.” In
dentistry, lasers have been employed for detecting caries,
cutting soft and hard tissues, disinfecting root canals, and
performing various surgical procedures like biopsies, gingivec-
tomies, and frenectomies.'” During the 1980s and 1990s, Nd:

YAG, Argon, CO,, and semiconductor diode lasers were Received: September 16, 2025 B
mainly used for dental treatments.* This was soon followed by Revised: ~ December 18, 2025
the use of pulsed Er: YAG and Er, Cr: YSGG lasers to meet the Accepted:  December 19, 2025

Published: December 30, 2025

surgical needs of clinical dentistry.” Additionally, interest has
grown in the use of ultrafast lasers—those with pulse widths v
from a few picoseconds to femtoseconds—in engineering and
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delicate processing has become increasingly prominent.
Among these, ultrafast laser-based surface texturing of dental
biomaterials is noteworthy. A brief description of various
dental biomaterials is discussed in Section 1.1 below.

1.1. Dental Biomaterials

Dental biomaterials are artificial materials that are used to
replace or restore damaged/diseased/lost parts of the
dentition, as well as missing structures in the oral cavity, to
reinstate function and improve aesthetic appearance.” To be
suitable for such applications, dental biomaterials must possess
superior biocompatibility, mechanical, physical, and optical
properties.” Various materials used for this purpose can be
conveniently grouped into four categories: metals and alloys,
polymers, ceramics, and composites (Figure 1). Due to their

Used as:
Implants, Abutments,
Bridges, Crowns,
Removable partial
dentures, Orthodontic
appliances,
Orthodontic wires

E.g.:
Titanium
Stainless steel
Cobalt-Chromium
Gold alloys

E.g.:
Resin matrix

& reinforced with
S A
0 ceramic or glass
C,Q&Q fillers, Fiber
reinforced
composites
Used as:
Veneers, Restorations,
Splints, Orthodontic

appliances, Cosmetic
bonding procedures

Figure 1. Classification of materials used in dentistry.

inherent differences in buildup and structure, they exhibit
distinct properties; hence, selecting a material with optimal
properties that suit the given application is of utmost
importance.

1.2. Dental Implants and Osseointegration with Bone

Conventionally, dental biomaterials have been used to replace
the lost portion of the tooth structure, specifically, the coronal
portion of the tooth structure. The groundbreaking research of
Professor Per-Ingvar Branemark regarding the osseointegration
of titanium to living tissues led to the use of titanium-based
implant materials to replace lost teeth."” Commercially pure
titanium (Cp-Ti) is the most widely used for making dental
implants. Titanium as an implant material exhibits several
advantages over other metallic materials, such as very low
density, high strength, lower modulus compared to other
materials, excellent corrosion resistance, and the ability to
osseointegrate with the bone."" Besides this, alloys of titanium
(e.g, titanium-zirconia alloy), titanium with coatings, and
zirconia are other materials used as dental implants.’
Osseointegration refers to the direct connection between the
implant and the bone, with no intervening fibrous tissue.'”
When the implant gets osseointegrated with the bone, a
prosthetic component, like a crown or bridge, is placed over
the implant using an abutment.'” The fact that implant
osseointegration with the biological tissues occurs at the
interface between the biological tissue and the implant surface,
the surface characteristics of the implant, such as surface
topography, chemistry, roughness, etc., play an important role
in this process.”” Over the years, considerable research has
optimized the surface characteristics of implants, leading to the
development of commercial implants with a wide range of
design features that favor initial stability, rapid osseointegra-
tion, and superior biocompatibility.

1.3. Microbial Adhesion on Dental Biomaterials

Despite their successful use as dental biomaterials, material-
associated infections are still a major issue in the field of
implant dentistry, affecting patient care.'> The major cause of
these infections is microbial adhesion and the resulting biofilm
formation.'® Oral cavities and biological fluids harbor a diverse
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Figure 2. Different stages of microbial biofilm formation on biomaterials. Reprinted with permission from {Kreve and Reis, Japanese Dental

Science Review} Copyright {2021} Elsevier."
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Figure 3. Major factors influencing microbial adhesion. Reprinted with permission from {Zheng et al, Frontiers in Bioengineering and

Biotechnology} Copyright {2021} Frontiers.>

population of commensal microorganisms, which under
normal conditions maintain a balanced ecosystem. However,
when present in elevated numbers or in environments
conducive to the selective proliferation of specific micro-
organisms, these populations may aggregate and form
structured biofilms. The development of such biofilms is
facilitated by the production of an extracellular polymeric
matrix that provides protection and promotes microbial
persistence. These organized microbial communities can
subsequently lead to localized or systemic infections,
particularly when host defenses are compromised or when
biofilm composition shifts toward pathogenic species.'” The
biofilm formation can occur in five stages (Figure 2).'%'” The
first stage is the initial attachment, in which the microorganism
starts adhering to the surface and is unstable.”” In the second
stage, the microbe forms a monolayer by interacting with the
substrate surface using microbial adhesins. In this stage, the
adhesion becomes irreversible. The third stage is the formation
of multilayered microbial colonies, along with the discharge of
extracellular polymeric substances (EPS), mainly polysacchar-
ides and other macromolecules.”’ In the fourth stage, the EPS
develops into a 3D network within which the microbes grow,
leading to the formation of a thicker biofilm (biofilm
maturation).”” Lastly, some microbes disperse from the
biofilm, going back to the independent planktonic lifestyle,
and this cycle continues.'® As the extracellular polymer matrix,
within which the mature biofilms get embedded, acts as a
protective shield, it is difficult to eradicate the mature biofilms,
as they are hard to treat with antibiotics. The intrinsic
resistance to antimicrobial agents attained by microbial
biofilms and the defense reactions of the patient’s immune
system create difficulty in the treatment of microbial biofilms.
Although the formation of a biofilm involves various stages, the
first and foremost step is the ability of the microorganisms to
establish an initial adhesion on the surface of the biomaterial.
Hence, any method that can reduce the initial adhesion will
help in reducing the incidence of infections due to biofilms on
the dental biomaterials.”*

1.4. Role of Surface Properties in the Performance of
Dental Biomaterials

Despite an implant being fully osseointegrated with the bone, it
is likely that the abutment (the part through which the
prosthesis or restoration is connected to the implant) can
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harbor microbes, leading to biofilm formation. The formation
of microbial biofilms may lead to periimplantitis, a condition
that affects both soft and hard tissues around the implant,
leading to loosening and failure of the implant.”* To overcome
this, the surface properties of the biomaterial have been
modified suitably to reduce microbial infections and enhance
cellular responses, thereby facilitating improved compatibility
and bonding with surrounding biological tissues (both
structural and functional).”® The surface topography as well
as the roughness of the material were found to influence the
osteoblast cell differentiation.”® Hence, surface topography is
r.ecoglizzsed as an important factor affecting the osseointegra-
tion.”””

The initial adhesion of microorganisms onto any material is
influenced by the species of microorganism, the size and shape
of the microorganism, the type of substrate material, the
physical and chemical features of the surface of the substrate,
the environmental features, etc. Among these factors, the
chemical and physical properties of the substrate surface are
the most important properties that contribute to microbial
adhesion. To be more specific, the chemical composition,
surface charge, surface free energy, wettability, roughness, and
surface topography of the substrate material play a vital role in
microbial adhesion (Figure 3).*

One important surface property that influences microbial
adhesion is surface charge density. Due to the presence of
carboxyl, amino, and phosphate groups on their cell wall
surfaces, it is considered that bacteria have a net negative
charge. Hence, bacteria tend to adhere to positively charged
surfaces.”” The surface free energy and, thereby, the wettability
of a surface are also factors that affect microbial adhesion. In
the case of liquids with low surface tension and materials with
high surface energy, the surface wettability will be high. In
other words, the liquid tends to maximize its area of contact
with the material surface and wets the surface. Antiwetting
surfaces can be fabricated by minimizing the surface energy.
However, several studies have demonstrated that attaining
extreme water contact angles (superhydrophobic/superhydro-
philic) could resist microbes.”” The effect of the roughness of
the material surface on microbial adhesion has been extensively
studied. Smooth surfaces showed increased microbial
adhesion. In contrast, nanoscale roughness on the material
surface reduces the surface area in contact with the bacterial
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Figure 4. Statistics of publications on laser-assisted surface modification of biomaterials based on Scopus data as of 28th April 28th, 2025.

cells, leading to decreased bacterial adhesion.’’ Studies have
also shown that materials with surface features having
dimensions greater than the size of the microorganism cause
increased adhesion as such surfaces provide a large space for
their cells to attach. Hence, substrate materials with surface
features smaller than the bacterial size may lead to reduced
bacterial adhesion.”” However, the prime factors influencing
microbial adhesion, as considered by the majority of the
research, are material surface topography, roughness, and
wettability. So, to fabricate the antibacterial prosthetic material,
the surface should possess characteristic features that inhibit
the adhesion of microorganisms. This put forward the concept
of surface modification of the substrate material to enhance the
osseointegration of implant materials to the bone and to resist
microbial adhesion.

1.5. Various Surface Modification Methods

Even though there are many different ways of surface
modification, they are broadly classified into two methods:
additive and subtractive.”’ The additive method involves
adding some other material or chemical to the prosthetic
material, either by coating or by impregnating.”* However,
these coatings may not be long-lasting, and the osseointegra-
tion potential and biocompatibility will depend on the
chemical constituents of the coatings and their stability.
Meanwhile, the subtractive method involves either the removal
of material from the surface or the making of plastic
deformation on the material surface to create roughness on
the surface.”® The most commonly used subtractive methods
in implant dentistry are large-grit sand or ceramic particle
blasting (SLA), acid etching, etc.”> Grit blasting involves
blasting sand-like particles of hydroxyapatite, alumina, or
titanium dioxide (TiO,) under high pressure onto the implant
surface.”® The surface topography of a grit-blasted implant
material varies depending on the size of the particles used, the
pressure applied during grit blasting, the duration of grit
blasting, etc. Acid etching involves the use of strong acids like
hydrofluoric (HF), nitric (HNO;), and sulfuric (H,SO,), or
their combination, to induce roughness on the material
surface.>® During such treatments, localized removal of the
material leads to the creation of a variety of surface
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topographies, which are dependent on the combination of
acids used, their strength, and the duration of the exposure.
The aforementioned methods have been widely used either
alone or in combination to enhance the osseointegration
potential of dental implants.””*® Although they have largely
been successful, there are two potential drawbacks with these
methods: first, it is difficult to have different surface
topographies on different parts of the implants, and second,
the possibility of remnants of the surface modification agents
being on the implant surface.” In this regard, laser-induced
surface modification, which is also a subtractive method of
surface modification, is of great importance. Laser-assisted
surface treatment, which is a noncontact treatment method,
affects only the surface layer of the specimen without altering
its surface composition, leaving no contamination, nor
impacting the bulk properties of the specimen.

Recently, the clinical demand in dentistry has been for
developing multifunctional biomaterials with surfaces that
exhibit superior biocompatibility, environment-responsive
behavior, bioactivity, antimicrobial activity, etc.®” The success
or failure of the implant in a biological system is greatly
influenced by the interactions at the interface between the
implant and the biological tissue. Concerning this, the surface
aspects of the biomaterials, such as accelerating the
osseointegration, exhibiting antimicrobial activity, and re-
sponding to biological stimuli, become even more important.
Hence, various techniques for modifying the substrate surface
have been developed to foster bioacceptance and also to
reduce microbial adhesion. Although the actual biomaterial
surface is smooth, they are intentionally machined to induce
threadlike structures and macrosurface features to significantly
increase the area of contact and to minimize shear forces at the
interface between the implant and the bone. Over the years,
additional surface modification in the form of micro- or
nanolevel has been widely investigated to achieve better
osseointegration by modifying the surface characteristics like
surface energy, wettability, and roughness or even by
incorporating ions, nanoparticles, or active molecules on the
material surface. In contrast to the conventional grit blasting
and acid etching methods, lasers, in recent times, have been

https://doi.org/10.1021/acsabm.5c01829
ACS Appl. Bio Mater. 2026, 9, 573—591


https://pubs.acs.org/doi/10.1021/acsabm.5c01829?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c01829?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c01829?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.5c01829?fig=fig4&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.5c01829?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Bio Materials

www.acsabm.org

EVIE

widely used as potential tools for modifying the surface of
various biomaterials. Figure 4 shows the statistics of
publications on laser-assisted surface modification of bio-
materials based on Scopus search, using the keywords “laser”,
“surface modification”, “dental biomaterials”, “titanium”,
“PMMA”, and “zirconia”, as of 28th April 2025. These studies
include various laser-based surface modification techniques
such as direct laser writing, laser-based surface melting, direct
laser interference patterning, laser-based chemical modifica-
tions on biomaterial surfaces, etc., over the past 25 years. The
data clearly show that the research focus in the field of laser-
assisted surface modifications of biomaterials is growing
rapidly, especially after 2010, indicating increased advances
in this field. Among these studies, more attention has been
paid to the analysis of the physical and mechanical properties
of laser-textured biomaterials. The research focus on the
osseointegration of biomaterials with bone is also rapidly
evolving, while antimicrobial research has received slightly less
focus, representing an important area for future exploration.

Considering the increased utilization of lasers in modifying
implant biomaterial surfaces, this review aims to provide
readers with a comprehensive understanding of the role of
lasers in the surface modification of dental biomaterials,
enhancing osseointegration and minimizing microbial adher-
ence. This review further seeks to offer thorough knowledge of
controlled laser ablation, the influence of various laser
parameters on the material surface properties, and how these
surface characteristics impact the overall performance of
various dental biomaterials. The present review is organized
as follows: First, the methodology for selecting relevant studies
on surface modifications of dental implant materials including
the search engines and specific keywords and the inclusion
criteria are outlined in Section 2. Subsequently, key findings
from the articles on the influence of various laser parameters
on the surface features of various materials and subsequent
changes in the properties such as roughness and wettability
were discussed in Section 3.

2. LASER PROCESSING: A VERSATILE APPROACH TO
TAILOR THE SURFACE TOPOGRAPHY OF
MATERIALS

A literature search has been conducted in databases such as “Google
Scholar”, “Scopus”, and “PubMed” covering the years from 2000 to
2025. The terms used for searching included “laser”, “surface
modification”, “dental biomaterials”, “ultrafast”, “laser texturing”,
“osseointegration”, “microbial”, “adhesion”, “cell adhesion”, “wett-
ability”, “roughness”, “patterning”, “titanium”, “PMMA”, “zirconia”
“PEEK”, “implant”, “ceramics”, and “microtexturing”. Manuscripts of
all types are included for review and are in English. After the
compilation of the results from various databases, 268 manuscripts
were found to meet the criteria, which included studies on laser-
assisted surface modification of various biomaterials, laser-based
chemical modification, and additive manufacturing studies, and
studies on the effect of laser treatment on biological properties like
cell differentiation and growth, microbial adhesion, physical and
mechanical properties like hardness, flexural strength, bonding
efficiency, and wear and corrosion resistance. Among these, only
those that are relevant for the laser-based surface modification of
dental biomaterials were selected, which were 132. For each of these
manuscripts, the abstracts were initially read to understand the scope
of work. Only those studies that focused on the implementation of
direct laser texturing, more specifically ultrafast lasers, for surface
modification of dental biomaterials, which studied their effect on
biological responses, such as osseointegration and microbial adhesion,
were included. Those studies that gave importance to other laser-
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based surface modification techniques like direct laser interference
patterning, selective laser melting, etc., and those studies that analyzed
the effect of laser texturing on material properties like bond strength,
hardness, porosity, and wear resistance were excluded. Finally, 123
research articles were included for analysis in this review, out of which
94 were exclusively focused on the use of lasers for surface
modification of dental implant surfaces.

Based on the literature search for this review, numerous in vitro
and in vivo studies have investigated the effect of laser-assisted surface
texturing on various surface features, including wettability, surface
topography, and roughness, and the effect of such modification on the
biological response, such as differentiation, growth, and proliferation
of cells and microbial adhesion and subsequent formation of biofilms.
The impact of laser-based surface modifications on the physical and
mechanical properties of biomaterials, such as hardness, strength,
bonding efficiency, corrosion resistance, porosity, wear resistance, etc.,
has also been widely explored. To be more specific, 23% of the
research articles considered in this review studied the cell viability and
adhesion behavior (osseointegration) of various dental biomaterials,
and 30% of the articles dealt with the study of antimicrobial properties
of various dental biomaterials. 16% of the articles studied both the
antimicrobial as well as the cell adhesion behavior of dental
biomaterials. The remaining 31% of the articles dealt with other
studies, like analyzing topography, roughness, wettability, etc., of laser-
patterned material surfaces. Moreover, much of the research
considered in this review adopted ultrafast lasers for surface
modification of the respective material. When considering the
substrate materials used for laser-based surface modification, 45% of
the studies were on titanium. This indicates that most laser-based
surface modifications have predominantly been applied to implants,
especially those made of titanium and its alloys, to assess their
potential in enhancing osseointegration. In addition to dental
implants, laser-surface texturing has also been employed on ceramic
restorations to enhance their bonding efficiency to teeth. Research on
laser-based surface modification of polymer materials like PMMA,
PEEK, etc., is comparatively less.

2.1. Laser-Assisted Surface Modification

Recent developments in the field of laser technology have paved the
way for its widespread application across various fields. Among these
applications, utilizing lasers for material surface modification to
improve its characteristics, such as biocompatibility, roughness,
wetting, and mechanical properties, corrosion resistance, etc., is also
gaining much importance in the current scenario.**”** During laser
machining, the laser beam is focused on the workpiece, which can be
metal, ceramic, or plastic. If the laser beam has energy higher than the
binding energy of the electrons of the atoms of the workpiece, then
laser ablation occurs. In this process, the material removal rate is
influenced by the type of workpiece as well as the laser system
parameters like wavelength, pulse duration, pulse fluence, etc. Based
on the mode of operation, lasers can be categorized into continuous
wave (CW) lasers (continuously delivering photons) and pulsed
lasers (delivering photons in short bursts or pulses). Contrary to CW
lasers, which are characterized by constant output power, pulsed lasers
are capable of delivering very high peak powers of the order of
megawatts, even for moderate energies.”” This enables the rapid
discharge of stored energy onto the target material. Hence, pulsed
lasers with intense peak power are effectively utilized to pattern the
surface of different materials via laser ablation. Moreover, repeatable
as well as more precise and accurate small holes/patterns/craters can
be made using laser micromachining, which is a noncontact
micromachining technique. Some other advantages of laser micro-
machining over conventional micromachining techniques are a very
minimal to zero heat-affected zone, obtaining burr-free cuts, spatial
selectivity, etc.

There are several laser surface engineering technologies for
fabricating specific structures on a material. They include direct
laser interference patterning (DLIP) or laser interference lithography
(LIL), selective laser melting (SLM), direct laser ablation, etc.
(Scheme 1 and Table 1).**
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Scheme 1. Various Laser-Based Surface Texturing Techniques
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Among the above-mentioned laser processing techniques, this
review majorly focuses on direct laser ablation of dental biomaterials,
a simple and effective method of creating surface structures.

2.2. Mechanism of Direct Laser Surface Texturing

The use of lasers for precise and accurate material processing is
possible only with deep insight into the interaction of laser radiation
with matter. The actual physics of laser-matter interactions, when a
highly intense laser beam is incident on a material, can be described as
follows. Consider a photon incident on a neutral atom. If the energy
of the photon is high enough to break the binding energy of the
electron in the atom, then the electron becomes free and the atom
gets ionized. But for some atoms, a single photon energy may not be
sufficient to get ionized. In such cases (at high optical intensities), the
atoms undergo two-photon absorption (a process in which two
photons are simultaneously absorbed, exciting the atom to a higher
energy state). Some atoms may also absorb multiple photons via
virtual states to get ionized and release free electrons, which is termed
multiphoton absorption. In such cases, when a laser beam having high
intensity interacts with a material, some of the bound electrons
undergo multiphoton absorption and become free electrons.”® When
such a free electron comes to the vicinity of a neutral atom in the
presence of a photon (a three-body system), the atom gets ionized—
the case of inverse bremsstrahlung. These free electrons again cause
the ionization of other atoms, thereby producing more free electrons.
This results in a state of electron avalanche (Figure 5).> When a
critical free electron density is achieved, complete breakdown of the
material occurs and the material gets ablated.

In simpler words, a laser beam focused on a material surface results
in energy absorption. However, the energy absorption mechanism is
highly influenced by the wavelength, repetition rate, pulse width, etc.
Depending on the laser parameters, either controllable surface
modification or direct material removal is possible. The energy
absorption mechanism also depends on the type of material on which
the laser beam is irradiated. For example, the interaction of laser
energy with metals and polymers is much too different. In the case of
metals, the conduction band electrons directly absorb photons and
transit to higher energy states. However, for materials like ceramics or
polymers, the laser energy absorption occurs only at high intensities,
as they have a wide band gap.”> To be more specific, as the valence
electrons of metals are loosely bound, less energy is required for the
excitation and ionization of electrons compared to ceramics and
polymers, whose backbone elements (such as carbon, silicon, etc.)
possess more tightly bound valence electrons. This difference in
binding energy suggests why pulsed lasers with high intensities are
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highly preferred for the laser surface texturing of ceramics and
polymers, compared to metals. In addition to this, ceramic materials
are prone to having microcracks due to the laser-induced thermal
stress, which can be avoided by minimizing the intensity of the plasma
plume during the laser-material interaction. In the case of polymers,
even though energy absorption occurs at high laser intensities, the
chances of thermal degradation of the material along with photo-
ablation are quite high.”* The thermal damage can be reduced to an
extent by utilizing ultrafast lasers for material processin§, which
transfers energy to the material before thermal diffusion.> Hence,
there is no doubt that the excitation dynamics and their influence on
material surface quality are highly complex as both depend intricately
on the specific material type and the applied laser parameters.

2.3. Ultrafast Lasers for Surface Modification

Over the past few years, the use of ultrafast lasers for surface texturing
of dental biomaterials has become a widely investigated area. For
pulsed lasers, the mechanism by which a laser pulse interacts with a
substrate material is determined by its pulse width (pulse duration).
Depending on the pulse duration, laser pulses can be classified as long
pulses (typically ranging from tens of nanoseconds to hundreds of
microseconds) and ultrashort pulses or ultrafast pulses (ranging from
tens of picoseconds to femtoseconds). Several studies have reported
how laser pulses with different pulse durations interact with materials,
showing that nanosecond laser ablation generated a thicker recast
layer than ultrafast laser ablation.”**”

The interaction of nanosecond, picosecond, and femtosecond laser
pulses with materials is briefly described below, and a comparison
between them is shown in Table 2. In the case of nanosecond pulses
(long pulses), the time for the heat energy to traverse the material is
longer. So, the laser irradiation absorbed by the material heats its
surface, resulting in the formation of a large layer of molten material.
The vaporization process that occurs further causes the liquid (molten
material) to be expelled. Thus, for nanosecond laser pulses, material
removal occurs in both the vapor and liquid phases. This makes the
laser processing less precise. Another problem seen with nanosecond
laser processing is plasma shielding. The particles generated by laser
ablation interact with a portion of the irradiated laser beam, reducing
the amount of energy that reaches the surface and, consequently,
lowering the ablation rate.

For picosecond laser pulses (short pulses compared to nanosecond
pulses), the laser irradiation leads to heat conduction by the electrons
in the material, and thus, a melted region is formed inside the target
material. Along with this, a transition from solid to vapor occurs
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Figure S. Various processes associated with avalanche ionization.

directly at the material surface. However, inside the material, the
molten substance (liquid) minimizes the precision of laser texturing.

For femtosecond laser pulses (ultrashort pulses), the time scale for
ablation is very short. The femtosecond laser pulse irradiation on a
material directly transits the material from the solid state to the
plasma state. Upon laser irradiation, free electrons absorb the incident
energy and transfer it to the lattice, causing rapid heating on a
picosecond time scale. This results in vaporization and plasma
generation, followed by a sudden expansion in a vacuum. The
conduction of heat into the material is negligible during this process.
So, in femtosecond laser processing, because of the immediate
generation of vapor and plasma states, thermal dissipation becomes
negligible, and hence, the molten phase is absent.>® Plasma shielding
is also negligible in the case of femtosecond lasers. As a result, this
makes it possible to ablate the material with very minimal laser
fluence. However, at high laser intensities, some nonlinear absorption
processes dominate over the above-mentioned nonthermal pro-
cesses.”” In other words, the high intensity of lasers induces nonlinear
absorption processes such as multiphoton absorption, avalanche
ionization, etc., resulting in the generation of free electrons with
sufficient density to trigger the ablation, regardless of the type of
sample material.

As seen in Figure 6, for long-pulsed laser ablation, the Heat-
Affected Zone (HAZ) is maximum, and the laser surface treatment
becomes less precise due to the presence of microcracks, the recast
layer, and the resolidified layer. For ultrafast laser ablation, the
formation of surface debris, microcracks, as well as heat-affected zones
is very minimal, and the fabricated grooves have clear edges.®’ They
are capable of ablating material from the surface quickly and cleanly
without affecting the surrounding regions. From the aforementioned
discussion, it is clear that ultrafast lasers can create nano- or
micropatterning structures on the surfaces of various materials
without significantly affecting the surrounding areas. Hence, they
have been extensively employed for surface modifications of various
biomaterials to enhance osseointegration and antimicrobial properties.
A detailed discussion on this is presented in Section 3 below.

(a) T Laser

b
(Long pulse duration) ( ) (Short pulse duration)

Surface debris

QMO

Large heat

Few surface
/ debris

° 0

OQGQ

« affected zone

Shock wave

~

Figure 6. A comparison between (a) nanosecond (long pulse
duration) and (b) femtosecond (short pulse duration) laser-treated
material surfaces. Reprinted with permission from {Lin and Hong,
Ultrafast Science} Copyright {2021} Science Partner Journals.*”®

3. INFLUENCE OF VARIOUS LASER PATTERNING
PARAMETERS ON THE MATERIAL SURFACE
PROPERTIES

3.1. Basic Mechanism of Direct Laser Texturing

Laser-assisted surface modification systems usually consist of a
high-energy laser beam, which is focused on the substrate
material of interest placed on a translation stage using suitable
optics (Figure 7). The surface characteristics of the laser-

(a) Direct laser texturing

m Lens

(b) Effect of various 1

¥ Laser-textured
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Substrate placed on a
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Figure 7. (a) Schematic representation of direct laser surface
texturing and (b) effect of various laser-texturing parameters on the
microstructures formed.

Table 2. Table Showing the Comparison between Nanosecond, Picosecond, and Femtosecond Lasers

characteristics nanosecond laser picosecond laser

Pulse 107 s 10725
duration

58,60

femtosecond laser

1075 s

Mechanism of Thermal ablation of material ~Ablation (nonthermal) through melt formation ~Ablation through energy absorption by free electrons causes

ablation through melting and within the material due to heat conduction by
vaporization electrons
Thermal High thermal effect leading
effect to more heat-affected zones  surroundings
Plasma High plasma shielding Minimum plasma shielding
shielding

rapid heating in a picosecond time regime, and hence, the melt
phase is absent

Low thermal effect, thereby less damage to the Minimum to zero thermal effect leading to ablation within a

well-defined area

Negligible plasma shielding
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processed substrate highly depend on the mode of operation of
the laser, more specifically, the laser parameters. Once a laser-
based surface modification system is developed, various laser
parameters, such as the type of laser, wavelength, energy, pulse
width, repetition rate, etc., have to be optimized for creating
the desired textures on the sample material surface. The laser
wavelength will be chosen based on the optical characteristics
of the sample material of interest. For example, the optical
reflectivity of metals is very high in the near-infrared region
compared to the UV (shorter) wavelength region. But at
shorter wavelengths, the maximum laser power available tends
to decrease, and hence, lasers with visible wavelengths are
preferred for the ablation of metals.”* The value of the laser
fluence also depends on the substrate material chosen for the
surface modification. Compared to polymer materials, the laser
fluence for surface patterning on metals is generally high, as
their ablation threshold is high. As a quantitative explanation,
for a solid material irradiated with a 100 fs laser pulse, the
excitation occurs in the femtosecond range and the process of
melting occurs roughly in the picosecond regime. The ablation
and, thereby, material removal last up to the nanosecond time
regime.62 The range of intensities for this to happen spans
from approximately 10'° W cm™ to beyond 10"* W cm™ in
the case of metals. For ceramics and polymers, this range is
even higher.”” The range of energy required for surface
ablation depends mainly on the type of material and its
chemical makeup and structure, as outlined in Section 2.2. The
amount of laser energy plays an important role in determining
the shape, width, and depth of the microstructure created.® In
the case of repetition rate, a high value results in a large
number of laser-ablated craters per unit area. By variation of
these laser parameters, craters with different dimensions can be
created on the substrate surface. Similarly, by varying the speed
of translation of the motorized stage and its direction of
movement, the distance between the craters, i.e., hatch spacing
(distance between two consecutive laser spots) and, thereby,
pulse overlapping can be adjusted for fabricating different
structures on the substrate surface. Each of the patterning
parameters influences the interaction between the laser beam
and the surface of the materials, thus influencing the rate at
which the material is ablated. The rate of material ablation also
depends on the laser processing atmosphere. For example, the
ablation efficiency of a material is high in a vacuum compared
to ambient air.”" Thus, the influence of laser patterning
parameters on the spacing density, roughness, and wettability
will be studied by analyzing the surface patterns created.
Among these patterns, optimized patterns will be selected
based on the surface characteristics for further evaluation. For
this purpose, the laser-textured material was subjected to
various surface analysis techniques. The various techniques
commonly used to analyze the morphology of the laser-
textured surface include Scanning Electron Microscopy
(SEM), Optical Microscopy, Atomic Force Microscopy
(AFM), field electron-scanning electron microscopy (FE-
SEM), etc. Wettability studies are usually carried out by
analyzing the water contact angle measurements, mostly done
by using a contact angle goniometer. Surface roughness is
analyzed using methods such as Scanning Electron Microscopy
(SEM), Confocal Laser Scanning Microscopy (CLSM),
profilometry, etc, and techniques that use scanning probes,
such as Atomic Force Microscopy (AFM).°%° In addition to
this, researchers also evaluate the changes in surface chemistry
after laser-texturing through techniques such as Energy
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Dispersive X-ray Spectroscopy, X-ray Diffraction, X-ray
Photoelectron Spectroscopy, Raman Spectroscopy, etc. To be
more specific, the laser processing parameters have to be
adjusted to create specific surface structures such that these
structures would serve particular functions, such as enhancing
cell adhesion and proliferation or inducing antibacterial
properties (Scheme 2). A parametric study is performed to

Scheme 2. A Conceptual Diagram Showing the Relation
between Laser-Assisted Surface Texturing of Dental
Biomaterials, the Resulting Surface Features, and Biological
Responses
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evaluate the best processability ranges, thereby choosing the
best set of parameters that creates surface features that will
enhance the surface roughness, for controlling the wettability.
The control of surface wettability is essential for either
inhibiting microbial adhesion or enhancing osseointegration.
Hydrophilic surfaces are the most preferred for the enhance-
ment of adhesion, whereas hydrophobic surfaces are used for
the generation of self-cleaning surfaces and reducing adhesion.

Optimization of the best combination of laser patterning
parameters is usually done experimentally. In addition to this,
methods of design of experiments (DoE), such as the Taguchi
method, neural network, etc., are also adopted to support the
experimentally selected combinations of laser patterning
parameters. The initial step of the Taguchi method involves
the selection of the processing parameters based on
experimental analysis and then the choice of a proper
orthogonal array to carry out the experiments. The
experimental results are then analyzed using analytical
methods, like the Signal to Noise ratio (S/N) ratio, which
represents the ratio of meaningful value for the output
response and the power of background noise (unwanted
information), and statistical Analysis of Variance (ANOVA) by
design-expert software. The analysis ultimately helps determine
the best suitable combination of process parameters.””*® The
ANOVA method is conducted to study the impact of
individual processing parameters on the observed output and
to find which parameters have a significant effect on the laser-
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texturing.”” Evaluating the applicability of artificial neural
networks to establish a nonlinear relation between laser-
ablated microstructures and the laser patterning parameters has
also become a recent matter of interest.”’ Such methods can be
powerful tools for the statistical design of experimental
parameters, considering multiple factors so that they reduce
the test time. The following section deals with the effect of
laser-texturing on various surface parameters.

3.2. Topography

Texturing of a material surface using lasers can generate diverse
surface structures that are micrometer or nanosized. Laser’s
ability to create regular and periodic surface structures is being
widely used for various surface engineering applications.
Surface features commonly generated by laser-based techni-
ques include Laser-Induced Periodic Surface Structures
(LIPSS), microchannels or microgrooves, microholes, micro-
pillars, porous structures, and hierarchical structures (Figure
8). A particular combination of laser parameters will produce a

Figure 8. (a and b) SEM images of typical High Spatial Frequency
LIPSS and Low Spatial Frequency LIPSS on the titanium film surface.
Reprinted with permission from {Nathala et al, Optics Express}
Copyright {2015} Optica Publishing Group.”” (c) SEM images of a
microchannel (microgroove) prepared on the PMMA surface.
Reprinted with permission from {Ouyang et al, Optics & Laser
Technology} Copyright {2022} Elsevier.”” (d) SEM image of a
microhole on the PMMA surface. Reprinted with permission from
{Sunderlal Singh and Samuel, Optics & Laser Technology} Copyright
{2024} Elsevier.”* (e) SEM image of micropillars on the titanium
surface. Reprinted with permission from {Patel et al, Surface and
Coatings Technology} Copyright {2018} Elsevier.”> (f) SEM image
of the porous structures on the silicon surface. Reprinted with
permission from {Zhao et al, Applied Surface Science} Copyright
{2015} Elsevier.”® (g) SEM images of a hierarchical surface texture on
titanium. Reprinted with permission from {Gupta et al,, Langmuir}
Copyright {2024} ACS Publications.”’”

distinct surface structure. Uhlmann et al,,”" in their study, have
produced various surface structures such as microchannels,
microcavities, and LIPSS on titanium alloy through laser
texturing with different combinations of scanning speed and
laser fluence.

Laser-induced periodic surface structures (LIPSS) are
nanoscale-sized surface structures having periodic ripple-like
topography.”® LIPSS-based surface patterning has been
recently investigated for several applications, such as enhancing
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the adhesion capability and controlling the wettability of
different materials, etc. Based on the periodicity, LIPSS are
classified into two categories: Low Spatial Frequency LIPSS
(LSFL), having a period between A and 1/2, where 1 is the
wavelength of the laser beam, and High Spatial Frequency
LIPSS (HSFL), having a period below 1/2.”° Femtosecond
laser-based surface texturing on dental implants made of pure
titanium has been reported to generate LSFL on the crest
portion of the implant and HSFL on the highly inclined flank
portion of the implant by adopting appropriate patterning
parameters, and the surface structures were found to increase
the attachment and proliferation of the osteogenic cells.”” In
addition, the potential of LIPSS with extremely uniform
nanostructures, called Highly Regular LIPSS, fabricated using a
femtosecond laser in the enhancement of osteoblast cell
adhesion, has been evaluated and was found to be effective.®

Other typical laser-fabricated surface structures are micro-
channels and microgrooves, almost similar structures, which
are widely utilized, generally in microfluidic applications.
Several studies have fabricated such structures in dental
biomaterials for various applications. Regular arrays of
microgrooves and ridges on dental zirconia fabricated using a
femtosecond laser have been reported to improve the early
stage differentiation of preosteoblast cells. Sunderlal Singh and
Samuel”* analyzed the variation of the dimensions of a
femtosecond laser-ablated microchannel on PMMA with
various patterning parameters. Their study reported that
both the width and depth of the microchannels increased
with an increase in the laser energy and the number of laser
pulses. Moreover, an increase in the scanning speed resulted in
a decrease in the channel width. Microchannels were created
on PMMA with a width less than the beam waist by choosing
an energy value comparable to the ablation threshold of the
material and an optimum value of the scanning speed. This
shows the efficiency of an ultrafast laser system in creating
structures less than the focal spot without the use of lenses
with shorter focal lengths to reduce the focal spot size.

Direct laser ablation also produces microhole structures, the
dimensions and morphology of which depend upon the laser
parameters such as laser fluence, pulse duration, and number of
pulses.®’ The microhole diameter and depth increase with the
increase in energy density and number of laser pulses and may
also lead to the formation of increased melts and debris, the
resolidification of which produces bead-like or wave-like
structures within the microhole.*”

Micropillar or microcolumn-like and microporous structures
have been found advantageous for wettability applications.
These structures increase the roughness and lead to the
formation of a solid—air—liquid interface, increasing the
hydrophobicity of the material surface. Surface texturing of
titanium alloy using a femtosecond laser in a study has been
observed to produce two different surface morphologies:
microchannel-like structures, made at low scanning speed, and
microporous structures with a lot of protrusions, made at high
scanning speed.”” Surfaces with microporous structures had a
hydrophobic nature, which exhibited reduced bacterial
adhesion compared to surfaces with microchannels that had
a hydrophilic nature.

Of late, the fabrication of hierarchical surface structures
using lasers has gained great importance. Christoph Zwahr et
al.** fabricated hierarchical surface structures on pure titanium
metal by patterning microholes (by Direct Laser Interference
Patterning) on top of large-sized microcraters (by Direct Laser
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Figure 9. 3D morphology and profile curve (roughness plot) of (a) untreated and (b) laser-treated zirconia ceramic surfaces analyzed by laser

scanning confocal microscopy. Reprinted with permission from {Liu et al,, Ceramics International} Copyright {2024} Elsevier.
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Writing). These hierarchical structures showed a significant
reduction in wear and comparatively decreased adhesion of the
E. coli bacteria. Similar results have been reported by Gupta et
al,”” in which the hierarchical surface structures fabricated on
titanium alloy by combining LIPSS and microscale structures
exhibited a significant percentage of damaged and even dead E.
coli bacterial cells compared to the polished surface and surface
with microscale structures. LIPSS were produced by Direct
Laser Writing on top of the microscale structures created by
Laser Surface Melting. However, further studies must be
performed to validate the capability of hierarchical surface
structures to provide antimicrobial properties, biocompati-
bility, and mechanical stability.

Even though femtosecond lasers are the most appropriate
for reducing the melting and resolidification of the substrate
surface, studies have also reported that surface modification of
polymers using femtosecond lasers is quite challenging
compared to metals and ceramics due to the resolidification
of the surface debris, which largely affects the surface
topography and quality. This issue was solved in a study
done by Ouyang et al.”’ through a short-term annealing
treatment of the laser-patterned PMMA specimen. They
generated 3D microstructures having sharp edges and smooth
inner walls on PMMA by placing the laser-textured specimen
in a blast drying oven at room temperature and gradually
increasing the temperature at a rate of 6 °C/min. After holding
it for some time, the samples were allowed to cool, thereby
reducing the surface irregularities and redeposited particles.
After femtosecond laser processing, an altered layer of PMMA
chains with a decreased molecular weight is formed on the
PMMA surface. During annealing, this modified layer melts,
and the molten materials are leveled to obtain a smooth effect
on the microstructures. In a recent study, Xu et al.*
introduced three different microstructures, such as micro-
groove, microhoneycomb, and microcomposite structures on
the zirconia surface through laser texturing, and microbial
adhesion was found to be higher on the microgroove textures
compared to the other two surface textures. Besides this, some
unfavorable structures, like concave and corner shapes, formed
on the surface, which became a place for increased microbial
attachment. Hence, it is noteworthy that optimization of
patterning parameters is necessary to generate surface
structures that would minimize microbial adhesion.

3.3. Roughness

The role of surface roughness in minimizing microbial
adhesion and biofilm formation and promoting osseointegra-
tion has been extensively explored. Compared to conventional
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surface texturing methods, direct laser texturing is highly
effective in producing surfaces with uniform roughness.*’
Surface modification of titanium alloy, in a study, using various
methods such as sandblasting, acid-etching, and Er, Cr: YSGG
laser, claimed that the laser textured surface has the highest
roughness compared to other methods.”” Lasers are capable of
generating surfaces with average roughness ranging between
several micrometers (Figure 9). In a recent study, laser-based
surface modification of zirconia produced groove-like
structures of different periodicities, in which the valley and
pile-up portions of the grooves had microscale roughness and
nanoscale roughness along some of the valleys.”® An increase
in laser fluence and repetition rate corresponds to an increase
in roughness, whereas an increase in scanning speed
corresponds to a decrease in roughness.”” Surface roughness
is usually quantified using parameters such as average
roughness (R,) and root-mean-square roughness (Rq).51
Several studies have shown that surface roughness on the
nanoscale can reduce the adherence of microbes as the area of
contact between the surface and the microbes decreases. In
contrast, some other studies showed that the effect of the
roughness on microbial adhesion was selective. An in vitro
study reported that the Er, Cr: YSGG laser effectively reduced
microbial adhesion on zirconia surfaces without causing
significant alterations in surface microroughness.”’ The
observed variations in outcomes may be attributed to
differences in the laser parameters used for surface texturing.
In addition, implant surface roughness has a significant effect
on bone response to the implants.”>”* The average roughness
(R,) of the biomaterial surface highly influences the healing
period by anchoring cells and thus making a connection to the
surrounding tissues. These surfaces show advantages over
smooth polished surfaces as the surface area is increased
through microstructuring of the material surface, and hence,
more bone cells can attach to the surface.”*® In other words,
rough surfaces enhance cytocompatibility by promoting the
adhesion of cells, proteins, and other growth factors.”®””
Meanwhile, observations of the relationship between the
surface roughness and microbial adhesion are still controversial
in the literature. Some studies showed that there is no
significant reduction in microbial adhesion with increased
surface roughness,98 while some other studies have attributed
the reduction in bacterial proliferation to the high roughness
up to 8 um.”
In light of these observations from the existing literature,
there is room for further investigation involving large-scale
experiments on the effect of various laser patterning parameters
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Figure 10. SEM images of (A) untreated, (B) grit-blasted, and (C) laser-treated titanium surfaces and (D—F) the corresponding images of a 6 uL
drop of HPLC-grade ultrapure water on these surfaces, respectively. Reprinted with permission from {Ionescu et al, PLoS ONE} Copyright {2018}

Public Library of Science.'®*

on microbial adhesion. Additionally, modeling tools such as
Taguchi methods can be used for prediction purposes.

3.4. Wettability

Wettability is an important surface property of dental
biomaterials, and this property becomes crucial when it is
connected to the prevention of microbial adhesion or the
promotion of osseointegration. An ideal dental biomaterial
requires a highly wettable surface and superior antibacterial
properties. Increased wetness promotes tissue adhesion and
growth on the material surface, thus reducing microbial
adherence. In biological systems, wettability plays a pivotal
role in increasing the interaction between solid and liquid
surfaces.'”” The surface wettability of materials is usually
expressed in terms of hydrophilicity or hydrophobicity, which
can be determined by analyzing the angle of contact of a liquid
with the material surface (Figure 10). The material surface is
hydrophilic if the contact angle of a liquid with the surface is
less than 90° and hydrophobic if the contact angle is greater
than 90°."""

The structure and dimensions of the micro- or nanosized
protrusions on the surface of materials greatly influence the
wettability, thus behaving either as a hydrophilic or hydro-
phobic material.'”> It was reported that laser-generated
micrometer-scale cones on top of the submicrometer-scale
ripples on titanium alloy were found beneficial in trapping air
between the structures, which acted as a barrier to the
penetration of water droplets into the surface structures. These
surfaces exhibited superhydrophobicity compared to the LIPSS
surface structures fabricated on the same material.”’

Biomaterial surfaces that become easily wetted help enhance
cell adhesion, differentiation, and proliferation during the
initial stages of bone formation. Hydrophilic surfaces improve
biological interactions, especially with blood. Laser patterning
on commercially pure titanium samples has been reported to
generate hydrophilic surfaces due to the complex surface
nanostructures along with the presence of oxides, which
improved the osseointegration of human mesenchymal stem
cells."”* Moreover, studies have reported that femtosecond
laser treatment can modify titanium alloy surfaces, thereby
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generating superhydrophobic surfaces, which reduced the
fibrin network formation compared to the acid-etched surface
that exhibited hydrophilicity.'”® Hence, better surface wett-
ability makes tissue attachment and integration better.

Recent research showed that femtosecond laser-induced
surface modification of a bioactive glass material increased its
wettability and enhanced its antibacterial property by
minimizing the adhesion of three types of nosocomial bacterial
species. Along with this, they also confirmed that laser
texturing retained the biocompatibility of the material, as
they observed that the attachment and growth of INT407
human cells remained unaltered compared to the untreated
materials.”’

Femtosecond laser-assisted modification has been reported
to successfully alter the surfaces of titanium alloy, stainless
steel, and zirconium-based bulk metallic glass by fabricating
LIPSS, making them more hydrophilic than the control.*’
XPS analysis of these material surfaces confirmed the presence
of surface oxides after laser texturing, which increased the
surface energy of the materials, thereby increasing the
hydrophilicity. Even though the surface was hydrophilic,
there was a significant reduction in the formation of biofilm
and bacterial growth.'® A justification for this was given by
Shaik et al.** Their study regarding the surface treatment of
titanium alloy (Ti6Al4 V) with a femtosecond laser to reduce
bacterial adhesion reported that the sample surface showed
very low contact angle values soon after laser patterning due to
surface oxidation during laser irradiation; hence, the contact
angle measurement was taken after several days and noted an
increase in contact angle value from 73 to 160° when measured
after 12 days. The transformation of the laser-textured surface
from hydrophilic to superhydrophobic state can be attributed
to changes in surface chemical composition and adsorption of
carbon and other organic compounds from the atmosphere.'"’
Patil et al.'" utilized a thermal annealing treatment on the
laser-textured grade-S Ti—6Al—4 V alloy to accelerate the
conversion of the surface from a hydrophilic to super-
hydrophobic state. Metal specimen surfaces will be hydrophilic
immediately after laser treatment as a result of the formation of
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Table 3. Some Recent Studies on Laser-Assisted Surface Modification of Dental Biomaterials with the Patterning Parameters,
Observed Surface Characteristics, and Their Effect on Microbial Adhesion or Osseointegration

Author and Biomaterial | Laser type Laser | Power/ | Pulse | Repetition Speed Focal Observed Observed Observed Influence of
year used for wavele | Energy | width | rate of length topography roughness wettability the surface
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a thin, unstable metal oxide layer on the laser-textured
specimen surface created as the molten metal reacts with
atmospheric oxygen during ablation. Over 15 to 20 days, this
oxide layer naturally thickens and stabilizes, and hence, thermal
annealing of the laser-textured specimen surface would reduce
the time for the transition to a superhydrophobic surface by
accelerating the oxidation process, thereby increasing the

chemical stability of the material surface. It is interesting to
note that such surface changes may vary among the materials,
depending on their chemical stability or inertness. In this
regard, even though the polymeric surfaces are generally
considered inert or less reactive, the effect of time duration on

the hydrophilic or hydrophobic behavior is not fully explored.
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Table 4. Common Findings from the Studies Related to Laser-Assisted Surface Modification of Dental Biomaterials That Are

Considered in This Review

parameter inference

Laser parameters
research preferred femtosecond lasers.

o Pulsed lasers are commonly used with pulse widths ranging from nanoseconds, picoseconds, and femtoseconds. The majority of the recent

o Laser wavelengths adopted were mostly 355, 532, 800, 1030, and 1064 nm.

® Laser energy or fluence varied depending on the ablation threshold of the materials considered for laser texturing in the respective study.

e About 43% of the studies considered in this review adopted a repetition rate in the range of 1 to 1000 kHz for laser texturing (laser pulse
durations, in such cases, were in the range of picoseconds or femtoseconds). A few studies adopted a repetition rate in the range of 1 to 100
Hz (laser pulse durations were in the nanosecond range).

Focusing optics

o Biconvex lenses of focal lengths 50, 100, and 200 mm were generally used for focusing the laser beam on the sample material. Some studies

used objective lenses as well, which will offer better light collection and focusing, resulting in a smaller spot size.

o A few studies that adopted a galvanometer scanner system used an f-theta lens of focal lengths 56 or 100 mm for focusing. A galvo scanner
combined with f-theta lenses enables higher scanning speeds while ensuring consistent and uniform laser ablation across large surface areas.

Scanning speed of
the translation
stage

craters will be high if the scanning speed is high.

Sample material

used based materials remains relatively limited.

e Speed of translation (repetition rate of the laser as well) determines the distance between the laser-ablated craters. The space between the

® Scanning speed adopted varied in the range of 1 to 3000 mm/s.

® Around 68% of the studies included in this review pertain to laser-assisted surface modification of titanium, whereas research on polymer-

® Substrate surfaces subjected to laser texturing are generally flat. A few studies have conducted laser texturing on dental implant material
having irregular surfaces. Surface patterning on irregular surfaces is quite challenging.

Microbes tested
microorganisms in the oral cavity.

Biological tissues
tested for
cytocompatibility

e Evaluation of microbial adhesion was tested against S. aureus, S. mutans, E. coli, C. albicans, etc., which are the commonly seen

e Cell adhesion tests were carried out to investigate the adhesion and proliferation of cells such as human mesenchymal stem cells (hMSCs),
human osteoblast-like osteosarcoma cells (MG-63), human gingival fibroblast cells, etc.

Even though most of the studies proved that hydrophobic
surfaces significantly reduce microbial adhesion, some studies
showed that the antimicrobial effect can be generated by highly
hydrophilic surfaces as well.'” Since the superhydrophilic
(high surface energy) surfaces are surrounded by a monolayer
of mobile water molecules, these water molecules cannot be
displaced by any proteins or cells. Thus, such superhydrophilic
surfaces prevent the adhesion of both cells and microbes on
the surface, as the proteins will not directly interact with the
surface and are anchored only through hydrogen bonds.
However, these surfaces may not be appropriate for
applications that require osseointegration, as they prevent the
adhesion of cells." "

As mentioned in the Introductory section, the majority of
the research considered material surface topography, rough-
ness, and wettability as the prime factors influencing microbial
adhesion. These three parameters are interrelated, too. Varying
one parameter results in variation of the other two parameters.
As an example, some recent studies on laser-assisted surface
modification of dental biomaterials with the patterning
parameters, observed surface characteristics, and their effect
on microbial adhesion or osseointegration are represented in
Table 3."""~""? It is worth noting that interpreting the actual
effect of surface topography and wettability on microbial
adhesion and osseointegration turns out to give contradictory
conclusions most often, as surface roughness is considered to
be the primary factor that describes both surface topography
and wettability in a majority of studies. Moreover, such studies
neglect the role of other characteristics, such as the chemical
composition of the substrate material, its surface charge,
stiffness, nature, and properties of the microbes and cells
chosen for the assays. Even though these characteristics do not
have much implication in controlling the rate of adhesion of
microbes as well as bone cells compared with that of surface
topography, roughness, and wettability, it is necessary to
consider them as well. In this regard, it is important to analyze
the surface properties from various aspects, so that the existing
theories and results can be properly validated.
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4. CONCLUSION AND FUTURE TRENDS

Dental biomaterials and related research have evolved
considerably over the past 20 years, with their applicability
progressively enhancing. Of late, lasers are utilized extensively
for the surface modification of dental biomaterials. Laser-
assisted surface texturing is a highly controlled and precise
texturing method that can process various types of substrate
materials, such as metals and alloys, ceramics, polymers, etc. By
focusing a highly intense laser beam on the substrate material
of interest, micro- and even nanoscale surface structures can be
fabricated. This enhances the material’s surface properties like
roughness and wettability, which in turn affect the cell
response to the biomaterial as well as microbial adhesion.
Studies have shown that laser-assisted surface texturing is
capable of enhancing material characteristics and thereby
reducing microbial adhesion as well as promoting osseointe-
gration compared to conventional surface modification
methods. The present review summarizes the utilization of
lasers for the surface modification of dental biomaterials to
promote better osseointegration and minimize microbial
adhesion. Laser patterning parameters play a major role in
modifying the surface topography, surface roughness, and
wettability of a material. The major inferences from the
research articles considered in this review are summarized in
Table 4.

As the main essence of laser-based surface texturing is to
modify the surface features of dental biomaterials, the
fabrication of surface features with specific shapes and
dimensions, respectively, to specific applications becomes
crucial. Further studies are warranted to optimize the laser
patterning parameters for any surface modification system that
serves a specific function. In addition, there is a huge scope for
further investigations of the longevity of biomaterials in terms
of better osseointegration as well as reduced microbial
adhesion. Despite extensive efforts by numerous researchers
to clarify the underlying mechanisms governing the interaction
between ultrafast laser irradiation and matter, a complete
understanding of the same has not yet been achieved. Even

https://doi.org/10.1021/acsabm.5c01829
ACS Appl. Bio Mater. 2026, 9, 573—-591


www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.5c01829?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Bio Materials

www.acsabm.org

EVIE

though a wide range of ultrafast laser systems are available,
scaling up the production volume continues to pose a
significant challenge for clinical translation. Consequently,
ongoing research and development are essential, serving not
only fundamental scientific interests but also the advancement
and commercialization of ultrafast laser processing technolo-
gies, especially for dental biomaterials. Moreover, hybrid
approaches that combine additive and subtractive manufactur-
ing techniques can enable greater diversity in geometry and
enhanced functionality of fabricated structures, thereby further
improving the overall performance of ultrafast laser processing
of dental materials. Encouragingly, a majority of studies report
favorable results, indicating significant enhancements achieved
through laser texturing. Even though the results are promising,
further research involving animal and human studies is
essential to fully harness the potential of laser-surface texturing
in enhancing the functionality of biomaterials. Comprehensive
long-term clinical evidence remains limited, as there are very
few in vivo studies being conducted, emphasizing the necessity
for continued research to advance and refine these processes.
Additionally, with the integration of artificial intelligence for
the optimization of laser processing parameters and improved
processing strategies, laser-based surface modification repre-
sents the future of dental biomaterials, transforming both
patient comfort and clinical efficiency for practitioners.
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