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INFLUENCE OF CO2 LASER IRRADIATION
STRATEGY ON TITANIUM SURFACE
MODIFICATION AND BACTERIAL BIOFILM
CONTAMINATION: AN IN VITRO STUDY

Mohamed Ibrahim Sherif BPS*1:3 Yousreya Shalaby: BPS: MSe: PhiDL. R ewaa Gaber
AboFElhassan: BPS: MSe. PhDL Dyay]at Mostafa: BPS MSe, PhD2.3

ABSTRACT

BACKGROUND: This study investigates the effects of CO, laser surface treatment on grade V commercially pure titanium (CP Ti) to
improve its antibacterial properties. It evaluates the impact of this process on the implant’s surface characteristics, including topography,
and hydrophilicity.

METHODS: A total of 22 Grade V CP Ti discs were CNC-machined into 8mm % 3mm, polished, and divided into two groups: Ti/control
and Ti/laser (n=11 per group). The Ti/laser samples were subjected to CO, laser treatment at a 1064 nm wavelength with a power of 6
watts. Surface properties were examined using a wettability test and atomic foree microscopy (AFM). To assess bacterial adhesion, biofilms
of S. epidermidis, S. aureus, E. coli, and P. aeruginosa were grown on the titanium surfaces of both groups. Dead bacteria were stained with
Propidium Iodide (PI) fluorescent dye, visualized under a fluorescent scanning microscope, and quantified using ImageJ software. The
obtained data were analyzed statistically.

RESULTS: The mean surface roughness (Ra) of the laser-treated samples was measured at 229.97 nm, which was significantly greater
than the 72.09 nm observed in the control group. Contact angle measurements indicated values of 83.19° for Ti/control and 41.39° for
Ti/laser, demonstrating a substantial increase in hydrophilicity for the laser-treated surfaces. Fluorescent imaging of dead bacteria revealed
a significantly higher count on Ti/laser surfaces (338.18) compared to the control group (6.92) (P < 0.0001%).

CONCLUSION: The CO, laser effectively modified CP Ti surfaces, producing nano-textured, hydrophilic surfaces with antibacterial
propetties. This enhancement reduced biofilm formation.
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INTRODUCTION

Lasers stand as a major technological revolution in the
20th century, progressively gaining dominance in
various daily life applications, particularly within the
medical field. Their unique optical radiation modifies
surfaces from micro to nano scales, altering adhesion
properties for surface characteristics customization. This
benefits medical equipment, like dental implants, by
surface engineering to prevent biofilm development [1].
Implants provide a reliable solution for tooth loss,
boasting a 90% success rate among fully or partially
edentulous patients. However, they are prone to
inflammatory issues [2]. Titanium, the gold standard
for dental implants, offers remarkable mechanical
properties, corrosion resistance, higher elastic modulus
than bone, exceptional fracture resilience, and superior
tissue compatibility compared to alternative metals [3].
Despite these qualities, laser irradiation systems have
been developed to enhance titanium surfaces [4],
optimizing the osteogenic response for improved
osseointegration by modifying surface features, and
wetting capacity [5, 6]. Laser light induces surface
oxidation, aiding in oxygen diffusion within the molten
metal, creating morphologies like laser-induced
periodic surface structures (LIPSSs)[7].

High-energy lasers in dentistry modify titanium
surfaces through fusion, vaporization, ablation, and
solidification, creating diverse textures. Laser
wavelength and mode significantly impact surface
features. Pulsed lasers like Yttrium Aluminum Garnet
(YAG) and CO2 yield energy peaks exceeding 106
W/em”2 [5, 8]. Studies stress evaluating laboratory
setups before clinical use, considering parameters like
wavelength, pulse duration, repetition rate, fluence,
intensity, and treatment duration [9].

Commercially Ti6Al4V alloys lack inherent
antibacterial properties, indicating a persistent risk of
bacterial colonization [10]. In recent decades,
enhancing implant surface antimicrobial properties has
become crucial in combating bacterial infections.
Coatings containing agents like Cu, Ag, etc., are
employed using different techniques to deter bacterial
attachment and biofilm formation. Thin coatings are
vulnerable to damage, reducing antibacterial efficacy,
these coatings release antibacterial agents for a limited
duration, addressing early post-surgical infections.
Enhancing the durability of antibacterial coatings
remains a pressing need [11]. Topography plays a
significant role in bacterial adherence, micro- or nano-
topographical patterns on titanium surfaces offer a
promising strategy to impart antimicrobial properties
[12]. Interest in developing new antimicrobial
therapies is increasing due to the potential escalation
of drug resistance [13].

A biofilm is a well-organized community structure
consisting of bacteria adhered to diverse solid surfaces,
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accompanied by the generation of extracellular
polysaccharides (EPSs) [14], matrix proteins, and
extracellular DNA (eDNA) [15-18]. Accordingly,
bacteria develop heightened infectivity and resistance
to drugs. The majority of These infections are
predominantly instigated by S. aureus and S.
epidermidis, along with Gram-negative bacilli [15, 17,
19], E. coli, and P. aeruginosa [18, 20]. The typical
biofilm life cycle is attachment, maturation, and dispersal.
Lasers create precise patterns on metal surfaces,
enhancing titanium implants' biocompatibility. However,
there is Limited research on microbial colonization of
laser-treated surfaces [12].

From this perspective, this research aims to evaluate
the efficacy of the CO, laser strategy used for
engineering Grade V commercially pure titanium (CP
Ti) surfaces, with the creation of antibacterial surface
properties against bacterial biofilms. The null
hypothesis stated that CO, laser irradiation will not
alter titanium surface properties.

MATERIALS AND METHODS

2.1. Specimen preparation

A Grade V commercially pure (CP) titanium alloy
block (KERA TI 5-DISC) was used to manufacture
titanium discs measuring 8mm x 3mm (N=22) [21].
The disc design was created using Auto-cut software
(Version 6.0160115, China) and fabricated with a
Computer Numerical Control (CNC) electron
discharge machine (DK 7740, China). A single operator
polished the discs sequentially with silicon carbide
abrasive papers of 180, 320, and 1200 grits [21, 22].
To ecliminate potential contaminants, the discs
underwent  ultrasonic  cleaning (T-14, L&R
manufacturer, USA) with distilled water and acetone
for 15 minutes [23], followed by air drying. The
samples were then randomly assigned to two groups
(n=11 each): the Ti/control group, consisting of
unmodified titanium discs, and the Ti/laser group,
which featured CO, laser-engineered surfaces. The
sample size was determined assuming a 5% alpha error
and 80% study power, and calculated by a software
program (G*Power 3.1.9.7). The mean [+SD] percent
surface coverage of biofilm was found to be 68.71
[£9.50] for untreated titanium surfaces and 52.53
[£14.34] for laser-treated titanium surfaces [12].

2.2. Laser treatment

The surfaces of the titanium discs were modified using
a continuous-wave CO,, fiber laser (ML025-CA, USA)
with a wavelength of 1064 nm, an energy output of 120
millijoules, a power setting of 6 watts, and a frequency
of 50 hertz. A single clinician performed the treatment,
applying three consecutive repetitions. Each session
lasted 15 seconds and employed a perpendicular linear
scanning mode, with a spot size of 400 microns. [23, 24].
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2.3. Atomic force microscopy (AFM)

Atomic force microscopy (AFM) imaging was
performed at room temperature using contact mode
[22]. Surface analysis was conducted with a scanning
probe microsco pe (SPM-9600, Japan) fitted with a
silicon cantilever (NCHR-20; Nano World AG,
Neuchatel, Switzerland). Surface roughness (Ra) was
measured in nanometers through scans covering an
area of 40um x 40um, with the results visualized as
colored 3D images [25].

2.4. Contact angle test

For the surface wettability assessment, a Rame-hart
contact angle goniometer (Model 190, USA) equipped
with DROP image CA v2.5 software was used. A
micro-syringe dispensed 2 pL of distilled water onto
the titanium disc surfaces [26]. Contact angle
measurements were recorded as the average of three
readings taken at different locations within 20 seconds
of water droplet placement [27].

2.5. Bacterial biofilm preparation

For bacterial adhesion and biofilm formation analysis,
five bacterial species were cultured: Gram-positive
Staphylococcus epidermidis (12228) Staphylococcus
aureus  (29213), along with Gram-negative
Escherichia coli  (25922) and  Pseudomonas
aeruginosa (27853). The bacteria were grown
overnight for 20 hours in Miiller Hinton Broth (MHB;
Oxoid) at 37°C, with continuous shaking at 100 rpm in
a gyratory incubator. After incubation, the bacterial
cultures were standardized to an optical density (OD)
of 0.3 at 550 nm and further diluted 1:50 in fresh sterile
MHB, producing an inoculum of approximately 1 x
107 Colony Forming Units (CFU)/ml. Titanium discs
were then submerged in the prepared bacterial
suspension within a sterile 6-well plate and incubated
for 24 hours at 37°C under continuous agitation at 100
rpm. This procedure was designed to evaluate bacterial
interactions with the titanium surfaces [28-31]

2.6. Fluorescent scanning microscope analysis

For antimicrobial analysis of ‘the biofilm, titanium
discs from both the control and laser-treated groups
were removed from the bacterial inoculum and washed
with sterile Phosphate Buffered Saline (PBS) [32].
Following this, the discs were ‘stained with a
fluorescent dead cell marker, Propidium Iodide (PI),
for 30 minutes at 37°C while shielded from light [28].
The stained biofilms were then analyzed using
confocal fluorescence microscopy (Leica TCS SPE,
Germany) equipped with imaging software (Leica
LASX, Germany). Dead cells, indicated by red
fluorescence, were selectively stained due to their
compromised membranes. The extent of bacterial cell
damage was quantified using ImageJ software (NIH,
U.S.), which measured the red fluorescence-covered
area [33]. This analysis was performed for each
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titanium disc, and biofilm coverage was calculated
based on fluorescence intensity patterns.

2.7. Statistical analysis

Normality was assessed using the Shapiro-Wilk test and
Q-Q plots. Surface roughness and surface wettability
were normally distributed while the count of dead
bacteria was not normally distributed. Group comparison
was conducted using an independent t-test and Mann-
Whitney U test. All tests were conducted with two tails,
and the significance level was set at a p-value of <0.05.
Data analysis was conducted using IBM SPSS, version
23 for Windows, Armonk, NY, USA.

RESULTS

3.1. Atomic force microscopy (AFM)

The evaluation of surface nano-roughness using
atomic force microscopy (AFM) indicated that the
control titanium discs had an average Ra value of 72.09
nm with a standard deviation of £1.83. In comparison,
the laser-treated discs demonstrated a significantly
higher Ra value, averaging 229.97 nm with a standard
deviation of +44.30 (P < 0.0001) (Table 1). These
findings were further supported by AFM-generated 2D
profiles and 3D topographical images. The Ti/control
samples (Figure la) displayed a relatively smooth
surface, whereas the Ti/laser samples (Figure 1b)
exhibited a distinct spiky texture, emphasizing the
alterations in @ surface morphology due to laser
treatment.

Table 1: Comparison of surface nano-roughness
parameter (Ra) as measured by AFM between
Ti/control and Ti/laser groups

Ra values in | Ti/control | Ti/laser | p valuet
nanometers | (n=11) (n=11)
Mean £SD | 72.09 229.97 <0.0001*
+1.83 +44.30
Median 73.54 234.89
Min—-Max | 70.00 -] 169.00 —
73.83 292.80

*Statistically significant different at p value<0.05,
tIndependent t test

3.2. Contact angle test

The Ti/laser discs demonstrated significantly
enhanced hydrophilicity, with a mean contact angle of
41.39° (SD +1.40), compared to the Ti/control
specimens, which had a mean contact angle of 83.19°
(SD £0.35) (P < 0.0001) (Table 2). This difference is
visually represented in Figure 2(a, b), where the results
of the Rame-hart contact angle tests for both Ti/control
and Ti/laser samples are depicted.
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Table 2: Comparison of surface wettability between
Ti/control surfaces and Ti/laser ones

Contact Ti/control Ti/laser | p valuet
angle (n=11) (n=11)

Mean 83.19+0.35 | 41.39 <0.0001*
+SD +1.40

Median 83.00 40.50

Min - | 82.90 —| 4030 -

Max 83.90 43.40

*Statistically significant different at p value<0.05,
tIndependent t test

3.3. Fluorescent scanning microscope analysis

For microbial biofilm analysis, Table 3 presents the
mean values of dead-stained bacteria for both control
and laser-treated titanium samples. The Ti/control
discs had a mean value of 6.92 (SD +1.24), whereas
the Ti/laser specimens showed a significant increase,
reaching 338.18 (SD +148.84) (P < 0.0001).
Fluorescence microscope images (Figure 3a, b)
provide a visual representation of red fluorescence
staining, which indicates dead bacterial cells and helps
quantify biofilm coverage. A substantial rise in red
fluorescence-stained dead bacteria was observed on
Ti/laser surfaces (Figure 3b) in contrast to Ti/control
surfaces (Figure 3a).

Table 3: Comparison of dead bacterial number
between Ti/control and Ti/laser groups

Dead Ti/control | Ti/laser | p valuet
bacterial | (n=11) (n=11)

number

Mean 6.92+£1.24 | 338.18 <0.0001*
+SD +148.84

Median 6.50 327.00

Min -1 6.00 — 140.00 —

Max 10.00 650.00

*Statistically significant different” at p value<0.05,
+Mann Whitney U test

@ i (®) &

Figure 1. The atomic force microscope displays 3D
surface nano-roughness maps and 2D profiles of
titanium discs, where (a) corresponds to Ti/control
specimens, and (b) illustrates Ti/laser-treated surfaces.

Alexandria Dental Journal. Volume x Issue x

CO2 Laser Effects on Titanium Surface & Biofilm: In Vitro Study

Figure 2. Contact angle images from the Rame-Hart
test on Ti/control (a) and Ti/laser (b) specimens show
that all surfaces display hydrophilic properties, with
contact angles measuring below 90°.

Figure 3. Confocal fluorescence microscopy images:
(a) shows dead-stained bacteria on a Ti/control surface,
while (b) depicts the Ti/laser surface. A significant
increase in dead bacteria is observed on laser-treated
surfaces compared to the control.

DISCUSSION

Titanium treated with a laser improves the success of
dental implants by altering surface characteristics. To
optimize implant surfaces, it is crucial to understand
these modifications and their effects on bacterial
interactions. The CO2 laser was selected due to its
wavelengths, which have low absorption in titanium,
preventing excessive heat generation [34]. Surface
modifications by lasers depend on factors such as
energy density, focal position, power, frequency, and
the number of scanning passes [5]. Laser parameters
can either smooth or texture surfaces, with high
frequency and power leading to polishing, while low
frequency and power create roughness [35]. The depth
of a laser scan increases progressively with each
additional pass due to greater energy absorption[36].
This study utilized a CO, laser with a 1064 nm
wavelength, 120 mJ energy, 6 W power, and 50 Hz
frequency. The laser was applied in a perpendicular
linear scanning mode, with three passes lasting 15
seconds each and a spot size of 400 microns. Atomic
force microscopy measurements revealed a significant
increase in surface roughness compared to the control
group (P < 0.0001%), with laser-treated surfaces
exhibiting a mean Ra value of 229.97 nm + 44.30. The
surface morphology exhibited a wavy pattern with a
spiky texture [37 ]. A study reported that low laser
power combined with a high pulse repetition rate
generates smoother surfaces but may cause micro-

4
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cracks due to rapid cooling [35]. Similarly, Ma C et al.
[38] observed that laser treatment creates a polished
surface with visible melting pathways. In contrast, the
findings of this study revealed that, high laser power
and a low pulse repetition rate result in rougher
surfaces. This occurs due to increased pulse energy,
which shifts the process from polishing to laser surface
ablation.

In this study, the contact angle measurements for the
control and laser-treated titanium were recorded as 83.19 +
0.35 and 41.39 + 1.40, respectively (P < 0.0001*). In
contrast, a separate investigation on titanium alloys
reported different results, revealing distinct surface patterns
and reduced roughness. These outcomes were achieved
using nanosecond laser processing, which led to highly
hydrophilic surfaces. This effect is mainly attributed to an
increase in surface oxides and a decrease in surface
impurities [39], While Yang C-J et al. [40] documented a
rise in contact angle values, wettability is affected by
multiple factors beyond laser processing, such as elemental
composition and surface characteristics. Conversely, this
study revealed that CO, laser treatment on titanium
surfaces lowered contact angle measurements while
increasing nano-scale roughness, ultimately enhancing
hydrophilic properties.

To analyze bacterial biofilms, titanium discs from both
groups were cultured with different bacterial strains.
These included gram-positive species such as S.
epidermidis and S. aureus, along with gram-negative
strains like E. coli and P. aeruginosa, which are
commonly utilized for toxicity assessment. [30].
Implant-related bacterial infections, which result in
peri-implantitis, may lead to failure due to poor fitting,
biofilm development, and insufficient antimicrobial
properties. Ensuring strong antimicrobial efficacy is
essential to prevent colonization and infection. [32].
Fluorescent staining of control titanium revealed a
mean value of 6.92 (SD =*1.24), which increased
significantly to 338.18 (SD +148.84) following laser
treatment. This indicates a substantial rise in the
number of dead bacteria on Ti/laser surfaces (P <
0.0001). Scheuerman TR et al. [41] stated that bacteria
are believed to preferentially adhere to rougher
surfaces for three main reasons: (i) a larger surface area
available for attachment, (ii) increased protection from
shear forces, and (iii) chemical alterations that
facilitate favorable physicochemical interactions.
However, according to Yang K et al. [42] surface
patterns approximately 1 pum in size exhibit anti-
adhesive properties. Moreover, Perera-Costa et al. [43]
demonstrated that the investigated microtopographies
led to a significant decrease (approximately 30—45%)
in bacterial adhesion compared to smooth control
samples. This reduction, attributed to spatially
organized micro/nanotopographic surface patterns,
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supports the findings of the current study by
highlighting an effective strategy for minimizing
bacterial adhesion and preventing biofilm formation.
These findings indicate that CO, laser irradiation
generates nano-roughness on titanium surfaces, which
inhibits bacterial biofilm colonization and lowers the
risk of implant failure, thereby rejecting the null
hypothesis.

CONCLUSION

The study revealed several key insights. CO2 laser
irradiation  significantly —enhances the nano-
topographical roughness of titanium disc surfaces,
leading to improved hydrophilicity. Notably, this laser-
based surface modification imparts antibacterial
properties against both gram-positive bacteria (S.
epidermidis and S. aureus) and gram-negative bacteria
(E. coli and P. aeruginosa). As a result, it inhibits
bacterial biofilm formation, thereby lowering the risk
of implant failure.

Data availability

Data are - available wupon request from the
corresponding author.

Funding

This research did not receive any specific grant from
funding agencies in the public, commercial, or not-for-
profit sectors.

Conflict of interest

The authors declare that they have no competing
interests.

Ethical approval

This. in-vitro study was approved by the scientific
research ethics committee at the faculty of dentistry,
Alexandria University, it was submitted on 22/5/2023,
under international no: IORGO0008839, and Ethics
committee no: 0688-05/2023

Authors' contributions

Mohamed  Ibrahim  Sherif.  Conceptualization,
Methodology, Investigation, Funding acquisition,
Formal analysis, visualization, Resources, Writing -
original  draft; Rewaa Gaber AboElhassan.
Conceptualization, Investigation, supervision; Dawlat
Mostafa. Conceptualization, investigation,
Methodology, visualization, Data curation, Writing -
review & editing, Supervision; and Yousreya Shalaby.
Conceptualization, Validation, Data curation, Writing -
review & editing, Supervision.

Acknowledgments

I would like to express my heartfelt gratitude to Ghada
Said, Omnia Ghabour, Noha Sabry, Yomna Saad, Dr.
Marwa Morsy, and Dr. Hams Abdelrahman for their
invaluable contributions to this study. Their expertise,
dedication, and support were instrumental in the
successful completion of my research. I am deeply
appreciative of their hard work and commitment.



Sherif.et.al

REFERENCES

1.

Schwibbert K, Richter AM, Kriiger J, Bonse J.
Laser-Textured Surfaces: A Way to Control
Biofilm Formation? Laser Photonics Revw.
2024;18:2300753.
http://doi.org/10.1002/Ipor.202300753.

AlMoharib HS, Steffensen B, Zoukhri D,
Finkelman M, Gyurko R. Efficacy of an Er: YAG
laser in the decontamination of dental implant
surfaces: an in vitro study. J Periodontol.
2021;92:1613-1621.  http://doil10.1002/JPER.20-
0765.

Crenn MIJ, Benoit A, Rohman G, Guilbert T,
Fromentin O, Attal JP, Bardet C. Selective laser
melted titanium alloy for trans gingival
components: influence of surface condition on
fibroblast cell behavior. J Prosthodont. 2022;31:50-
58. http://doil0.1111/jopr.13347.

Rezeka MA, Metwally NA, Abd El Rehim SS,
Khamis MM. Evaluation of'the effect of diode laser
application on the hydrophilicity, surface
topography, and chemical composition of titanium
dental implant surface. J Prosthodont. 2024:1-8.
http://doil0.1111/jopr.13823.

Simdes IG, Dos Reis AC, da Costa Valente ML.
Analysis of the influence of surface treatment by
high-power laser irradiation on the surface
properties of titanium dental implants: A
systematic review. J Prosthet Dent. 2023;129:863-
870. http://doil0.1016/j.prosdent.2021.07.026.
Rafiee K, Naffakh-Moosavy H, Tamjid E. The
effect of laser frequency on roughness,
microstructure, cell viability, and attachment of
Ti6Al4V alloy. Mater Sci Eng C Mater Biol Appl.
2020;109:110637.
http://d0il10.1016/j.msec.2020.110637.

Liu Y-H, Kuo K-K, Cheng C-W. Femtosecond
laser-induced periodic ‘surface = structures on
different tilted metal surfaces. Nanomaterials
(Basel). 2020;10:2540.
http://doi10.3390/nan010122540.

AboElhassan RG, Morsy N. Effect of laser etching
on surface characteristics of and porcelain bond to
soft milled and direct metal laser sintered cobalt-
chromium alloys. J Prosthet Dent.
2024;132:269.6261-269.2266.
http://doil10.1016/j.prosdent.2024.03.040.
Fahlstedt P, Wennerberg A, Bunas DF, Lie SA,
Leknes KN. Dental implant surface morphology,
chemical composition, and topography following
double wavelength  (2780/940 nm) laser
irradiation. An in vitro study. Clin Exp Dent Res.
2023;9:25-35. http://doi10.1002/cre2.709.

Alexandria Dental Journal. Volume x Issue x

CO2 Laser Effects on Titanium Surface & Biofilm: In Vitro Study

10.Ma Z, Ren L, Liu R, Yang K, Zhang Y, Liao Z, et
al. Effect of heat treatment on Cu distribution,
antibacterial performance, and cytotoxicity of Ti—
6A1-4V-5Cu alloy. J MATER Sci Technol.
2015;31:723-732.
http://doi.org/10.1016/j.jmst.2015.04.002.

11.Guo S, Lu Y, Wu S, Liu L, He M, Zhao C, et al.
Preliminary study on the corrosion resistance,
antibacterial activity, and cytotoxicity of selective-
laser-melted Ti6 Al4V-xCu alloys. Mater Sci Eng C
Mater Biol Appl. 2017;72:631-640.
http://doi10.1016/j.msec.2016.11.126.

12.Tonescu AC, Brambilla E, Azzola F, Ottobelli M,
Pellegrini G, Francetti LA. Laser microtextured
titanium implant surfaces reduce in vitro and in situ
oral biofilm formation. PLoS One.
2018;13:€0202262.
http://doil0.1371/journal.pone.0202262.

13. Mishra S, Gupta A, Upadhye V, Singh SC, Sinha
RP, Hader D-P. Therapeutic strategies against
biofilm infections. Life. 2023;13:172.
http://doil10.3390/1ife13010172.

14.Yan Z, Huang M, Melander C, Kjellerup BV.
Dispersal and inhibition-of biofilms associated with
infections. J Appl Microbiol. 2020;128:1279-1288.
http://doil0.1111/jam.14491.

15.Li P, Yin R, Cheng J, Lin J. Bacterial biofilm
formation on biomaterials and approaches to its
treatment and prevention. Int J Mol Sci.
2023;24:11680. http://doi10.3390/ijms241411680.

16. Tran HM; Tran H, Booth MA, Fox KE, Nguyen
TH, Tran N, Tran PA. Nanomaterials for treating
bacterial biofilms on implantable medical devices.
Nanomaterials (Basel). 2020;10:2253.
http://doi10.3390/nano10112253.

17.Rosman CW, van Dijl JM, Sjollema J. Interactions
between the foreign body reaction and
Staphylococcus aureus biomaterial-associated
infection. Winning strategies in the derby on
biomaterial implant surfaces. Crit Rev Microbiol.
2022;48:624-640.
http://doi10.1080/1040841X.2021.2011132.

18.Kurmoo Y, Hook AL, Harvey D, Dubern J-F,
Williams P, Morgan SP, et al. Real-time monitoring
of biofilm formation on coated medical devices for
the reduction and interception of bacterial
infections. Biomater Sci. 2020;8:1464-1477.
http://doi10.1039/c9bm00875f.

19. Vazquez-Rodriguez JA, Shaqour B, Guarch-Pérez
C, Choinska E, Riool M, Verleije B, et al. A
Niclosamide-releasing hot-melt extruded catheter
prevents Staphylococcus aureus experimental
biomaterial-associated  infection. Sci  Rep.
2022;12:12329.  http://doi10.1038/s41598-022-
16107-4.



http://doi.org/10.1002/lpor.202300753
http://doi10.1002/JPER.20-0765
http://doi10.1002/JPER.20-0765
http://doi10.1111/jopr.13347
http://doi10.1111/jopr.13823
http://doi10.1016/j.prosdent.2021.07.026
http://doi10.1016/j.msec.2020.110637
http://doi10.3390/nano10122540
http://doi10.1016/j.prosdent.2024.03.040
http://doi10.1002/cre2.709
http://doi.org/10.1016/j.jmst.2015.04.002
http://doi10.1016/j.msec.2016.11.126
http://doi10.1371/journal.pone.0202262
http://doi10.3390/life13010172
http://doi10.1111/jam.14491
http://doi10.3390/ijms241411680
http://doi10.3390/nano10112253
http://doi10.1080/1040841X.2021.2011132
http://doi10.1039/c9bm00875f
http://doi10.1038/s41598-022-16107-4
http://doi10.1038/s41598-022-16107-4

Sherif.et.al

20.Quinn J, McFadden R, Chan CW, Carson L.
Titanium for orthopedic applications: an overview
of surface modification to improve
biocompatibility and prevent bacterial biofilm
formation. IScience. 2020;23:101745.
http://doil10.1016/].is¢i.2020.101745.

21.da Costa Valente ML, de Oliveira TT, Kreve S,
Batalha RL, de Oliveira DP, Pauly S, et al. Analysis
of the mechanical and physicochemical properties
of Ti-6Al-4 V discs obtained by selective laser
melting and subtractive manufacturing method.
Biomed Mater Res B Appl Biomater.
2021;109:420-427.
http://doi10.1002/jbm.b.34710.

22.Ogawa CM, Faltin K, Jr., Maeda FA, Ortolani CLF,
Guaré RO, Cardoso CAB, Costa ALF. In vivo
assessment of the corrosion of nickel-titanium
orthodontic archwires by using scanning electron
microscopy and atomic force microscopy. Microsc
Res Tech. 2020;83:928-936.
http://doi10.1002/jemt.23486.

23.Mohazzab BF, Jaleh B, Fattah-Hosseini A,
Mahmoudi F, Momeni A. Laser surface treatment
of pure titanium: Microstructural analysis, wear
properties, and corrosion behavior of titanium
carbide coatings in Hank's physiological solution.
Surfaces and Interfaces. 2020;20:100597.
http://doi.org/10.1016/j.surfin.2020.100597.

24. Misischia WP, Xenoudi P, Yukna RA, Schurr MJ.
Bacterial reduction effect of four different dental
lasers on titanium surfaces in vitro. Lasers Med Sci.
2021;36:1759-1767.  http://doil10.1007/s10103-
021-03349-3.

25. Santos EO, Oliveira PLE, de Mello TP, Dos Santos
ALS, Elias CN, Choi S-H, de Castro ACR. Surface
characteristics and microbiological analysis of a
vat-photopolymerization  additivesmanufacturing
dental resin. Materials. 2022;15:425.
http://d0i10.3390/mal5020425.

26.Rbihi S, Aboulouard A, Laallam L, Jouaiti A.
Contact Angle Measurements of Cellulose-based
Thin Film composites: wettability, surface free
energy and surface hardness.  Surfaces and
Interfaces. 2020;21:100708.
http://doi.org/10.1016/j.surfin.2020.100708.

27.Sadeghinezhad E, Siddiqui MAQ, Roshan H,
Regenauer-Lieb K. On the interpretation of contact
angle for geomaterial wettability: Contact area
versus three-phase contact line. J Pet Sci Eng.
2020;195:107579.
http://doi.ore/10.1016/j.petrol.2020.107579.

28.McFadden R, Quinn J, Buchanan F, Carson L,
Acheson JG, McKillop S, Chan C-W. An effective
laser surface treatment method to reduce biofilm
coverage of multiple bacterial species associated

Alexandria Dental Journal. Volume x Issue x

CO2 Laser Effects on Titanium Surface & Biofilm: In Vitro Study

with medical device infection. Surf Coat Technol.
2023;453:129092.
http://doi.org/10.1016/].surfcoat.2022.129092.

29. Abo-Elghiet F, Rushdi A, Ibrahim MH, Mahmoud
SH, Rabeh MA, Alshehri SA, El Menofy NG.
Chemical Profile, Antibacterial, Antibiofilm, and
Antiviral Activities of Pulicaria crispa Most Potent
Fraction: An In Vitro and Silico Study. Molecules.
2023;28:4184.
http://doil10.3390/molecules28104184.

30. Alsaud N, Shahbaz K, Farid M. Antioxidant and
antibacterial evaluation of Manuka leaves
(Leptospermum  scoparium)  extracted by
hydrophobic deep eutectic solvent. Chem Eng Res
Des. 2021;174:96-106.
http://doi.org/10.1016/j.cherd.2021.08.004.

31. Elekhnawy E, Sonbol F, Abdelaziz A, Elbanna T.
An investigation of the impact of triclosan
adaptation on Proteus mirabilis clinical isolates
from an Egyptian university hospital. Braz J
Microbiol. 2021;52:927-937.
http://doil10.1007/s42770-021-00485-4.

32. Daubert DM, Weinstein BF. Biofilm as a risk factor
in 1implant . treatment: Periodontology 2000.
2019;81(1):29-

40. https://doi.org/10.1111/prd.12280

33. Mukherjee S, Sharma S, Soni V, Joshi A, Gaikwad
A, Bellare J, Kode J. Improved osteoblast function
on titanium implant surfaces coated with
nanocomposite Apatite—Wollastonite—Chitosan—an
experimental in-vitro study. J Mater Sci Mater
Med. 2022;33:25. http://doil0.1007/s10856-022-
06651-w.

34.Dutta Majumdar J, Manna I. Laser material
processing. International materials reviews.
2011;56(5-6):341-88.
https://doi.org/10.1179/1743280411Y.0000000003

35.Jaritngam P, Tangwarodomnukun V, Qi H,
Dumkum C. Surface and subsurface characteristics
of laser polished Ti6Al4V titanium alloy. Opt Laser
Technol. 2020;126:106102.
http://doi.org/10.1016/j.optlastec.2020.106102.

36. Shin J. Investigation of the surface morphology in
glass scribing with a UV picosecond laser. Optics
&  Laser  Technology.  2019;111:307-14.
https://doi.org/10.1016/j.optlastec.2018.10.008

37. Rosenkranz A, Hans M, Gachot C, Thome A, Bonk
S, Miicklich F. Direct laser interference patterning:
Tailoring of contact area for frictional and
antibacterial properties. Lubricants. 2016;4(1):2.
https://doi.org/10.3390/lubricants4010002

38.Ma C, Guan'Y, Zhou W. Laser polishing of additive
manufactured Ti alloys. Opt Lasers Eng.
2017;93:171-177.

http://doi.org/10.1016/j.optlaseng.2017.02.005.



http://doi10.1016/j.isci.2020.101745
http://doi10.1002/jbm.b.34710
http://doi10.1002/jemt.23486
http://doi.org/10.1016/j.surfin.2020.100597
http://doi10.1007/s10103-021-03349-3
http://doi10.1007/s10103-021-03349-3
http://doi10.3390/ma15020425
http://doi.org/10.1016/j.surfin.2020.100708
http://doi.org/10.1016/j.petrol.2020.107579
http://doi.org/10.1016/j.surfcoat.2022.129092
http://doi10.3390/molecules28104184
http://doi.org/10.1016/j.cherd.2021.08.004
http://doi10.1007/s42770-021-00485-4
https://doi.org/10.1111/prd.12280
http://doi10.1007/s10856-022-06651-w
http://doi10.1007/s10856-022-06651-w
https://doi.org/10.1179/1743280411Y.0000000003
http://doi.org/10.1016/j.optlastec.2020.106102
https://doi.org/10.1016/j.optlastec.2018.10.008
https://doi.org/10.3390/lubricants4010002
http://doi.org/10.1016/j.optlaseng.2017.02.005

Sherif.et.al

39.Razi S, Madanipour K, Mollabashi M. Improving
the hydrophilicity of metallic surfaces by
nanosecond pulsed laser surface modification.
Journal of Laser Applications. 2015;27(4).
https://doi.org/10.2351/1.4928290.

40. Yang C-j, Mei X-s, Tian Y-1, Zhang D-w, Li Y, Liu
X-p. Modification of wettability property of
titanium by laser texturing. The International
Journal of Advanced Manufacturing Technology.
2016;87:1663-70. https://doi.org/10.1007/s00170-
016-8601-9.

41.Scheuerman TR, Camper AK, Hamilton MA.
Effects of substratum topography on bacterial
adhesion. Journal of colloid and interface science.
1998;208(1):23-33.
https://doi.org/10.1006/jcis. 1998.5717.

Alexandria Dental Journal. Volume x Issue x

CO2 Laser Effects on Titanium Surface & Biofilm: In Vitro Study

42. Yang K, Shi J, Wang L, Chen Y, Liang C, Yang L,
et al. Bacterial anti-adhesion surface design:
Surface patterning, roughness and wettability: A
review. Journal of Materials Science &
Technology. 2022;99:82-100.
https://doi.org/10.1016/j.jmst.2021.05.028

43. Perera-Costa D, Bruque JM, Gonzalez-Martin ML,
Gomez-Garcia AC, Vadillo-Rodriguez V. Studying
the influence of surface topography on bacterial
adhesion using spatially organized
microtopographic surface patterns. Langmuir.
2014;30(16):4633-41.
https://doi.org/10.1021/1a5001057.



https://doi.org/10.2351/1.4928290
https://doi.org/10.1006/jcis.1998.5717
https://doi.org/10.1016/j.jmst.2021.05.028
https://doi.org/10.1021/la5001057

