
Abstract
Background: As dental implants become 

a routine part of dental practice, so too will the 
prevalence of peri-implant diseases. Inherent 
to the treatment of peri-implant disease is the 
removal of microbial biofilms from the implant 
surface. Currently, there is no standardized 
protocol for application of any treatment 
modality directed at implant surface de- 
contamination. In this in vitro study, we report 
on the effectiveness of a super-pulsed CO2 
laser (10.6 μm wavelength), delivering an 
average fluence of 6.3 to 113 J/cm2, to 
remove biofilm from three different types of 
implant surface topographies.

Methods: Sixty-six implants representing 
three distinctly different surface topogra-
phies were used to prepare 132 specimens 
yielding 44 of each surface type. A 48-hour 
mixed species biofilm was established on 
the surface of each specimen. Controls 
consisted of untreated specimens while 

treated specimens were irradiated at eight 
different laser energy density (or fluence) 
levels ranging from 6.3 to 113 J/cm2. 
Outcomes were measured by SEM exami-
nation and CFU counts of residual microbes 
following treatment at each fluence.

Results: Biofilms ranged in thickness from 
5 to 15 μm. An average fluence of 19 J/cm2 
was sufficient to achieve 100% ablation of the 
biofilm on hydrophilic sandblasted and acid-
etched surface specimens (SA). However, to 
achieve 100% ablation of biofilm on HA and 
highly crystalline, phosphate enriched titanium 
oxide (PTO) surfaced implants required an 
average fluence of 38 J/cm2.

Conclusions: In this in vitro model, a 
10.6 μm wavelength  super-pulse CO2 laser 
using parameters that produce an average 
fluence of 38 J/cm2 will achieve 100% abla-
tion of biofilms grown on implant specimens 
of varying topographies.

Introduction
As the placement of dental implants 

increases and becomes a routine part of 
dental practice so too will the prevalence 
rate of peri-implant diseases.1 Some reports 
suggest the radiographic evidence of peri-
implant bone loss may reach 30% to 35% 
while others report a lower rate, ranging 
from 10% to 20%.2-7 The treatment of peri-
implantitis, at some point, requires removal 
of all microbial biofilms from the exposed 
implant surface that, in turn, allows for optimal 
healing of host bone, osseous regeneration 
techniques, and overlying soft tissues.

Various methods of implant surface 
decontamination have been suggested, 
including use of tetracycline or sterile 

saline-soaked cotton pellets,8-11 air-polishing 
with sodium bicarbonate,12 diode,13 Nd:YAG,13 
Er:YAG,14 Er,Cr:YSGG,15 and CO2 lasers.16  

In addition, various adjunctive combina-
tions with flap surgery and/or regenerative 
therapies have also been investigated.8-10, 17,18  

None of the prescribed methods of implant 
surface decontamination has been shown 
to be superior in the management of peri-
implantitis. Part of the problem relates to the 
fact that there are no standardized protocols 
for any treatment modality directed at implant 
surface decontamination, including use of the 
CO2 laser. Thus, the purpose of this in vitro 
project was to establish the minimum fluence 
at which complete microbial decontamination 
can be achieved using a super-pulsed CO2 
laser on each of three different, but common, 
implant surface topographies.

Materials and methods

Implants
Three implants types were selected that 

collectively represented a range of topog-
raphy and surface roughness (Figure 1). The 
implants’ surfaces were as follows:

1. hydroxyapatite (HA) plasma-sprayed 
(Steri-Oss® HA Coated Surface, 
Steri-Oss Inc.)  

2. a highly crystalline, phosphate 
enriched titanium oxide surface 
produced by spark anodization  
(PTO) (NobelReplace™ Groovy, 
Nobel Biocare® USA) 

3. hydrophilic sandblasted and acid-
etched surface (SA) (Straumann® 
SLActive® Surface, Straumann USA, 
LLC)
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From a total of 66 intact implants (22 
of each surface type), two specimens 
measuring 1.0 mm (thickness) x 1.6 mm x 
4.0 mm were cut from each 4.8 mm or 5.0 
mm x 10 mm implant using a low-speed 
diamond saw (Buhler IsoMet® saw, Buhler). 
Specimens were cleaned of residual debris 
from the cutting process by sonication for 
1 minute and rinsing twice, using sterile 
water. All implant specimens were sterilized 
by UV light exposure for 60 minutes19 and 
then stored in sterile 48-well flat-bottomed 
cell culture dishes (Falcon® Cultureware, BD 
Biosciences) until inoculated and incubated 
with broth-containing bacteria.

A total of 44 specimens of each implant 
surface type were divided as follows: 

• one untreated negative control (no 
biofilm for SEM), one untreated posi-
tive control (with biofilm for SEM), and 
one specimen from each of the eight 
laser treatment groups, all examined 
by SEM

• two untreated positive controls from 
each surface type to establish a 
baseline CFU count

• four treated specimens of each 
surface type from each of the eight 
different laser treatment groups used 
for CFU counts.

Biofilm
Four supragingival plaque samples were 

obtained from each of five private practice 
periodontal patients exhibiting moderate 
and/or severe chronic periodontitis (i.e., ≥ 5 
mm probing depth with bleeding on probing 
and radiographic evidence of interproximal 
bone loss). Samples were obtained during 
scaling and root planing appointments using 
a McCall 13S/14S curette. The technique 
and purpose of the plaque sampling was 
explained in detail to the volunteer patients.

All patients signed an informed consent 
according to the Helsinki Declaration.20

Plaque samples were pooled in 100 ml 
of broth media (Terrific Broth, Invitrogen®/
Life Technologies) and homogenized by 
vortex agitation for 1 minute. The pooled 
plaque sample was then incubated in a 150 
ml roller bottle using a standard roller bottle 
apparatus under microaerophilic conditions 
at 37ºC for 48 hours. Following incubation, 
the 100 ml sample was agitated by vortex 
for 1 minute and then divided into four equal 
aliquots of 25 ml each. Fresh broth media 
was then added to each 25 ml aliquots, 
adjusting each to an absorption density of 
1.0 (λ 630 nm) yielding four tubes of equal 
bacterial densities that were again agitated 
by vortex for 30 seconds. The resulting 
tubes of mixed bacteria were used as the 

stock sample for inoculation of the implant 
specimens. The inoculum contained approxi-
mately 106 microbes per ml.

Immediately prior to inoculating implant 
specimens with the bacteria-ladened broth, 
they were immersed for 2 hours in fetal 
bovine serum (Gibco® Fetal Bovine Serum, 
Life Technologies), which was diluted 1:1 in 
25% sterile physiological saline. Precondi-
tioning with fetal bovine serum served as a 
surrogate for GCF and salivary proteins that 
implants would normally acquire in situ. Using 
a 48-well sterile culture dish, three implant 
specimens of each surface type were placed 
in a single well and covered with 1.0 ml of 
stock solution (i.e., broth media) containing 
bacteria. The “inoculated” implants were then 
incubated on a shaker table (low setting for 
gentle agitation) at 37ºC in a microaerophilic 
environment for 48 hours. The resulting 
biofilm attached to the implant specimens 
ranged in thickness from 5 to 15 μm.

Laser
The laser used in this project was a 

Super-Pulsed CO2 laser (10,600 nm) (Luxar 
NovaPulse LX-20SP CO2 laser, LightScalpel, 
LLC). The laser handpiece LightScalpel PN 

LS9002-07 was fitted with a 0.8 mm spot 
size diameter ceramic delivery tip Light-
Scalpel PN LS9005-01 (86% of beam energy 
contained within 0.8 mm diameter, 100% 
of energy contained within 1 mm diameter). 
The eight different fluence levels were deter-
mined by using the parameters listed in Table 
1 (laser settings “A” through “H”).

All laser settings were for SuperPulse 
mode (peak power > 50 W, pulse widths 
under 800 μsec, and pulse repetition rates 
of 150Hz. SuperPulse modes were further 
gated (“Repeat” gate settings, Table 1 and 
Figure 2A) with longer pulses (≥ 10 msec) at 
lower frequencies (≤ 30 Hz).

The pulse-width and pulse-rate settings 
of SuperPulse mode allow for thermal 
confinement of the laser energy deposited 
into 5-15 μm thick water-rich biofilm as will 
be discussed below.

A previous study21 determined that when 
manually using a CO2 laser to “paint” a flat 
surface, the typical rate of irradiation expo-
sure is 4 mm/second. Thus, as all speci-
mens measured 4 mm in length and 1.6 
mm in width, each of two non-overlapping 
sweeps of the laser beam was of 1-second 
duration.

Figure 2: Drawings depicting (2A) repeat gating of SuperPulse modes with longer pulses ( ≥ 10 msec) at lower frequen-
cies (≤ 30 Hz); (2B) movement of the laser beam over the biofilm adhering to the implant surface; and (2C) schematic of 
experimental protocol
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The laser handpiece was stabilized at a 
fixed 2 mm distance over the target surface 
by use of an adjustable-angle clamp attached 
to an L-shaped base support stand. Implant 
specimens were placed on a glass micro-
scope slide that, in turn, was positioned on a 
variable speed motorized microscope stage, 
allowing passage of the specimen under the 
laser beam at the prescribed rate of 4 mm/
second. This arrangement also allowed for 
minimal overlapping of exposed surfaces 
during the second pass required to cover 
the 1.6 mm width using the 0.8 mm diameter 
beam delivery tip (Figure 2B).

Following laser treatment of the implant 
specimen surface, the edges of the spec-
imen were irradiated using a continuous 
beam and 6 Watts. This was to ensure that 
bacteria attached to the edges were ablated. 
Thus, only residual bacteria from the treated 
surface, if any, contributed to CFU counts.

Immediately following laser treatment, 
one specimen of each surface type from 
each treatment group was selected for SEM 
evaluation and immersed in fixative. The 
remaining three specimens were immersed 
in sterile broth media and processed for CFU 
counts. A summary schematic of the experi-
mental protocol is presented in Figure 2C.

Colony-forming units
All laser treated implant specimens, 

including the eight untreated positive control 
specimens (with biofilm), were processed 
in a sterile laboratory hood in the following 
manner: 

1. One implant specimen from each 
laser treatment group was randomly 
selected for SEM evaluation.

2. The remaining implant specimens 
were each immersed in 10 ml of fresh 
broth media and vigorously agitated 
by vortex for 2 minutes followed by 

1 minute of sonication. 
3. Serial dilutions were made from 

the supernatant (1:10,000 and 
1:100,000). 

Aliquots of 0.1 ml from each of the two 
dilutions were plated manually in triplicate 
using a spiral platter onto non-selective 
blood agar plates (Sigma-Aldrich) supple-
mented with hemin (5 mg/ml), menadione (1 
mg/ml), and 5% sterile sheep blood. Plates 
were incubated under microaerophilic condi-
tions at 37ºC for 72 hours.

Following incubation, the total number 
of CFU/ml was determined for each plate 
using an electronic colony counter system 
(Scienceware® Electronic Colony Counter 
System, Bel-Art Products). All counts were 
converted assuming a dilution of 1:100,000 
and recorded as the average number of 
CFUs/ml. There was no attempt to sub-
culture or identify recovered microbes other 
than by SEM morphotype.

Scanning Electron Microscopy
Specimens dedicated to SEM evalu-

ation were immersed in ice-cold fixation 
consisting of 2.5% gluteraldehyde in 0.1 
M cacodylate buffer at pH 7.4 for 2 hours. 
Following fixation, specimens were rinsed 
3 times in 0.1 M cacodylate buffer (pH 
7.4) for 5 minutes per rinse. Following the 
buffer rinse, specimens were dehydrated in 
a series of graded ethanol solutions (20% 
to 100%) at 5-minute intervals, followed 
by immersion in hexamethyldisilazane for 
30 minutes. Each specimen was then 
affixed to an aluminum stub and stored in 
a desiccator overnight, followed by sputter-
coating with approximately 20 nm of gold-
palladium. Specimens were examined in a 
XL30 ESEM-FEG scanning electron micro-
scope (FEI Corp., North America NanoPort)  
at various magnifications ranging from x80 

up to x4,000. Magnifications of 2,000x 
and 4,000x were used to identify residual 
microbes by morphotype, i.e., coccus, 
short, medium, and long rods, fusiform, 
spirochete-like, and curved rods.

Statistical analysis
Regardless of implant surface topog-

raphy, total decontamination of the implant 
surface is the clinical goal when treating peri-
implant disease. Thus, the CFU data were 
log transformed to obtain only the main effect 
for each level of laser treatment. Descriptive 
statistics are presented for raw data and log-
transformed CFUs. The measured outcome 
of laser treatment is the percentage reduction 
in CFU counts, assuming the baseline count 
of untreated implant specimens to represent 
100%.

Results
The 48-hour biofilm that developed on 

the implant specimens ranged in thickness 
from 5 to 15 μm and was dominated by 
microbial morphotypes that were typically 
associated with a supragingival biofilms of 
natural teeth, i.e., cocci, short and medium 
length rods (Figure 3A). The morphologic 
character and thickness of the biofilm was 
consistent for all implant specimens regard-
less of the surface topography.

Table 1 summarizes the laser setting 
parameters and the results of the bacterial 
reduction, as well as the calculated depth 
of the laser ablation. It should be noted that 
100% bacterial reduction was achieved at 
a fluence of 19 J/cm2 (laser setting “D”) per 
passage of the laser beam for the SA implant 
surface and for both the HA and PTO implant 
surfaces the bacterial reduction was 96.3% 
and 96.6%, respectively. At a fluence of 38 
J/cm2 (laser setting “E”) or greater per pass, 
100% of the biofilm was ablated and 100% 

Table 1: Laser parameters used and percentage of bacterial reduction for each implant specimen surface type 

Laser 
Setting  

#

Laser 
Display 
Power  

(W)

Repeat 
Gate Pulse 

Rate  
(Hz)

Repeat 
Gate Pulse 
Width (sec)

Average 
Fluence per 

Pass (J/
cm2)

SuperPulse 
Rate  
(Hz)

SuperPulse
Fluence (J/

cm2)

Ablation 
Depth per 

SuperPulse 
pulse (μm)

Ablation 
Depth per 

Pass at 
4mm/s (μm)

% Bacterial 
Reduction 

for HA 
implant

% Bacterial 
Reduction 

for PTC 
implant

% Bacterial 
Reduction 

for SA 
implant

A 2 10 0.01 6.3 150 2.29 0 0 53.6 59.0 71.4

B 3 10 0.01 9.4 150 3.44 2.1 4.8 62.4 71.4 69.3

C 3 15 0.01 14 150 3.44 2.1 7.2 83.3 87.0 92.4

D 3 20 0.01 19 150 3.44 2.1 9.6 96.3 96.6 100

E 4 30 0.01 38 150 4.59 7.4 52 100 100 100

F 4 30 0.015 56 150 4.59 7.4 78 100 100 100

G 4 30 0.02 75 150 4.59 7.4 104 100 100 100

H 6 30 0.02 113 150 6.88 18.1 254 100 100 100
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bacterial reduction was measured regardless 
of the type of implant surface.

Use of per pass beam fluence of 6.3. 9.4, 
and 14 J/cm2 (laser settings “A-C”) achieved 
incomplete biofilm ablation and bacterial 

reduction, ranging from a low of 53.6% up 
to 92.4% with little variation between implant 
surface types (Table 1). SEM examination 
of specimens treated with a fluence of  
≤ 14 J/cm2 revealed the presence of residual 

microbes (incomplete biofilm ablation) within 
surface depressions (Figures 3B and 3C). 
At a beam fluence of 38 J/cm2 (laser setting 
“E”), it was noted that the HA surface exhib-
ited evidence of melting (Figure 3D), whereas 
the PTO and SA surfaces showed no surface 
alterations at any of the higher fluence expo-
sures, i.e., 38, 56, 75, and 113 J/cm2.

Discussion
Efficient bacterial reduction can be 

achieved by ablating the bacterial biofilm 
off the implant surface without heating nor 
damaging the implant if: 

1. Laser energy is efficiently deposited 
into the biofilm.

2. Laser-generated heat inside the 
biofilm is confined to the biofilm and 
is not thermally conducted away into 
the body of the implant (which acts 
as a highly efficient heat sink).

3. Laser-generated heat inside the 
biofilm is sufficient for vaporizing the 
biofilm.

The first condition (efficient laser energy 
deposition into the biofilm) is met when laser 
absorption depth is comparable to the biofilm’s 
thickness. Figure 4 presents absorption depth 
and thermal relaxation time spectra22 for a 
biofilm assumed to have a water content of 
85%.23 The absorption depth of a 10.6 µm 
wavelength CO2 laser wavelength is about 
14 µm, which is well within the range of the 
biofilm thickness observed in this study, i.e., 
range of 5 to 15 µm.

The second condition of thermal confine-
ment of laser energy within the irradiated 
biofilm is met when the laser pulse duration is 
shorter than Thermal Relaxation Time (TRT), 
also presented in Figure 4. TRT defines the 
rate of how fast the irradiated tissue diffuses 
the heat away as defined through the thermal 
diffusion time: TRT = A2/K,24,25 where A is 
optical absorption depth discussed above. 
The physics behind thermal diffusivity process 
is similar to diffusion and Brownian motion 
first described by Einstein in 1905.26 Co- 
efficient K is the tissue’s thermal diffusivity; 
K = λ /(ϱ C) ≈ 0.155 (+/-0.007) mm2/sec 
(derived from heat conductivity λ ≈ 6.2-6.8 
mW/cm ºC; specific heat capacity C ≈ 4.2 
J/g ºC, and density ϱ ≈ 1 g/cm3 for liquid 
water for temperatures in 37ºC-100ºC 
range).27 For 10 µm thick 80%-90% water-
rich biofilm at 10,600 nm wavelength, the 
TRT is approximately 700 µsec. Therefore, 
a SuperPulsed CO2 laser with pulses under 
800 µsec are highly efficient at confining the 
heat generated by the laser pulse within the 
biofilm thickness during the laser pulse.

The third condition of efficient biofilm 
vaporization (or ablation) is met when laser 

Figures 3A-3D: High magnification SEM photographs. 3A. 72-hour in vitro biofilm growth on SA implant surface (Average 
thickness of biofilm for all implant specimens was ≈ 10 μm with a range of ≈ 5-15 μm. Original magnification x5,000; bar 
= 5 μm). 3B. HA implant surface showing residual microbes following laser treatment using a fluence of 14 J/cm2 per pass 
of the laser beam. Original magnification of 4,000x; bar = 5 μm. 3C. PTO implant surface following laser treatment using a 
fluence of 14 J/cm2 per pass of the laser beam. Arrows indicate residual cocci and short rod microbes lying within surface 
depressions. Original magnification of 5,000x; bar = 5 μm. 3D. HA plasma-sprayed coated implant surface exhibiting evidence 
of surface melting (arrows) following treatment using a fluence of 38 J/cm2 per pass of the laser beam. Original magnification 
of 250x; bar = 100 μm

Figure 4: Absorption depth, Thermal Relaxation Time, and ablation threshold fluence spectrum for biofilm with assumed 85% 
water content    

A. B.
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fluence during the SuperPulse pulse exceeds 
laser ablation threshold Eth

25,28 presented in 
Figure 4. The more efficiently the laser energy 
is absorbed (Erbium and CO2 lasers), the 
lower is the ablation threshold. The less 
efficient the laser energy is absorbed (diode 
and Nd:YAG lasers), the higher is the abla-
tion threshold. The ablation threshold at the 
10.6 µm CO2 laser’s wavelength for a biofilm 
with an assumed 85% water content equals 
approximately 3 J/cm2. Laser settings “B-H” 
from Table 1 with fluence over 3 J/cm2 fit the 
ablative requirements.

During each SuperPulse pulse, the abla-
tion depth δ is given by the formula δ = A (E 
– Eth) / Eth for the steady state ablation condi-
tions,25 where A  is the absorption depth and 
Eth is the ablation threshold fluence, and E 
is the fluence during the SuperPulse pulse. 
Ablative laser settings “B-D” in Table 1 (with 
fluence over 3 J/cm2) allow for an ablation 
depth of approximately 2-18 µm per pulse; 
multiple pulses stacked on top of each other 
allow for deeper ablation depths (propor-
tional to number of pulses).

Bacterial reduction depends on how 
much of the bacterial biofilm is ablated as 
illustrated in Figure 5. Bacterial reduction 
of 100% can be achieved only through 
complete laser ablation of the biofilm; the 
sub-ablative laser setting “A” with 2.29 J/
cm2 is seen as the least efficient.

As also observed in this study, plasma-
sprayed hydroxyapatite HA implant surface 
is susceptible to melting and heat-induced 
cracking at an average fluence greater than 
19 J/cm2 and certainly at the 38 J/cm2 as 
noted in this study. This can be explained 
through high absorption of the 10,600 
nm light by the hydroxyapatite29 exposed 
after the bacterial biofilm was ablated. In 
contrast, the PTO and SA surfaces did not 
exhibit adverse surface interactions even at 
higher fluences up to 113 J/cm2, which can 
be explained by high reflectivity of titanium 
(> 90%) at 10,600 nm.30

Conclusion
An average fluence of 19 J/cm2 delivered 

by a SuperPulse 10.6 µm wavelength CO2 

laser is sufficient to achieve a 100% ablation 
of an in vitro biofilm of approximately 10 µm 
thickness grown on implant specimens with 
a moderately rough surface topography. A 
similar reduction on HA or highly crystalline, 
phosphate enriched titanium oxide surfaces 
required an average fluence of 38 J/cm2. The 
HA surface implant specimens also exhib-
ited surface melting and heat crazing at an 
average fluence of 38 J/cm2. The SuperPulse 
10.6 µm wavelength CO2 laser may provide a 

predictable method of surface decontamina-
tion in the treatment of peri-implantitis.
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Figure 5: Bacterial reduction vs. calculated ablation depth for 10 μm thick biofilm with an assumed 85% water content
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