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Abstract
Introduction: Dental decay is caused by the fermentation of carbohydrates and the production 
of acids which demineralize teeth. The fermented food debris lowers the pH under 5.5, resulting 
in the mineral loss of teeth. Anti-decay factors are used to reduce decay rates and increase dental 
protection. 
Methods: Fifteen sectioned teeth samples were immersed in Ag NPs solution and then irradiated 
with laser pulses. Structures, morphologies, chemical compositions and microhardness were studied 
using the Vickers micro-hardness tester, energy dispersive x-ray machine, atomic force microscope 
and scanning electron microscopes. 
Results: Nine mature extracted human third molars, cleaned and placed in plastic molds then 
filled with a warm epoxy resin, were sectioned longitudinally and polished. The samples were then 
cleaned ultrasonically and stored in distilled water and taken immediately one by one for laser 
treatment. Sharper, overlapping, interconnected rods and higher resistance against enamel decay 
were demonstrated with little alterations of the mineral percentages of the teeth samples.
Conclusion: The combination of laser light and silver annoparticles improved the decay resistance; 
where regular inter-connected chain-like merged grains were formed. These laser-induced 
modifications in enamel components have reduced the lattice stress and enamel solubility and 
improved resistance against decay. The computer model indicated a possible prediction of the laser-
treated profile prior to laser treatment. 
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Introduction
Dental caries is the local destruction of dental tissue 
by the bacterial leavening of sugars. The fermentation 
process of the carbohydrates produces acids that cause 
the enamel to demineralize.1 During the demineralization 
process, calcium and phosphate ions are transferred 
into the bordering environment, leaving a cavity in the 
demineralized zone.2 Repeated ingestion of fermentable 
food keeps the pH below 5.5, which causes a loss of dental 
minerals. The demineralization can be developed into 
the dentine down to the pulp where it causes severe pain 
due to pulpitis or periapical lesion.3 The expansion of the 
anti-caries factors can diminish decay rates and increase 
dental protection. Chemotherapeutic agents such as 
metal ions, fluoride agents, and antibiotics have been 
tested for protecting teeth and arresting caries.4,5 Nano 
silver fluoride (NSF) was developed as an efficient anti-
caries factor.6 The laser was used in dentistry years ago 

to enhance dental enamel resistance to demineralization 
and improve its properties.7 The first suggestion to use 
ruby laser irradiation for inhibition of dental caries 
was in 19728; after that, the laser became available for 
dental treatment, specified with its efficiency, easiness, 
and comfortableness.9 The whole idea is based on laser 
interaction with dental hard tissues. This depends 
on the tissue optical properties and laser wavelength, 
fluence, mode of operation and polarization state.10 
Tooth resistance to mineral loss, caused by acids, can be 
enhanced by combining the effect of the laser with re-
mineralizing agent treatments.11 In the past, silver was 
used as an antibacterial element, but it has been replaced 
by antibiotics in the present time. Silver was put again 
in use because of the high resistance of pathogens to 
antibiotics.12 The main goal of integrating silver NPs into 
dental materials is to minimize the formation of biofilm 
and microbial colonization.13 To prevent caries, dental 
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enamel must be made more resistant and less soluble. In 
laser dental treatment, the incident laser energy has to 
be absorbed efficiently and converted into heat without 
affecting the surrounding and deeper tissue.14 Researchers 
are concerned with the effect of the focused laser beam on 
the melting and re-solidification of the illuminated dental 
tissue.15-17 Enamel fusing and fusion are responsible for the 
enhancement of enamel resistance against caries.18,19 Laser 
illumination forms pyrophosphates; decreases water and 
carbonate components, increases the contents of hydroxyl 
ions, and dissociates proteins. These additional changes 
can reduce enamel solubility.20-22 Other studies have 
demonstrated size and shape changes in hydroxyapatite 
crystals after laser irradiation.23-25 The effect of physico-
chemical changes in enamel showed a growing resistance 
to decay.16 We report a novel technique to increase the 
dental enamel resistance against tooth decay by using 
Nd: YAG and diode lasers combined with colloidal silver 
nanoparticles. A computer model was written to help 
predict the exact laser-treated volume under the enamel 
surface. 

Materials and Methods
Nine mature extracted human third molars, in good 
dental health, were stored in 10% formalin.26 The teeth 
were washed and their attached tissue was removed by 
an ultrasonic cleaner (Lab Tech, Daihanlabtech co., LTD, 
model LUC-410, Korea), and then they were brushed with 
toothpaste. The teeth were placed in plastic molds and a 
warm epoxy resin was poured. After a couple of hours, the 
teeth were sectioned longitudinally and polished to level 
up the exposed area, using a low-speed grinding machine 
under water-cooling and Amery silicon carbide papers 
(No. 1500 to 3000). After that, 0.05 polishing alumina and 
a cloth were used in a low-speed metallurgical polisher 
(DP-U4, Struers-Denmark) to obtain smooth surfaces. 
Finally, the samples were cleaned ultrasonically for 5 
minutes and stored in distilled water, and they were taken 
immediately one by one for laser treatment. A Q-switched 
Nd: YAG laser (HUAFEL, Single Pulse Mode – China), 
operating at a 1064-nm wavelength and providing 
up to 1 J, 9 ns laser pulses of 0.8 mm diameter, and a 
3.6-W-continuous (CW) diode laser, operating at an 808 
nm wavelength, were employed to irradiate (3x3) mm2 
of the tooth samples’ surfaces. The silver nano-colloidal 
solution was prepared by chemical reduction of silver 
nitrate (AgNO3) with sodium boro-hydride (NaBH4). A 

beaker containing 60 mL of 0.002M (NaBH4) was placed 
in an ice bath (to slow the reaction) and stirred for about 
30 minutes by a magnetic stirrer. During this time, 4 mL 
of 0.001M (AgNO3) was added to the solution at a rate 
of one drop per second. The yellow transparent solution 
appeared as a nano-colloidal silver suspension with an 
absorption peak at 400 nm and a particle size ranging 
between 25-50 nm, measured by SEM. The temperature 
rise was measured on two tooth samples during one 
minute of diode laser irradiation. This was accomplished 
by using a digital infrared thermometer AR350+ (Smart 
Sensor, Intell Instruments Plus, China). This test was 
important to ensure a pulp temperature rise within the 
safety limit (5.5oC).27 

Fifteen tooth samples were randomly divided into 
five groups; each comprises 3 samples, according to the 
treatment parameters. Group 1 was the untreated control 
group. The samples of group 2 were treated with 5 pulses 
of the 100 mJ Nd:YAG laser while they were immersed 
in the colloidal silver nano-particles solution, followed by 
3.6W diode laser illumination for 1 minute. Group 3 was 
treated with a single pulse of the 500 mJ Nd: YAG laser 
combined with colloidal silver nano-particles solution 
and then by a 3.6 W diode laser for 1 minute. Group 4 
was illuminated with a single 500 mJ laser pulse from the 
Nd: YAG laser and then by a combined 3.6 W diode laser 
- colloidal silver nano-particles solution for 1 minute. 
Finally, group 5 was illuminated by a 3.6 W diode laser 
combined with the colloidal silver nano-particles solution 
for 1 min. Table 1 summarizes all treatment conditions. 
During laser irradiation, the samples were immersed in 
the colloidal nano-silver particles solution. For the present 
experimental work of group 4, coating the tooth samples 
with carbon black prior to laser illumination was found 
helpful in order to compensate for the lower absorption 
of the 1064 nm Nd: YAG laser to boost the laser effect 
on the teeth. In real clinical applications, the higher tooth 
absorption of the Er: YAG laser should be used. 

First, the roughness changes and surface topography 
of the laser-treated enamel surfaces were recognized by 
using an Atomic Force Microscope (SPM-AA3000, AFM- 
Contact mode, Angstrom Advanced INC, USA). This 
was followed by evaluating the changes in the enamel 
surface hardness after laser irradiation using the Digital 
Micro-Vickers hardness tester (TH 715, 2008, China). 
The indentations on the tooth samples were made at a 
500-g load for 15 seconds.28 The structural changes in 

Table 1. Laser Treatments of the Tooth Sample Groups

Group Step 1 Parameters Step 2 Parameters

1 Control __

2 5 pulses-100 mJ Nd: YAG laser + Nano-silver 3.6 W Diode laser for 1 min

3 500 mJ Nd: YAG laser + Nano-silver 3.6 W Diode laser for 1 min 

4 500 mJ Nd: YAG laser+ carbon black (3.6 W diode laser + Nano silver) for 1min

5 3.6 W Diode laser + Nano-silver __
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dental enamel surfaces after the combined treatment were 
then investigated using scanning electron microscope 
SEM (Tescan, Vega3, Czech). Energy dispersive x-ray 
(EDX) (Angstrom Advanced, AIS2300 Multi-function 
SEM System, USA) was employed to evaluate the 
chemical composition of the irradiated surfaces and 
also to determine the Ca/P weight percentage ratio of 
each sample before and after the laser treatments. An 
artificial de-mineralization solution was prepared from 
(0.0022 M of CaCl2, 0.0022M of NaH2PO4, 0.05M acetic 
acid, and few grams of KOH) to adjust the PH of the 
solution to 4.5.29 An accurate (4-digit) electric balance 
(Sartorius Lab Instruments GmbH&Co.KG, Goettingen, 
Germany) was used to weigh the samples before and after 
the demineralization test. The weighed samples were 
coated with special wax as an acid-resistance, except for 
a window of approximately 1.5 × 1.5 mm on the treated 
surface. Each sample was then immersed individually in 
the demineralization solution for 48 hours at 37ºC. The 
samples were then washed under tap water for 3 minutes 
and then by deionized water DI, and they were left to 
dry. Finally, the wax was removed and the samples were 
weighed and subjected to SEM observation and EDX 
analysis again. SPSS version 25 was used for data analysis, 
in which Kruskal-Wallis test was employed to compare all 
groups after setting α < 0.05.

Computer Simulation Model
The laser heating effect profiles can be studied numerically 
after substituting specific values of the point laser heating 
source at specific locations. The nanosecond laser pulse 
duration and low thermal diffusivity of the enamel 
ensure very shallow penetration depth. The practical 
picture represents an ellipse, where the width is along 
its major axis while the depth is along the minor axis. A 
computer simulation program was constructed to predict 
the formability of the laser effect in the enamel. The 
experimental results showed a thermal diffusion depth of 
approximately 0.09 mm when using 4 laser pulses, each 
with 400 mJ. Tables 2 and 3 present thermal constants and 
laser parameters used in this work.

The laser-treated profile from the computer model 
(continuous line) and experiment (dotted line) is shown 
in Figure 1. This figure shows a very good match between 

the experiment and the model, that is, a good prediction 
of the laser-treated volume before giving the actual 
treatment. 

Results
The experimental and simulated width and depth of the 
laser-treated tooth enamel are shown in Figure 2. The SEM 
image of group 3 samples revealed some fused areas with 
deposits on the enamel surface as shown in Figure 2C. 
Figure 2D represents a treatment of one sample in group 
4. Figure 2E demonstrates the smoother laser-treated 
surface of a sample in group 5. 

Figure 2F demonstrates a laser-affected depth of 
approximately 0.09 mm cross-section of an enamel 
sample treated with 4 pulses of 400 mJ Nd: YAG laser.

The atomic force microscope (AFM) analysis images 
demonstrated significant changes in the topography of 
the treated enamel surfaces compared to the control 
samples (Figure 3). 

The AFM results of the treated enamels showed small 
roughness spikes, indicating the positive effect of silver 
nanoparticles, as seen in Figure 4a.

Figure 4b describes a significant decrease in the 
enamel grain size which may have resulted from the 
existence of silver nanoparticles between the enamel 
grains. Figure 4c indicates a significant increase in 
tooth enamel microhardness of the treated enamels 
compared to the control. Figure 4c shows the greatest 
microhardness increase (group 4). Group 5 shows the 
lowest microhardness increase, as only the low-intensity 
diode laser and colloidal silver nanoparticles solution were 
used in the treatment. The silver nanoparticles’ weight 
percentages were acceptable in most treated samples, as 
seen in Figure 5. In the demineralization test, the enamel 

Table 2. Thermal Constants of Enamel

Thermal conductivity
(W/(mmoC))

Thermal diffusivity
(mm2/s)

Melting
point (Tm) oC

0.9 × 10-6 0.5 840

Table 3. Nd: YAG Laser Parameters

No. of 
Laser 
Pulses

Laser
Power
(W)

Travel
Speed
(mm/s)

Laser 
Intensity 
W.mm-2

Max. 
Width
(mm)

Laser 
Diffusion

Depth (mm)

Affected 
Area

(mm2)

4 4 × 107 108 8 × 107 0.8 90 x 10-3 0.5

Figure 1. Treated Enamel From the Computer Model (Continuous Line) and 
Experiment (Dotted Line).

Figure 2. SEM Images of Normal Enamel Surface: (A) Group 1 (Control), 
(B) Group 2, (C) Group 3, (D) Group 4, (E) Group 5, and (F) Laser-Treated 
Enamel Depth.
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samples were immersed in the acid solution for 48 hours, 
during which some minerals were extracted. 

Figure 6A describes the SEM images of a demineralized 
sample from group 1 (control), which demonstrates deep 
voids on the tooth surface, meaning a large number of 

minerals extracted from the enamel surface. The SEM 
images of the treated samples (Figure 6B, C, D), on the 
other hand, demonstrate the lesser depth of voids. 

The SEM images of group 5 samples treated with the 
diode laser and silver nanoparticles have demonstrated 

Figure 3. 3D–AFM Topographic Images of the Tooth Samples.

Figure 4. (a) Enamel Surface Roughness, (b) Average Grain Diameter, and (c) Microhardness of the Laser-Treated Groups.

Figure 5. Ca/P and Ag Weight Ratio Before and After the Demineralization.
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the least surface changes and voids depth after the 
demineralization process, as seen in Figure 7. 

Statistical Analysis Results
Roughness
Statistically, there was a significant difference between 
all groups P = 0.001 (Table 4). The results of the post-hoc 
multiple comparison between each group and the other 
are summarized hereunder: 
1. There was a significant difference between the 500 

mJ Nd: YAG laser + Nano silver + 3.6 W diode laser 
group and the control group, P < 0.001.

2. There was a significant difference between the 500 
mJ Nd: YAG laser + carbon black+3.6 W diode laser 
+ NS group and the control group, P = 0.009

3. There was a significant difference between the 5 
pulses-100 mJ Nd: YAG laser + Nano-silver +3.6 W 
diode laser group and the 500 mJ Nd: YAG laser + 
Nano-silver+ 3.6 W diode laser group, P = 0.012

4. There was a significant difference between the 500 
mJ Nd: YAG laser + Nano-silver + 3.6 W diode laser 
group and the + NS group, P = 0.004.

Hardness
The results of the post-hoc multiple comparison between 
each group and the other one are summarized to show the 
significant differences: 
1. There was a significant difference between the 500 

mJ Nd: YAG laser + Silver NP +3.6 W DL group and 
the control group, P = 0.010.

2. There was a significant difference between the 500 
mJ Nd: YAG laser + carbon black + 3.6 W DL+ Silver 
NP group and the control group, P < 0.001.

3. There was a significant difference between the 
5 pulses-100 mJ Nd: YAG laser + Silver NP +3.6 
DL group and the 500 mJ Nd: YAG laser + carbon 
black+3.6 W DL+ Silver NP group, P < 0.001.

4. There was a significant difference between the 500 
mJ Nd: YAG laser + Silver NP +3.6 W DL group and 
the 500 mJ Nd: YAG laser + carbon black + 3.6 DL+ 
Silver NP group, P < 0.001.

5. There was a significant difference between the 5 
pulses-100 mJ Nd: YAG laser + Silver NP +3.6 W 
DL group and the black+3.6 DL+ Silver NP group, 
P < 0.001.

6. There was a significant difference between the 500 mJ 
Nd: YAG laser + carbon black + 3.6 W DL+ Silver NP 
group and the 3.6 W DL + Silver NP group, P < 0.001

7. There was a significant difference between the 3.6 W 
DL + Silver NP group and the 500 mJ Nd: YAG laser 
+ Silver N.P +3.6 W DL group, P = 0.015.

8. There was a significant difference between the 500 
mJ Nd: YAG laser + carbon black +3.6 W DL + Silver 
NP 3.6 W DL + Silver NP group and the 3.6 W DL + 
Silver NP group; P < 0.001 (Table 5). 

Figure 6. SEM Images of the Samples After Immersing in a De-mineralization Solution for 48 Hours: (A) Group 1, (B) Group 2, (C) Group 3, (D) Group 4, and 
(E) Group 5.

Figure 7. Decay Resistance After Immersion in Demineralization Solution 
for 48 Hours.

 
  

 

0

300

600

900

1200

1 2 3 4 5

A
ci

d 
re

si
st

an
ce

 
Im

pr
ov

em
en

t r
at

io
 %

Group name



Hamoudi et al

 Journal of Lasers in Medical Sciences  Volume 12,  20216

Discussion
The excellent match between experimental and simulated 
heat distribution inside the tooth enamel for groups 2, 3, 
4, and 5 indicates a possible prediction of the temperature 
distribution, as shown in Figure 1. The micro-pores 
of group 2 in Figure 2 appeared at 400℃ and increased 
in size and number at 500℃.30 Glass-like surfaces and 
columns isolated by voids are seen in Figure 2D, due 
to the vaporization of water and organic components.31 
The smooth laser-treated surface shown in Figure 2E 
may be attributed to the regular fusing of the surface as 
a result of the continuous operating mode of the diode 
laser. The low-power diode laser helped to nest some 
silver particles on the enamel surface by its limited 
heating effect compared to the Nd: YAG laser. Surface 
transformations were caused by enamel melting during 
laser illumination followed by re-crystallization during 
cooling. When the enamel’s temperature reaches 200℃, 
intra-crystalline voids may form, and at 350℃, these 
voids become very clear and increase in number and size 
with a temperature until 600℃.32 The surface grains of the 
treated enamels, obtained from AFM, in Figure 3, had a 
regular chain-like arrangement connected by merging the 
neighboring enamel grains. Laser treatment of the enamel 
surface has shown high roughness due to laser-induced 
crystallographic changes. This increased roughness can 
help to nest restorative silver nanoparticles between the 
granules of the enamel tissue by the effect of the laser. 
The incident laser on the enamel is converted into a high-
temperature heat which causes optical, morphological, 
and crystallographic changes in the enamel crystal 
due to chemical reactions at high temperatures. These 
changes are induced by organic matrix extension, 
phase transformation (because of inorganic materials 
melting), and the blockage of ion diffusion pathways.33 
After laser illumination, the enamel crystal size after 
laser illumination (Figure 4b) may change,24 and 
when its temperature rises between 200℃ - 400℃, its 
crystallites become smaller along the a-axis direction of 

the hexagonal phase.34 The hardness increase of enamel 
shown in Figure 4c was due to sudden laser heating and 
fast quenching of a thin surface layer of enamel, and to 
the plasma pressure that is generated by laser ablation-
shockwave, which pushes inside the enamel tissue during 
laser irradiation.35,36 Furthermore, the changes in crystal 
size growth and recrystallization of porous enamel, as 
a result of the high-temperature rise of the surface, can 
contribute directly to the rise of tooth microhardness.37,38 
The high microhardness of Figure 4c was due to the highly 
light-absorbing carbon black covering its surface during 
Nd: YAG laser irradiation. When enamel microhardness 
increases, the tooth abrasion degree becomes lower, 
leading to higher tooth resistance to decay.38 The 
laser modifications induced in enamel components 
like organic content of the mineral phases, water, and 
carbonate would lead to a reduction in the hydroxyapatite 
lattice stress and the enamel solubility.39 In hydroxyapatite 
crystals, calcium and phosphorus are the main inorganic 
components of the dental enamel tissue.40 During 
melting and re-solidification, the mineral components 
are redistributed, leading to a change in the calcium to 
phosphorus ratio.23 In Figure 5, the Ca/P ratio of the 
decreased enamel, after demineralization, is ascribed to 
the faster demineralization of the enamel surface in the 
acidic environment.23 After demineralization, the Ca/P 
ratios of groups 2 and 3 became higher than they were 
before the demineralization, while they became lower for 
groups 4 and 5, probably due to the possible deposition of 
silver nanoparticles on Ca of the enamel surface. At high 
laser energy, the permeability reduction and penetration 
of acids deeper in the enamel are caused by chemical and 
mineral changes.31 The Ca/P mineral ratio was modified 
by the laser energy that forms steadier and lesser acid 
soluble compositions, thus reducing the chances of an 
acid attack that causes caries.41 In laser-heated enamel, 
when the ratio between mineral to organic components 
changes, the ratio of Ca/P also changes, which could 
affect permeability, solubility, or adhesive specifications 
of the enamel tissue.42 The high Ca/P ratio means high 
enamel microhardness, that is, high tooth resistance to 
decay. The treated samples in Figure 6 express a high 
concentration of minerals on the enamel surface. It also 
shows a strong interconnection between enamel crystals; 
leading to a higher acid resistance of the enamel tissues. 
The use of the Nd: YAG laser causes enamel fusion, 
melting, recrystallization, and loss of organic matter and 
carbonate.34 These physical and chemical changes result 
in morphological and chemical modifications in the 
structure of the treated enamel surface.35,36 The micro-
channels in the enamel layer may be sealed by the melted 
enamel, and this delays the penetration of acid solution 
in the enamel tissue and subsequently delays minerals 
dissolution.23 Despite the limited surface changes of group 
5 samples (Figure 6E), high surface charge characteristics 

Table 4. Statistical Analysis of Teeth Surface Hardness

VAR00001

Kruskal-Wallis H 19.621

df 4

Asymp. Sig. 0.001

a. Kruskal Wallis Test
b. Grouping Variable: Hardness group

Table 5. Statistical Analysis Result of Teeth Surface Roughness

VAR00001

Kruskal-Wallis H 18.005

df 4

Asymp. Sig. 0.001

a. Kruskal-Wallis test
b. Grouping Variable: Roughness group.
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of silver nanoparticles can initiate antimicrobial effects 
and help to repel the bacteria out.43 The SEM images of the 
treated samples demonstrate changes in the orientations 
of most enamel rods. They became tangled with one 
another (see Figures 6C, 6D, and 6E), while they were 
parallel to each other before laser treatment, as seen in 
Figure 5. These changes could reduce the acid penetration 
in the enamel, leading to an increase in tooth resistance. 
The results of the weight test, after demineralization, 
demonstrated a remarkable acid resistance improvement 
of the laser-treated enamel surfaces compared to the 
control samples. These signals reduced solubility of the 
enamel tissues. The highest acid resistance improvement 
ratio (1100%) was for group 4 (500 mJ Nd: YAG + diode 
laser + silver nanoparticles), as shown in Figure 7. High 
acid resistance was achieved by the high absorption of 
the Nd: YAG laser light, after using carbon black, and 
the tooth surface annealing by the diode laser. This is 
consistent with the high microhardness value of the 
same group, as seen in Figure 2F. The crystallographic 
structure changes of the laser-irradiated enamel tissues, 
which melt and cool rapidly, begin when the laser energy 
heats the enamel to a temperature between 100 – 600°C.20 
At temperatures higher than 600°C, β-TCP and β-Ca3 
(PO4)2 are generated, with lower solubility against acids.44 
Carbonate loss forms carbonated hydroxyapatite (enamel 
Apatite) that lowers the enamel demineralization.45 Crystal 
size increases at the same time because of the thermal re-
crystallization.24,42,46 Laser intensity, absorption depth, and 
laser pulse duration are the most important parameters 
to complete carbonate removal.47 Chemical changes that 
occur after laser illumination can affect ions’ diffusion 
and dissolution of dental enamel during the acid attack 
by losing its transportation elements (protein and water), 
which makes it more stable and resistant against decay.

Conclusion
The addition of antibacterial silver nanoparticles on 
the laser-modified enamel surface improved the decay 
resistance. The surface of the treated enamel samples, 
with four 400mJ Nd: YAG laser pulses, formed regular 
inter-connected chain-like merged grains. These laser- 
induced modifications in enamel components led to a 
reduction in the hydroxyapatite lattice stress and the 
enamel solubility. The rise of the Ca/P ratio increased 
the enamel microhardness, resulting in an increased 
tooth resistance to decay. The micro-channels in the 
enamel were sealed by the melted enamel which helped 
to delay the penetration of acid solution, subsequently 
delaying minerals dissolution. The weight loss test, after 
demineralization, indicated reduced enamel solubility. 
The computer model showed a very good match with the 
experimental findings, which means a possible prediction 
of the laser-treated profile prior to laser treatment. To the 
best of our knowledge, the present findings are new and 

constitute an excellent addition to previous tooth anti-
decay works.
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