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ARTICLE INFO ABSTRACT
Keywords: In recent years, the application of lasers for modifying the surface topography of dental bio-
Laser materials has received increased attention. This review paper aims to provide an overview of the
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current status on the utilization of lasers as a potential tool for surface modification of dental
biomaterials such as implants, ceramics, and other materials used for restorative purposes. A
literature search was done for articles related to the use of lasers for surface modification of dental
biomaterials in English language published between October 2000 and March 2023 in Scopus,
Pubmed and web of science, and relevant articles were reviewed.

Lasers have been mainly used for surface modification of implant materials (71%), especially
titanium and its alloys, to promote osseointegration. In recent years, laser texturing has also
emerged as a promising technique to reduce bacterial adhesion on titanium implant surfaces.
Currently, lasers are being widely used for surface modifications to improve osseointegration and
reduce peri-implant inflammation of ceramic implants and to enhance the retention of ceramic
restorations to the tooth. The studies considered in this review seem to suggest laser texturing to
be more proficient than the conventional methods of surface modification. Lasers can alter the
surface characteristics of dental biomaterials by creating innovative surface patterns without
significantly affecting their bulk properties. With advances in laser technology and availability of
newer wavelengths and modes, laser as a tool for surface modification of dental biomaterials is a
promising field, with excellent potential for future research.

1. Introduction

The invention of LASER (light amplification by stimulated emission of radiation) has made a major renaissance in the field of light-
based experiments. As compared to the conventional light sources wherein the emitted photons diffuse in all directions, the lasers emit
nearly single wavelength photons (monochromatic) that are in phase (coherent) and propagate along the pre-defined direction with
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minimum divergence (directionality). These unique properties make LASER as an ideal tool to deposit photon energy into a highly
localized region and cause physiochemical changes to the matter [1].

The discovery of the first ruby laser in 1960 by an American physicist, Theodore Maiman [2], generated a lot of interest in the
medical fraternity. In the subsequent years, research involving the study of laser interaction with biological systems, including clinical
trials, led to an increase in their applications [3].

In the field of dentistry, soon after the discovery of ruby laser, researchers began exploring their potential for treating tooth decay
and other oral conditions [4,5] Initial experiments with lasers reported severe damage to teeth and dental pulp [6]. Although lasers in
dentistry were widely explored in the 70s and 80s, it was not until 1990 that laser dentistry became safe and practical when Dr. Terry
Myers developed the first Nd:YAG laser (neodymium-doped yttrium aluminium garnet) exclusively for dental applications [7].

In early 1990s, Ar (argon), CO2 semiconductor diodes and Nd:YAG lasers were mostly used which were more suited for ablating soft
tissues than hard tissues. In 1989, a pulsed Er:YAG laser (erbium-doped yttrium aluminium garnet) was found to be capable of cutting
bone, dentine, and enamel [8]. Later in 1997, Er,Cr:YSGG laser (Erbium, chromium-doped yttrium, scandium, gallium and garnet) was
developed, which was suitable for the surgical needs of dentistry.

In the last decade, lasers have gained diverse applications in dentistry including detection and removal of dental caries [9-14] as
well as testing the pulp vitality [15-17]. Lasers have also proven to be an efficient tool for performing fast, high precision and
minimally damaging cavity cutting of teeth [18,19]. Tooth bleaching using lasers has also gained popularity in recent years [20-22].
Apart from this, many surgical procedures are being carried out with the help of lasers, such as gingival sculpting, osseous crown
lengthening, biopsies, etc. [23-26].

Of late lasers have been increasingly used as a tool for surface modification of several biomedical devices such as pacemakers,
implants etc. Dental biomaterials are natural or synthetic materials used to replace or restore damaged dental tissues [27]. One of the
major requirements of dental biomaterials is biocompatibility in the oral environment, which is often influenced by surface charac-
teristics of the materials such as roughness, surface energy, wettability, etc. The ability of the lasers to precisely change the surface
features of a material and hence its interaction with the surroundings generated much interest among the researchers to harness this
unique feature to improve the material’s behavior with biological systems. When a laser beam with sufficient energy is focused on the
material surface, there is localized melting, ablation, evaporation and/or resolidification of the material, resulting in the formation of
various micro or nanoscale surface features with consequent changes in the surface characteristics. By adjusting the laser’s parameters,
it is possible to selectively modify surface of the materials without affecting the internal structure and bulk properties. Controlled laser
ablation for modifying the surface topography of dental biomaterials and thereby tuning their biological and other surface properties is
being widely explored. In view of increasing application of lasers, the present review aims to provide an overview of the current status
on the utilization of lasers as a potential tool for surface modification of dental biomaterials such as implants, ceramics, and other
materials used for restorative purposes, as well as the effect of these surface modifications on their surface topography, wettability,
osseointegration, bond strength and microbial adhesion. This review also aims to provide a comprehensive insight to the readers
regarding the fundament principles of lasers, variable laser parameters which affect the surface modification and the basic experi-
mental set-up used for the process.

2. Methods

A literature search was done for articles related to the use of lasers for surface modification of dental biomaterials by using
electronic database search tools such as Scopus, Pubmed and Web of Science. The keywords used in the search were laser, dental
implant, ceramics, surface pattern, surface topography, osseointegration. All the articles obtained during initial search and related
articles were evaluated for relevance by reading their titles and abstracts. For articles with insufficient data, the manuscript was read in
full. All the relevant articles were then read in full and their eligibility was assessed based upon the inclusion and exclusion criteria
established previously (Table 1). Articles which fulfilled the inclusion criteria were included in the review.

3. Results and Discussion

Based on the studies included in the present review, it can be observed that lasers have been mainly used for surface modification of
implant materials (71%), especially titanium and its alloys, to promote osseointegration (Figs. 1 and 2). Among the different types of
lasers for surface modification, Nd:YAG is the most commonly used. Several in vitro and in vivo studies have been conducted to evaluate
the effect of laser patterning on the adhesion, growth, and proliferation of cells, wettability, surface hardness, mechanical properties,
surface finish, antibacterial properties and formation of biofilm on implant surfaces. Apart from dental implants, lasers have also been

Table 1
Inclusion and exclusion criteria used in the selection of relevant studies.

Inclusion criteria Exclusion criteria

Online sources: PubMed, Scopus, Web of science

Articles written in English language Articles in languages other than English
Articles published during October 2000 to March 2023 Articles with indistinct information
Relevant articles before October 2000 included for historical reference where necessary Published data not available

Review articles, clinical journals, e-books related to laser applications in dentistry Case reports and Expert opinions
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Fig. 1. Application of lasers for surface modification of materials in dentistry in the last 10 years [ [43]-[172] ].
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Fig. 2. Number of studies done on surface modification in various fields of dentistry in the last 10 years based upon the studies included in our
review [ [43]-[172] ].

frequently used on ceramic restorations to improve their bonding to tooth using resin luting cement.

The results are further discussed under the following sub-sections. Sub section 1 deals with basic principles and mechanisms
involved in the use of lasers for surface modifications. Sub section 2 details the use of lasers for the surface modification of dental
implants. In Sub section 3, application of lasers for the surface modification of various dental restorative materials is presented.

3.1. Basic principles and mechanisms involved in the use of lasers for surface modifications

Controlled surface ablation is carried out by focusing the laser beam on the sample mounted on an X-Y-Z motion motorized
translation stage. By varying the laser energy, the fluence can be controlled on the sample surface and different crater sizes can be
created. Variations in the speed and direction of movement of the translation stage can generate different patterns on the surface of the
sample which can be imaged using a microscope. A schematic diagram of the basic experimental set-up for nano second laser
patterning process is depicted in Fig. 3.

Laser modified sample
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Fig. 3. Schematic representation of a conventional laser patterning facility [28,29].
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3.1.1. Theoretical background

Based on the nature of the output beam from the source laser, the lasers are classified as continuous wave (CW), pulsed and ultrafast
lasers. While the CW lasers provide photons continuously, the pulsed laser gives photons in the form of pulses which are typically in the
duration of 0.5-500 ns. The short pulse duration of pulse lasers results in very high peak power (Peak power = pulse energy/pulse
duration) of the order of megawatts and allows the release of stored energy rapidly to the substrate of interest. On the other hand,
ultrafast lasers with pulse widths of 5 fs to 100 ps result in a considerable increase in peak power of the laser at a time scale comparable
to or even lower than electron-phonon interaction time in the matter and thus cause little thermal damage to the sample [30].

Of late, the high peak power of the pulsed lasers is successfully exploited for surface texturing/patterning of various kinds of
materials via laser ablation. In laser ablation, the absorption of the deposited laser energy for a short duration and in a spatially
confined region causes the removal of the material from the substrate at the irradiated zone. The localized removal of the materials via
laser ablation facilitates localized surface texturing and the tailoring of the laser parameters and focusing optical conditions provide
control over the extent of texturing [31]. Typically, in the laser ablation process, the material starts with photon absorption, followed
by heating and photo-ionization of the material at the target area by the laser beam. Subsequently, the ablated materials are elimi-
nated/removed from the target surface as solid fragments, vapours, liquid drops, or as an expanding plasma plume.

The amount of ablated material thus depends on the laser parameters as well as the substrate material (Table 2). As the laser
exposure time scale of nanosecond laser pulses is larger than the interaction time scale of electrons and phonons in the ablated sample,
the nanosecond laser often causes undesirable thermal effects and thus limits the resolution of the ablation zone. In nanosecond laser
beam interaction with the material, the surface of the target material gets heated to melting point and then to vaporization temper-
ature. The melted material resolidifies on the material surface itself and thus results in a non-uniform ablated zone (larger heat-affected
zone, HAZ) as compared to the ablation using a femtosecond laser, as depicted in Fig. 4.

As shown in Fig. 4, the ultrafast laser pulses (~fs) and short laser pulses (~ps) cause a little effect beyond the irradiation zone due to
the fact that for the time scale employed the energy transfer between the lattice and the free electrons does not occur. Therefore, very
high temperatures and pressures are produced at a very shallow depth in the range of microns. Herein, contrary to the irradiation with
a pulsed laser, the material ablation happens without producing a recast layer on the ablated area and thus results in a smooth ablated
region as compared to the irradiation with a pulsed laser [Fig. 5(a-d)] [33].

3.2. Use of lasers for the surface modification of dental implant

A dental implant is a biomaterial inserted in the jawbone or skull to support a dental prosthesis. There are three basic components of
an implant: i) fixture or implant body, inserted directly into the bone. It can be threaded, perforated, grooved, coated etc. ii) Prosthesis
such as crown, bridge or denture etc. iii) Abutment - the piece that connects the implant fixture to the overlying prosthesis [39].
Macro-features of implant fixture such as shape, design, neck and apex, number and pitch of the threads contribute to achieving the
implant’s immediate fit and initial stability [40,41]. The microscopic features such as surface roughness influence bone-to-implant
contact and the host tissue’s cellular response, help in achieving osseointegration, and thus long-term stability of the implant. Such
surface features enhance the expression of biological markers and stimulate the proliferation of osteoblasts, thereby facilitating faster
healing and better osseointegration.

Numerous methods have been reported for modifying the surface of implants, of which grit blasting or sandblasting and acid
etching or their combination (Sand-blasted, large grit and acid etched [SLA]) are widely used. In grit blasting, an abrasive media like
Al;03 and TiO is accelerated through a blasting nozzle by means of compressed air to create microscopic features on to the surface of
the implant fixture. Alternatively, strong acids like HCl, H,SO4, and HNO3 above 100 °C are used for etching the implant surface. SLA
technique involves sandblasting the implant fixture followed by etching with HCl and H»SO4 [42].

Though these methods are well known with proven clinical success and have been in practice for several years, the following are

Table 2
Variables that affect surface modification on biomaterials[34-38].

Variable

Effect on surface modification

Laser factors

Type of laser

Pulse width

Laser Wavelength
Fluence

Speed of translation
Repetition rate

Focusing conditions
Material factors
Nature of Material
Thermal
characteristics
Optical property

Environmental factors

Atmosphere

Pulsed lasers are generally preferred in order to achieve high fluence for material ablation and thus surface patterning

Nanosecond, Picosecond and femtosecond lasers are generally preferred because of their high peak power

532, 800 and 1030 and 1064 nm are generally used

It varies depending on the type of material to be ablated. However, it is generally in the range of 108 W/cm? to 10*° W/cm?

This factor determines the inter-pattern spacing. A high speed of translation will result in greater inter-pattern spacing vice versa
Higher repetition rate results in more number of spots per unit area. 1-10 Hz for nanosecond lasers, 1-40 MHz for picosecond lasers and
kHz and MHz for femtosecond lasers are generally used

Large beam diameter results in bigger spot size for a given focusing scheme

Ablation threshold of metals is generally higher compared to polymers and hence require higher fluence
Thermal conductivity and diffusivity determine the crater or ablated spot size on the material

Better absorption by the material reduces the ablation threshold

Ambient, inert or vacuum atmospheres can be used depending on the reactivity of the material
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Fig. 4. Heat affected zone (in black) created by nano and pico or femtosecond laser [32].
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Fig. 5. SEM image of the substrates after nanosecond and femtosecond laser ablation respectively. Reproduced from Ref. [33] with permission from

the Royal Society of Chemistry.

Fig. 6. Different types of implants materials used for surface modification using lasers based upon the studies included in our review [ [43]-[145] ].
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Table 3
Important studies on laser modification of Ti/Ti alloy implant materials.
Author, Year Type of Type of Laser Used Observations
study
Radnai et al., 2002 In vitro ArF nanosecond excimer laser Cleaner surface with a thicker oxide layer formed which promoted
[54] osseointegration
Hallgren C et al., 2003 In vivo Nd:YAG laser More bone-to-implant contact and peak removal torque
[55]
Braga et al., 2007 [56]  Invitro Nd:YVO, laser (Neodymium-doped Variation in the repetition rate, pulse energy, scanning speed and fluency could
yttrium orthovanadate) be used to control the formation of oxides and other compounds on the surface
of Ti dental implants
Marticorena M et al., In vivo Nd:YAG laser Better peri-implant reparative process response/bone response to implant
2007 [57]
Heinrich A et al., 2008  In vitro KrF (krypton fluoride) excimer laser Preferential attachment of fibroblast to the laser created holey structure that is
[58] an effective biological barrier against bacteria
Faeda RS et al., 2009 In vivo Nd: YAG laser Higher removal torque, faster osseointegration
[59]
Mutlu Erdogan et al., In vitro MHz-repetition-rate femtosecond and Micron-and nanoscale textures can be created with femtosecond laser whereas
2011 [60] picosecond Yb-doped fiber lasers only micron scale textures can be created with picosecond laser. Different
patterns can be created to facilitate or hinder cell attachment/proliferation as
required.
Palmquist A et al., In vivo Q-switched Nd:YAG laser Higher removal torque value and greater bone-implant interface
2011 [61]
Cunha A et al.,, 2013 In vitro Femtosecond laser Induced hydrophilic property on implant surface
[62]
Baltriukiene D et al., In vitro Impulse laser (NL640, Expla, Greater expression of focal adhesion kinase and surface adhesion of human
2014 [63] Lithuania) gingival fibroblasts
Kang SH et al., 2014 In vivo Nd:YAG laser Higher removal torques
[64]
Chu S-F et al., 2016 In vitro Q-switched DPSS Nd:YVO, laser Hydrophilic Ti surface with greater adhesion, proliferation, differentiation of
[65] system MG63 osteoblast-like cells and prostaglandin E production
Gnilitskyi I et al., 2016  In vitro Femtosecond laser Periodic nanostructures promoted Fibroblast adhesion and proliferation on the
[66] implant surface
Kazutoshi Katahira In vitro Yb fiber pulse laser Improved the biocompatibility oftitanium alloys
et al., 2016 [67]
Yang F et al., 2017 In vivo Laser beam melting Better stress distribution in the surrounding bone tissue, biocompatibility and
[68] developed osteoinduction property
Z.Yu et al.,, 2018 [69] In vitro Picosecond laser Correlation between picosecond laser parameters and its corresponding
microstructure feature was established. Laser textured surfaces can promote cell
adhesion and provide cell contact guidance
Ionescu AC et al., 2018  In vitro KrF excimer laser, or Nd:YAG laser Reduction in formation of biofilm
[70]
L. Orazi et al., 2019 In vitro Pico and femtosecond lasers Improved biocompatibility, increased tissue ingrowth and decreased bacterial
[71] adhesion and inflammatory response
Shaikh S et al., 2019 In vitro Femtosecond Laser Exhibited antibacterial property
[72]
Arifagaoglu et al. O, Invitro Laser beam melting Promoted HGF-1 proliferation
2019 [73]
Laura Tiainen et al., In vitro Nd:YAG laser Surface topography obtained using different patterning plans influenced the
2019 [74] wetting behavior and the coefficient of friction against bone
Yansheng DUAN et al.,  Invivo Selective laser melting Better surface characteristics, greater yield strength, higher bone—implant
2020 [75] contact rate and removal torque
Gheisarifar, M et al., In vitro Ytteria laser Greater proliferation and guided gingival fibroblast attachment
2021 [76]
Eghbali N et al., 2021 In vitro Pulsed fiber laser Enhanced adhesion of human osteoblast-like osteosarcoma cells on its surface as
[771 well as improved antibacterial properties
M. Filiberto et al., In vivo Ytterbium laser active fiber Enhanced vital bone formation, bone-to-implant contact and Dynamic
2021 [78] Osseointegration index
Florian F et al., 2021 In vitro Yb:YAG laser Positive interaction of bone cells with surfaces irradiated with laser followed by
[79]1 phosphate deposition
Singh et al., 2021 [80] In vitro Ytterbium fiber laser Laser induced microtexturing with different patterns increased the surface
roughness, surface energy and base wettability characteristics
Meinshausen A et al., In vitro Nd:YAG laser Aspect ratio of nano/microstructures determines Staphylococcus aureus adhesion
2021 [81] on; minimal bacterial adhesion was identified for an aspect ratio of about 0-02.
Libin Lu et al., 2022 In vitro Femtosecond laser Antibacterial and osteointegration-promoting properties induced by micro/
[82] nano surface structures
Du C et al., 2022 [83] In vitro Femtosecond laser A laser-induced periodic surface structure (LIPSS) demonstrated reduced
bacterial adhesion
Godoy et al., 2023 [84]  Invitro CO,, laser Laser treatment altered the surface morphology of the titanium alloy which

inhibited candida biofilm formation
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some of their drawbacks: i) they may leave behind contaminants on the implant surface, which may adversely affect the biological
response at the bone-implant interface; ii) an entire implant fixture is subjected to surface modification with little scope for variations
at different parts of the fixture; iii) occupational hazards associated with long term exposure to the materials used in such processes to
the personnel involved [43,44]. In a recent study, physicochemical modifications to enhance hydrophilicity of Titanium created a
rougher surface that was more susceptible to surface alterations, resulting in more Ti particle release into the bone bed during surgical
insertion. The higher Ti intensities detected in the cervical region of bone beds could lead to peri-implantitis and marginal bone
resorption [45]. In this context, lasers offer a contaminant-free alternative to produce a cleaner surface. Lasers can be used to create
different textures on specific parts of the implant surface to modify the cell response and no other techniques can provide such spatial
selectivity [46], For these reasons, lasers have been increasingly used for surface modification of dental implants in the recent past,
especially Ti and its alloys [47,48]. (Fig. 6).

3.2.1. Ti and Ti alloy implant materials

Ever since the discovery of suitability of Titanium as an implant material by Per-Ingvar Branemark, its use as medical and dental
implant material increased significantly. Titanium is a transition element with an atomic number of 22 and atomic weight of 47.86. It
exhibits a silver metallic color and exists in alpha phase with hexagonal close-packed (HCP) lattice structure below 882 °C and as a beta
phase with body-centered cubic (BCC) lattice structure above 882 °C [50]. It exhibits a high strength to weight ratio, less density, low
modulus of elasticity, superior surface oxide produced by passivation that makes it highly resistant to corrosion, and excellent
biocompatibility [51]. With the longest clinically proven record of being a successful implant, most commercial dental implants
available today are made of Titanium or its alloys [52].

Despite their excellent clinical success, research in the area of surface modification of these materials to further enhance the tissue
response to achieve more predictable osseointegration is intense. In this regard, several studies have been conducted to evaluate the
effect of laser patterning on the adhesion, growth, and proliferation of cells, wettability, surface hardness, mechanical properties,
surface roughness, antibacterial properties and formation of biofilm [53]. A summary of these studies and their significant observa-
tions are presented in Table 3.

Several studies have reported increase in surface roughness of titanium and its alloys using varying laser parameters [69,74]. In
general, slower scanning speed and increased frequency produces greater overlapping of laser pulses in an area which result in deeper
grooves causing higher surface roughness [85]. Increased surface roughness provides greater contact area between bone and implant
and may thus favor adhesion and proliferation of bone forming cells, leading to better osseointegration. An optimal roughness ranging
between 1 and 2 pm for the Ra parameter has been reported by Lecka et al., 2019 [86].

Treatment of titanium alloys with Nd:YAG laser at higher frequency demonstrated increased surface roughness with better cell
viability and spreading of osteoblast-like cells [87]. Laser irradiation of titanium surfaces with either a CO5 or an Er,Cr:YSGG laser was
suggested to promote osteoblastic attachment [88]. Controlled surface texturing of Ti surfaces using fiber lasers created microstruc-
tures with 10-20 pm size features using picosecond pulses whereas femtosecond pulses created similar microstructure as well as
surface roughness in 50-100 nm range. Initial cell attachment to these laser textured surfaces was shown to be equivalent to surfaces
treated with non-laser techniques [89]. Erdogan et al., 2011 reported that picosecond and femtosecond lasers could be used to create
distinct surface patterns to promote or hinder attachment of cells [60]. Femtosecond laser produced nanoscopic surface roughness at
low fluences and micron-scale surface texture at high fluences whereas only micron-scale surface textures was possible with pico-
second laser (Fig. 7). Surface modification of Ti6Al4V alloy using femtosecond laser-induced periodic surface structure (LIPSS) was
reported to improve the cell adhesion and proliferation of Human Dermal Fibroblasts (HDFa) [66].

Laser treated titanium implant surfaces demonstrated higher adhesion of human gingival fibroblasts and higher focal adhesion
kinase values than polished and sandblasted Titanium [63]. Similar findings were reported by Gheisarifar, M et al., 2021, where laser
treated and PEEK surfaces exhibited more proliferation and guided gingival fibroblast attachment compared to machined titanium
[76].

Fig. 7. Scanning electron microscopic images of titanium surface modified with picosecond laser and femtosecond lasers. Reprinted with permission
from Ref. [60] © The Optical Society.
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Several studies have reported formation of oxides on the laser treated titanium surfaces [67,90]. Presence of these oxide films on
the surface of implant materials have been shown to have a positive influence on osseointegration as they facilitate adsorption of blood
plasma proteins which are involved in osseointegration [91].

Titanium implants subjected to surface ablation with pulsed argon fluoride (ArF) nanosecond excimer laser exhibited better
osseointegration due to thicker surface oxide layer [54]. Neodymium doped yttrium orthovanadate (Nd:YVOy,) laser irradiation with
varying laser parameters on the formation of oxides and other compounds on the surface of Ti dental implants has been investigated. It
was observed that for the same pulse energy and repetition rate, a decrease in the scanning speed was associated with higher surface
roughness whereas fluency together with the scanning speed was reported to influence the resulting phase distribution. For the same
fluency, scanning speed was found to be inversely related to the formation of Titanium with higher oxidation states [56].

Comparative analysis of polished and laser dimpled titanium (Ti) surfaces revealed that epithelial cells and fibroblasts around the
laser dimples appeared larger and showed increased expression of adhesion proteins. Moreover, greater adhesion of epithelial cells on
Ti surfaces with 5 pm laser dimples was reported compared to polished Ti surfaces. In contrast, adhesion of fibroblasts to polished and
laser-treated implant surfaces showed no significant difference [92].

Laser modified micro-/nanoporous titanium surfaces with hydrophilic properties exhibited greater adhesion, proliferation, dif-
ferentiation of MG63 osteoblast-like cells, and prostaglandin E production compared to polished surfaces and SLA surfaces [65].
Surface treatment of titanium implants using femtosecond laser in simulated body fluids showed a unique surface texture that facil-
itated deposition of calcium and phosphate along with enhanced osteoblast adhesion [93]. However, no difference was reported in the
adhesion and proliferation of MG63 osteoblast-like cells between SLA treated titanium disks and those irradiated with a Nd:YAG or
krypton fluoride (KrF) excimer laser [94]. KrF excimer laser was used to create a holey structure on the polished area of titanium
implant surface. Preferential attachment of fibroblasts to the laser induced structure resulted in the formation of bridges inside,
covering the hole completely, indicating that laser-treated surfaces can form an effective biological barrier against bacteria [58]. Laser
peening of titanium significantly changed its surface nanoarchitecture and improved the adhesion, differentiation of osteoblast cells
and fracture strength of titanium-bone cement interface [95].

Anti-microbial potential of laser treated titanium has also been investigated [71,81,96-99]. Femtosecond laser treated Ti6Al4V
alloy exhibited antibacterial property, wherein the adhesion and growth of both gram positive (Staphylococcus aureus and Streptococcus
mutans) and gram negative (Pseudomonas aeruginosa) bacteria was found to be inhibited [72]. Similarly, a laser-induced periodic
surface structure [LIPSS] made with femtosecond laser significantly lowered the bacterial adhesion on the titanium alloy [83].
Antibacterial and osseointegration promoting properties induced by micro/nano surface structures created on titanium alloy using
femtosecond laser has also been reported by Libin Lu et al., 2022 [82]. Reduced biofilm formation was reported on laser micro-textured
titanium implant surfaces compared to machined and grit-blasted surfaces [70]. Similarly, creation of LIPSS on titanium alloy surface
by picosecond laser reduced the biofilm formation by decreasing the number of adhesive bacteria on the material surface [100]. Singh
et al., 2021 demonstrated that laser induced microtexturing of titanium alloys, ceramics and polymers with different patterns increase
the surface roughness, surface energy and wettability characteristics of the material which in turn affects the microbial adhesion [80].
Laser texturing of titanium alloys using CO; lasers under active nitride conditions, altered the surface morphology which reduced the
biofilm formation potential of Candida albicans [84].

Micro-nano scale surface modification of Ti6Al4V through the modern fiber engraving laser method enhanced the adhesion of
human osteoblast-like osteosarcoma cells on its surface as well as improved its antibacterial properties [77]. Based on the result of their
study, Porrelli et al., 2021 proposed that a rough surface is optimal for cell adhesion whereas a smooth surface with lower wettability is
the best choice to limit bacterial adhesion and biofilm formation on dental implant materials [101].

Recently, suitability of y-TiAl, which possesses slower corrosion rate in biological media than Ti-6Al-4V, as an implant material has
been investigated. Laser surface treatment affected the surface roughness, surface topography, wettability, and chemical composition
of the surface. Similarly, Ti-15Mo alloy surface modified by laser-beam irradiation followed by calcium phosphate deposition was
shown to positively interact with bone cells, which may improve and accelerate the osseointegration process of dental implants [79].

Laser treatment on cast titanium surfaces showed significant microstructural changes in the material and an improvement in the
mechanical properties [102]. Surface peening of titanium alloy using a Q-switched Nd:YAG lasers improved their surface hardness and
resistance to wear [103].

Wettability is a crucial surface characteristic feature for dental implants. Good wettability of an implant surface enhances the
adhesion, proliferation, and differentiation of cells in the early stages of bone formation. Femtosecond lasers have been reported to
successfully modify the surface of Ti6Al4V implants, making them more hydrophilic which reduced the formation of biofilm and
bacterial growth [62,104]. On the contrary, higher bacterial adhesion was reported for laser treated surfaces in few studies [105,106].
The laser irradiation of Ti alloy by femtosecond laser pulses at fluence above the ablation threshold resulted in the formation of sharp
conical spikes, covered by sub-wavelength laser-induced periodic surface structures. These areas with laser-induced spikes and
additional electrochemical oxidation exhibited hydrophilic characteristics and behaved as a cell repelling surface exhibiting reduced
fibroblast cell adhesion [107].

The removal torque test, which measures the force required to remove the implant from the bone, is widely used in in vivo studies to
assess osseointegration. A higher force required to remove the implant is interpreted as superior stability of dental implant in the bone,
indicating enhanced osseointegration. Several studies have reported that laser-treated implants possess higher removal torque values
compared to machined surfaces [44,108-110]. Creation of nano-scale surface topographical features in laser-modified implants were
found to promote a strong and long-term bone anchorage [61,111].

Bone-to-implant contact is another parameter frequently used to measure the extent of osseointegration. A significantly higher
bone-to-implant contact and greater torque values were reported in pulsed Nd:YAG laser modified implants than machined implants
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[55,57,112].

Vital bone formation, bone-to-implant contact and Dynamic Osseointegration index were reported to be higher in titanium surfaces
ablated with ytterbium laser active fiber compared to sandblasted acid-etched surfaces [78]. In contrast, no significant difference was
found in the bone-implant interface between Q-switched Nd:YAG laser modified Ti6Al4V alloy and pure Ti or Ti6Al4V surfaces [113].

Clinical performance of implants in which the collar was textured with laser (Laser-Lok (LL)-modified titanium implants) was
reported to be better with lesser pocket depth compared to machined collar implants. These results indicate the benefits of using lasers
to texture the implant collar to produce an effective mucosal seal vital for the implant’s long-term clinical success [114]. Texturing of
titanium using pulsed laser technology produced the same range of roughness as grid blasted or acid etched implant but in a more rapid
and cost-effective way. The cytocompatibility of laser-treated implant surface was found to be at par with grit blasting/acid-etched
implant surface without any difference in the bone-to-implant contact at 8 weeks after the implantation [115]. Laser treated tita-
nium implants demonstrated osteogenic activity and higher removal torque compared to other non-laser treated implants [64,116,
117]. Few studies have reported no improvement in removal torque values compared to modified SLA implants [118,119]. However,
laser-treated/acid-etched surface was reported to be more uniform and free from any contaminants compared to
sandblasted/acid-etched surface [120].

In the quest for obtaining the ideal surface for a dental implant, researchers also explored additional surface texturing of laser
treated implants. Implants with laser surface modification associated with hydroxyapatite coating were reported to possess shorter
implant healing periods because of increased bone-implant interaction and potentially greater osseointegration compared to a
machined and non-hydroxyapatite coated implants [59,121].

Laser Beam Melting 3D printing technique has been used to fabricate porous Ti6Al4V dental implant prototypes with three
controlled pore sizes (200, 350, and 500 pm) and 350 pm pore size exhibited less stress shielding as well as superior osteoinduction
[68]. Nanostructured Ti6Al7Nb implants fabricated using Selective Laser Melting (SLM) demonstrated better tolerance and
osseointegration in rabbits [122]. Similarly, Ti disks treated with SLM exhibited higher proliferation of human gingival fibroblast
(HGF-1) cells and enhanced biocompatibility due to favorable alteration of their surface topography, roughness, and wettability [73].
SLM-super finished Ti6Al4V implants were also found to exhibit greater yield strength, higher bone-implant contact, and removal
torque compared to SLA and pure titanium implants [75]. Representative scanning electron microscopic pictures of titanium surfaces
modified with pico and femtosecond lasers are presented in Fig. 7(a and b).

3.2.2. Other implant materials

Although Titanium and its alloys are frequently used as dental implant materials primarily because of their mechanical properties
and biocompatibility, ceramics are gaining popularity in recent times [123]. Compromised esthetics due to metallic color of Titanium,
its corrosion and in some cases hypersensitivity reactions can be overcome by replacing them with ceramics such as zirconia, which
possess good mechanical properties, better esthetics, and biocompatibility [124]. Conventional methods of sandblasting, though in-
creases the surface area of ceramics, may have deleterious effect on its mechanical characteristics due to the creation of microcracks.
Hence, the use of lasers for modification of ceramic surfaces is a better alternative than conventional methods [125-127].

Micro-patterns with regular geometry produced by laser irradiation instead of the random surface roughness enhanced the
osseointegration potential of the material [128-130]. Zirconia implants with the modified surface using fiber laser or Nd:YVOy4 laser
exhibited higher removal torque values, bone-to-implant contact and peri-implant bone area compared to smooth surface implants.
Compared to Nd:YVOy4 laser, fiber laser produced greater surface roughness (1.84 + 0.690 pm), higher removal torque and
bone-to-implant contact suggesting its superiority for surface treatment of zirconia implants [131]. Research has shown that
Q-switched Nd:YAG (355 nm) laser at high fluences and low number of pulses can alter the topography of zirconia and improves
biological response and mechanical performance [132]. Similarly, Q-switched Nd:YAG laser of 1064 and 532 nm shown to be capable
of modifying zirconia surface favorably for enhanced osseointegration. Irradiation with both the wavelengths resulted in crack-free
surfaces with greater surface porosity. A linear relationship was also observed between the surface roughness and exposure time
[133]. Femtosecond laser was also used to create micro-grooved surface textures on alumina-zirconia nanocomposite to be used for
dental implants [134].

A regular and ordered texture created by laser patterning has been shown to promote guided cell growth where the mesenchymal
stem cells aligned themselves along the groove direction on the zirconia surface [135]. Several studies have reported enhanced
metabolic activity and osteogenic differentiation on ordered surface patterns which may aid in reducing the healing time and
accelerate formation of bone [130,136,137].

Along with laser texturing, the surface chemistry of ceramic implants may also influence the osseointegration. Yttrium-stabilized
tetragonal zirconia (Y-TZP) implants treated with nanosecond-pulsed laser and implanted into a rat femur showed an increased bone-
to-implant contact whereas implants made of zirconia/alumina nanocomposite stabilized with cerium oxide (Ce-TZP/Al;,03) showed
much lower bone-to-implant contact [138].

Similarly, increased bone-to-implant contact and bone density were reported with laser textured Y-TZP dental implants compared
to sandblasted zirconia implants and acid-etched titanium implants [129,139]. More transverse collagen fibers, blood vessels and bone
cells were observed on the surface as well as inside the microgrooves.

Laser texturing of abutment surfaces have shown to produce better soft tissue attachment to their surfaces. Madeira et al., 2020,
reported higher bond strength between artificial soft tissue and laser textured Y-TZP surfaces [140].

Carvalho et al., 2016 modified zirconia substrate by a novel technique, wherein CO, laser was first used to create cavity on the
surface, after which hydroxyapatite was sintered to it using laser demonstrating that this technique can be used to produce different
patterning and also to sinter different materials over the surface and cavities (selective laser sintering/melting). The adhesion and
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degradation of hydroxyapatite were shown to be affected by cavities, roughness, and laser power used [141]. Laser surface modifi-
cation of porcelain implants modified by bioglass using Nd:YAG and Er:YAG laser has been reported to exhibit accelerated hy-
droxyapatite formation, enhancing their bioactivity [142]. A direct laser melting technique was used to fabricate f-tricalcium
phosphate (3-TCP) coated zirconia implants by applying a long-pulsed Nd:YAG laser of 1064 nm, thereby demonstrating that laser
processes can be used to build a coat with optimum bonding and desirable mechanical properties [143]. Creation of a biologically
active surface by deposition of fluorinated hydroxyapatite on zirconia implant by pulsed laser was reported by Min Li et al., 2022
[144]. Similarly, a laser-assisted biomimetic process was used for coating Calcium phosphate (CaP) on the surface of poly(ether ke-
tone) which made the surface osteoconductive and improved its cytocompatibility [145]. Surface treatment with Nd:YAG laser was
used to modify stainless steel implants to increase their surface roughness without any significant change in the bone-implant contact
area [49].

From the foregoing discussions we can conclude that the osseointegration of dental implants is largely affected by its surface
characteristic features and any modifications in the surface architecture can alter the osseointegration potential. Surface characteristic
features of dental implants such as surface texture, roughness, wettability and adhesion characteristics have been altered conven-
tionally by sand blasting or acid etching techniques. However, the use of lasers for altering the surface features is increasingly gaining
attention as lasers can create a wide variety of controlled surface features without significant effect on the bulk properties of the
materials. By varying laser parameters such as power, speed of translation stage, vertical spacing and other parameters, dental implant
surfaces with varying surface parameters can be created. In general, the use of lasers for modifying the surface features of titanium
implants resulted in surfaces with higher oxide content, superior roughness, better wettability and cell adhesion. In addition, varia-
tions in laser patterning parameters resulted in variations in the bacterial adhesion to the implant surfaces thus facilitating the
development of microbial resistant surfaces. Similar observations were also noted with the surface modification of ceramic based
dental implants.

3.3. Application of lasers for the surface modification of various dental restorative materials

Resin cements are commonly used for cementation of ceramic restorations [146]. The pre-cementation process of a ceramic
restoration involves treating the restoration’s inner surface with procedures like grit blasting or hydrofluoric acid etching followed by
silane coating. The primary purpose of these treatments is to increase the surface roughness to promote better mechanical bond at the
ceramic-cement interface. These conventional methods are reported to cause loss of significant material, create microscopic flaws,
cracks, or induce stresses in the material, which may catastrophically affect the restoration’s service life. Several researchers have
explored the suitability of lasers for surface modification of the inner surface of ceramic restorations to produce surface roughness
capable of promoting bonding with the cement [147].

Feldspathic ceramics irradiated with Er:YAG or Nd:YAG laser showed higher bond strength to the tooth [148]. Similarly, CO; laser
irradiation has been suggested as an effective alternative for hydrofluoric acid etching of feldspathic ceramics for better bond strength
[149]. No significant difference in bond strength was found between acid etched and Er:YAG and Nd:YAG laser-treated pressable lithia
based glass-ceramics [150]. Similar shear bond strengths for acid etched and Er:YAG laser etched pressable lithia based all-ceramics
suggest that laser etching can be used as an alternative for hydrofluoric acid etching [151]. Er,Cr:YSGG laser system was shown to
produce greater surface roughness in a pressable lithia-based glass-ceramic than untreated or acid etched and sand blasted surface
[152,153]. Laser ablation of Feldspathic and pressable IPS Empress e-Max ceramics with Femtosecond laser was found to be effective
in increasing the bond strength with resin cement [154]. Nd:YAG laser irradiation was shown to be an effective surface treatment for
bonding between glass infiltrated Zirconia and resin cement [155]. The surface roughness of machinable zirconia ceramics increased
by Nd:YAG, CO3 and Er,Cr:YSGG CO;, laser treatments, thus increasing their bonding ability to resin cement [156-159]. Use of CO2 and
Er:YAG laser irradiation alone or Nd:YAG laser irradiation after air abrasion has been suggested as an alternative method to increase
the bond strength between resin cement and machinable yttrium stabilized tetragonal polycrystalline zirconia (Y-TZP) [160].
Femtosecond laser produced significantly higher roughness on machinable zirconia and was suggested to be an effective method for
enhancing its bonding with resin cement [161]. Nd:YAG, CO, and Er,Cr:YSGG laser irradiation may be considered for the surface
treatment of dental ceramics as an alternative to sand blasting and hydrofluoric acid etching, especially with ceramics that are less
amenable for etching by hydrofluoric acid and to reduce the incidence of microcracks and their deleterious effect on the service life of
the restoration. Apart from dental implant materials and ceramic restorations, laser mediated surface modification has been inves-
tigated in few other areas of dentistry. Few studies have reported application of laser for surface modification to achieve better bonding
between metal core and porcelain veneer in metal-fused to-porcelain restorations. Researchers have explored the utility of lasers for
roughening the substructures for improving their bond strength to porcelain veneers [162,163]. Nd:YAG laser treatment of titanium
and zirconium oxide substructures was reported to enhance the shear bond strength with porcelain more successfully compared to Er:
YAG and holmium doped yttrium-aluminum-garnet (Ho:YAG) lasers [164] Pretreatment of zirconia ceramic via Nd:YAG laser
improved the bond strength of the resin cement to the zirconia ceramic; however no improvement was seen with glass ionomer cement
[165]. Nd:YAG laser irradiation was found to increase the shear bond strength of Ni-Cr alloy to porcelain compared to sandblasting
[166]. Surface treatment via CO5 laser enhanced primary bond strength between resin cement and zirconia ceramic [167]. Similarly,
use of ultra-short pulse laser altered surface morphology, increased wettability and bond strength of zirconia with resin cement [168].
However, no improvement in bond strength of zirconia crown irradiated with nanosecond pulsed fibre laser with resin cement, was
reported by Fornaini et al., 2021 [169]. Irradiation with an Er:YAG laser increased the surface roughness but decreased the flexural
strength of dental zirconia [170].

As an alternative for acid etching with phosphoric acid during placement of composite restorations, lasers have also been tried for
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enamel etching. However, shear bond strength of composite resin bonded to enamel pretreated with an acid etchant was found to be
higher than enamel etched with Er, Cr:YSGG laser [171]. More recently, Er:YAG and CO;, laser treatments have been tried with some
success to increase the shear bond strength of poly(ether ketone) to composite resin veneers [172]. A summary of significant studies on
the application of lasers for the surface modification of various dental restorative materials and their observations are presented in
Table 4.

Based on the foregoing discussions, it can be concluded that short and ultrashort pulsed lasers, such as nano-, pico-and femtosecond
lasers are utilized for laser surface texturing for improving the bond strength between zirconia ceramics and resin cement.

The laser textured surfaces seem to have better bond durability compared to other common surface treatment methods.

4. Conclusion and future directions

Dentistry is a constantly evolving field with a never-ending quest for newer and improved materials and innovative technologies to
offer superior treatment options. Lasers offer promising opportunities and possibilities towards realizing this goal. Application of lasers
for modifying the surface topography of biomaterials and thereby tuning their biological and other surface properties is being widely
explored. Based on the review of articles included in our study, following conclusions can be drawn:

In dentistry, several types of lasers with varying laser parameters have been used to modify surfaces of implant materials specially
titanium based materials. In vitro and in vivo studies strongly suggest using lasers for surface modification as it accords more precision
and control over the patterning/texturing process than conventional methods and can yield better results in terms of osseointegration,
stability and mechanical performance of the dental implants. Laser texturing is presently emerging as an effective technique to reduce
microbial adhesion on implant surfaces to prevent peri-implantitis. As was observed with titanium based implant materials, surface
modification of ceramic based implant materials using lasers was also investigated. However, additional research in this area is
required to ascertain the suitability of lasers for the surface modification of ceramic based implant materials.

As the research thrust in optimizing laser parameters for the surface patterning of dental biomaterials continue, it is expected that
more supporting evidence, as well as techniques or both, may become available in the near future that would make it possible to
predict the interaction between the materials or between the material and biological systems more accurately.
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Table 4
Important studies on application of lasers for the surface modification of various dental restorative materials.

Author, Year

Material

Laser

Observations

S. Da Silva Ferreira et al.,

2010 [148]

F. Ahrari et al., 2013
[149]

B. Gokge et al., 2007
[151]

E.A. Erdur et al., 2015
[154]

A.M. Spohr et al., 2007
[155]

G. Ergun Kunt, I. Duran,
2018 [158]

J. Saade, 2019 [159]

A. Goze Saygin et al.,
2017 [164]

N. Asadzadeh et al.,
2019 [165]
M. Abu Ruja, 2019 [168]

C. Fornaini et al., 2021
[169]

B.T.F. Silva et al., 2021
[170]

Feldspathic porcelain

Feldspathic porcelain

Pressable lithia-based ceramic
Feldspathic porcelain & Pressable
lithia-based ceramic

Glass infiltrated Zirconia and resin
cement

Machinable zirconia ceramics

Zirconia

Titanium and zirconium oxide
substructures

Zirconia
Zirconia
Zirconia

Zirconia

Er:YAG or Nd:YAG
laser
CO,, laser

Er:YAG laser
Femtosecond
Nd:YAG laser
CO,, laser
Er,Cr:YSGG
Nd:YAG

Er:YAG

Ho:YAG

Nd:YAG
Ultra-short pulse
laser
Nanosecond pulsed

fiber laser
Er:-YAG

Good bond strength with tooth

Better bond strength of ceramic with resin cement

Same bond strength as acid etched

Better bond strength with resin cement

Improved bonding between glass infiltrated Zirconia and resin cement
Increased surface roughness and improved bonding with resin cement
Use of laser enhanced the surface roughness and the zirconia-resin
bonding

Nd:YAG laser treated substructures showed better bond strength with
porcelain compared to Er:YAG and Ho:YAG lasers

Better bond strength of pre- treated zirconia with resin cement
Altered surface morphology, increased wettability and bond strength
of zirconia with resin cement

Improvedsurface roughnessand minimal thermal damage, no
improvement in bond strength with resin cement

Increased the surface roughness but lowered the flexural strength of
zirconia
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