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The aim of this study was to investigate the impact of laser-liquid-solid interaction method in the bioactivity of dental porcelain
modified by bioactive glass. Forty sol-gel derived specimens were immersed in Dulbecco's Modified Eagle's Medium, 31 and
9 specimens of which were treated with Er:YAG and Nd:YAG laser respectively. Untreated specimens served as controls.
Incubation of specimens followed. Bioactivity was evaluated, using Fourier Transform Infrared spectroscopy (FTIR), Scanning
Electron Microscopy (SEM)/Energy Dispersive Spectroscopy (EDS) and Transmission Electron Microscopy (TEM). FTIR
detected peaks associated with hydroxyapatite on 1 Nd:YAG- and 4 Er:YAG-treated specimens. SEM analysis revealed that
Er:YAG-treated specimens were covered by granular hydroxyapatite layer, while Nd:YAG treated specimen presented growth
of flake-like hydroxyapatite. TEM confirmed the results. The untreated controls presented delayed bioactivity. In conclusion,
Nd:YAG and Er:YAG laser treatment of the material, under certain fluencies, accelerates hydroxyapatite formation. Nd:YAG
laser treatment of specific parameters causes the precipitation of flake-like hydroxyapatite in nano-scale.

INTRODUCTION

The modification of the sol-gel derived dental
porcelain by bioactive glass has been reported to
result in an improved composite as far as the bioactive
behaviour is concerned, compared to other composite
materials of the same oxide system [1-3]. However,
further modifications are required in order to achieve the
objective of applying in the clinical reality. Despite the
fact that the optimization of bioactive behaviour has been
achieved mainly by surface processing using chemical
synthesis methods, recent research attempts to modify
surface’s structure by directing the spatial and temporal
distribution of laser energy in a liquid precursor solution.
The intensity of the laser and the nanosecond time scales
result in the development of non-equilibrium conditions
(instantaneous extreme temperatures and pressures) at
the laser-liquid-solid (substrate) interface, which create
the critical thermodynamic driving forces and reaction
kinetics of crystal nucleation and growth in the nano-
scale [4, 5]. In particular, the laser-induced precipitation
of nano-hydroxyapatite crystals on the surface of silicon
substrates and silica glass within 24 hours after soaking

in simulated body fluid has been already reported in the
literature [6]. In this way, it appears possible to control
the ability of the material to form nano-hydroxyapatite
film in a short period of time, by exploiting the archives
of laser technology. Thus, the purpose of the present
study was to investigate the impact of the laser-liquid
solid interaction (LLSI) in the bioactivity of the sol-gel
derived dental porcelain modified by bioactive glass.

EXPERIMENTAL

Materials and methods

The dental porcelain-bioactive glass composite was
prepared by the sol-gel method. Accordingly, the precur-
sors of bioactive glass 58S formed the initial solution and
during their gelation, dental porcelain powder, used for
margin restoration of fixed partial dentures (IPS Inline-
Margin Ceramic System, Ivoclar, Schaan, Liechtenstein),
was added in the ratio of 50 wt. % [7]. The final mixture
was pulverized and a 20 - 40 pm-grained powder was
obtained. The powder was mixed with the modelling
liquid of dental porcelain and 44 disc specimens
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(4.5 x 1.5 mm) were fabricated. The specimens were
fired to 930°C, with a rate of 60°C/min in vacuum,
according to manufacturers’ instructions for dental por-
celain. The specimens were marked by a scratch line,
dividing them into 2 equal parts. The assessment of
in vitro bioactivity was carried out by immersing the
disk BP specimens in an open glass container, filled
with serum-free Dulbecco’s Modified Eagle’s Medium
(DMEM) GIBCO, (Invitrogen Corporation, UK), while,
at the same time, laser energy was applied to the marked
half of each sample. The other half was left untreated,
serving as control. Thirty one specimens were treated
using Er:YAG (4 = 2940 nm) and 9 specimens were
treated using Nd:YAG (4 = 1064 nm) (Fidelis Plus III,
Fotona, Slovenia). The pulsed laser beam was focused
in a perpendicular direction on the BP sample-DMEM
interface. The samples surface was scanned with different
speed depending on the parameters of the laser beam
(Table 1 and 2). The level of DMEM above the sample
was kept at 2 mm, during the whole process. Immediately
after laser treatment, both Nd:YAG (LN)- and Er:YAG
(L)-treated specimens were re-immersed in DMEM and
incubated at 37 £ 1°C for 6 and 3 days, respectively, while
untreated BP control (BPunc) specimens were incubated
in DMEM for 30 days. DMEM was renewed every
2" day. After the removal, the specimens were rinsed

Table 1. Nd:YAG Laser parameters and sample names (ALP:
Average Laser Power, F: Frequency, T: time, PDT: Pulse
Duration Time).

Laser Nd:YAG
LNI
Samples LNla LN2a LN3a
ALP (W) 15
Laser Parameters F(Hz) 15
T (sec) 30
PDT (usec) 100 180 100
Laser Nd:YAG
LN2
Samples LN1b LN2b LN3b
ALP (W) 10
Laser Parameters F(Hz) 30
T (sec) 30
PDT (psec) 100 180 100

Laser Nd:YAG

LN3
Samples LNlc LN2c¢ LN3c
ALP (W) 0.5
Laser Parameters F(Hz) 10
T (sec) 30
PDT (usec) 100 180 100

with ethanol and distilled water, dried and stored in an
airtight container. Bioactivity evaluation was performed
by detecting hydroxyapatite layer on the specimens’
surface, using: a. extended Fourier Transform Infrared
(FTIR) Spectrometer (IFS113v, Bruker) in the mid-
infrared region (5000 - 400 cm™), b. Scanning Electron
Microscope (SEM) (JEOL Scanning Microscope JSM
840-A) coupled with Energy Dispersive Spectroscopy
(EDS) and c. conventional Transmission Electron Micro-
scopy (TEM) (JEOL 100CX TEM), working in 100 kV.

Table 2. Er:YAG Laser parameters and sample names (ALP:
Average Laser Power, F: Frequency, T: time, PDT: Pulse
Duration Time).

Laser Er:YAG
L1
Samples Lla Llb Llc Ll1d Lle LIf
ALP (W) 1000 600 450 300 150 40
Laser F (Hz) 12 15 15 15 12 12
Parameters T (sec) 15 15 15 18 31 60
PDT (usec) 100
Laser Er:YAG
L2
Samples  L2a L2b L2c¢ L2d L2e L2f
ALP (W) 1000 600 450 300 150 40
Laser F (Hz) 12 15 15 15 12 12
Parameters T (sec) 15 15 24 15 25 90
PDT (usec) 600
Laser Er:YAG
L3
Samples  L3a L3b L3¢ L3d L3e L3f
ALP (W) 1000 600 450 300 150 40
Laser F (Hz) 12 15 15 15 12 12
Parameters T (sec) 11 10 16 10 23 90
PDT (usec) 300
Laser Er:YAG
L4
Samples  L4a L4b L4c L4d Lde L4f
ALP (W) 700 600 450 300 150 40
Laser F (Hz) 12 15 15 15 12 12
Parameters T (sec) 9 9 9 13 18 47
PDT (usec) 100
Laser Er:YAG
L5
Samples  L5a L5b L5c L5d LSe LS5f
ALP (W) 300 400 450 300 150 80
Laser F (Hz) 30 20 15 15 12 6
Parameters T (sec) 5 7 8 9 12 38
PDT (usec) 50
Laser Er:YAG
Samples L6
ALP (W) 1000
Laser F (Hz) 20
Parameters T (sec) 5
PDT (usec) 1000
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RESULTS
FTIR Analysis

Figure 1 displays the FTIR spactra of the BPunc
specimens after 12 and 30 days of immersion in
DMEM solution, along with the spectra of the LN and L
specimens after 3 and 6 days of immersion respectively.
Remarkable changes in the reflectance spectra, indi-
cating the formation of hydroxyapatite, appeared
for the: a. L1b, Lle, L4d and L4f specimens after 6
days of immersion, b. LN3b specimen after 3 days of
immersion and c. BPunc specimen after 12 and 30 days
of immersion in DMEM solution. More specific, all the
aforementioned specimens presented an enhancement of
the peaks, located at 560 and 602 cm™, in comparison
to the BP as-prepared specimen, which are typical of
hydroxyapatite-like phases and are associated with the v,
bending mode of PO,’ (patterned rectangular in Figure 1)
[8]. Furthermore, the L1b, L1e, L4d and L4f specimens,
in the 6™ post-immersion day, clearly exhibited 4 peaks,
associated with the phosphate groups, at: a) 963 c¢cm™,
reflecting the v, P-O symmetric stretch and b) 1030,
1050 and 1096 cm™, which have been related to the v,
P-O antisymmetric stretching vibration (dashed lines in
Figure 1) [9].

SEM/EDS Analysis

In Figure 2, 3 and 4, the SEM images of the BPunc,
the LN3b and the L1b, Lle, L4d, L4f specimens at the
end of their immersion time are presented, while Ca—P
ratio values of selected spectra, derived from EDS
analyses on their surfaces, are shown in Table 3. The
surfaces of the BPunc specimen after 12 and 30 days
of immersion as well as both the treated and untreated
half parts of the L1b, L1e, L4d and L4f were covered by
a rough granular layer, with Ca-P ratio varying between
1.42-1.84, corresponding to Ca-deficient hydroxyapatite,
as shown by EDS analyses in Table 3. However, the
morphology of the hydroxyapatite layer is assigned to
the initial stages of hydroxyapatite formation, as opposed
to the hydroxyapatite layer developed on the surface
of BPunc specimen after 30 days of immersion, which
showed high density and deep cracks, typical features of
hydroxyapatite with high crystallinity. On the other hand,
in the applied range of fluencies, the LN3b specimen
exhibited no hydroxyapatite formation on its laser
untreated half part, while the laser treated one showed
hydroxyapatite growth with flake-like morphology and
Ca-P ratio varying between 1.25 - 1.4 (Table 3).

Table 3. EDS analysis on the surface of the: a) BPunc specimens
after 12 and 30 days, b) LN3b after 3 days and ¢) L1b, L1e, L4d
and L4f after 6 days of immersion in DMEM solution.

Reflectance

L1d 6 days

A
\_.

L1b 6 days A
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Figure 1. FTIR reflectance spectra of the BPc specimen before
immersion in DMEM solution and LN3b, L1b, Lle, L4d, L4f

and BPunc specimens after immersion in DMEM solution.

Analysis Weight % - EDS
Ratio Ca-P
BP untreated 30 days / \’“¥\~.\ N Spectra 1 ) 3 4
BPunc 12 1.56 1.62 - -
e _ _
W \”W‘v’vw\f?/“ o 31:;1;;0 llfg 1?2 139 1.36
J“\\M Specimens L1b 1.75 1.51 1.84 -
iﬁ\di/l__,—/ M%"J Lle 1.80 1.47 1.6l -
L4d 1.42 1.58 1.49 -
L4f 1.56 1.70 1.80 -
../“4\"
lé TEM analysis

In Figure 5, TEM image of the laser treated half
part of the LN3b is presented. TEM analysis showed
a flake-like grain lying on the surface of the sample with
dimensions approximately 0.7 x 0.16 um (Figure Sa
and b). It was obvious that the dark field image was
necessary in order for the grains to be visible as well as to
identify its phase by electron diffraction (Figure 5b). The
diffraction pattern (Figure 5c) consisted of two different
kinds of spots belonging to the same phase. The first kind
had individual spots coming from the observed grain and
the second one constituted of very fine ones forming
a complete ring. Complete circle of spots indicated that
the grain size was in nano scale, while both kinds of spot
belonged to hydroxyapatite phase, as Table 4 indicated
[10].
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a) 12 days

100um

¢) 30 days

Table 4. Experimental and theoretical d-value (interplanar
spacing) of the phase which was identified as hydroxyapatite.

d experimental d experimental d theoretical hkl

7.5 4.06 4.07 200
10.7 2.85 2.814 211
16.6 1.84 1.841 213
15 2.03 2.065 113
14.4 2.163 2.146 311
15.6 1.955 1.943 222
12.2 2.50 2.528 301
13.9 2.194 2.146 311
14.7 2.079 2.065 113
DISCUSSION

The pulsed laser irradiation of different types of
solid substrates has been utilized for the rapid synthesis
of crystals in the form of nano-films onto their surface,
by exploiting the soluble precursors in liquid media and

k 30um "

r Toum —

d) 30 days
Figure 2. SEM images of BPunc specimens after 12 (a, b) and 30 days (c, d) of immersion in DMEM solution.

the highly non-equilibrium state occurred in the solid-
liquid interface [11, 12]. The aforementioned archives
of the, as known, LLSI method have been applied on
bioactive materials, which required prolonged period
of immersion time in simulated body fluids, in order to
develop bioactive behavior. The LLSI method allowed
the acceleration and enhancement of crystal nucleation
and growth hydroxyapatite nano-film onto their surface
[13-15]. Regarding the present study, sol-gel derived
dental porcelain modified by bioactive glass 58S was
used as a solid target of LLSI method in DMEM solution,
which has been characterized as a highly amorphous
glass-ceramic composite, being dispersed with leucite,
hydroxyapatite-like and wollastonite crystal phases [16].
However, the microstructure as well as the chemical
composition in terms of both the percentage and type
of the surface crystallization defined from the material’s
processing parameters, resulted in a material with low
bioactivity index [17]. Research studies, reporting
on the bioactive behavior of the same material, using
conventional in vitro tests by soaking it in simulated body
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fluids, have concluded that the onset of hydroxyapatite
formation occurs after 15 days, considering the material
as a non-bioactive [16]. These results are in keeping with

fﬂm—l

¢) LN3b, the laser treated part 2000

Figure 3. SEM images of the LN3b specimen after 3 days of

immersion in DMEM solution: a) the laser treated part x500,
b) the untreated part x1000 and c) the laser treated part x2000.

the data derived from the present study, which shows that
the control composite specimens, without being treated
with laser, formed Ca-deficient carbonate hydroxyapatite
layer onto their surfaces after 12 days of immersion in
DMEM solution. The deposited layer presented the
typical characteristics of hydroxyapatite reported in the
literature, exhibiting granular and dense morphology,
with deep cracks. Taking into account the prolonged time
of bioactivity induction along with the characteristic
features of the hydroxyapatite layer observed on the
untreated control specimens, this study reveals the
impact of laser energy application on the hydroxyapatite
formation. Specifically, the use of the solid state Nd:YAG
laser, which exhibits low optical absorption coefficient
of water at the wavelength 1064 nm [18], not only
reduced the carbonate hydroxyapatite precipitation time,
but also resulted in a deposited hydroxyapatite film with
characteristics quite different compared to the typical
ones. In particular, Nd:YAG laser, under certain range

b) L1b (x2000)

Figure 4. SEM images of the laser treated part of the L1b (a,
b) specimens after 6 days of immersion in DMEM solution.
Magnification x500 (a) and 2000 (b). Continue on next page
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g) L4f (x500) h) L4f (x2000)

Figure 4. SEM images of the laser treated part of the Lle (c, d), L4d (e, f), L4f (g, h) specimens after 6 days of immersion in
DMEM solution. Magnification x500 (c, e, g) and x2000 (d, f, h).

of fluencies, led to the growth of a flake-like hydroxyapa-  logy might be explained by the non-photochemical
tite layer in the nano-scale within 3 days of immersion effects caused by Nd:YAG laser, which may induce
instead of 12, as it was shown in SEM and confirmed by  nucleation of amino acids in the solutions. Crystallization
TEM images. Such flake-like hydroxyapatite morpho-  of glycine, L-alanine, L-histidine and L-glutamic acid,
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that are abundant in DMEM solution, have been reported,
under the irradiation of this kind of laser [13, 14]. The
crystallized molecules of amino acids are supposed to

a) bright field electron micrograph

Eh (2 | In

¢) diffraction pattern corresponding to the area where the
grain was detected.

Figure 5. TEM image of the laser treated part of the LN3b
specimen after 3 days of immersion in DMEM solution:
a) bright field electron micrograph, b) dark field electron
micrograph, c¢) diffraction pattern corresponding to an area
where the grain was detected.

play the role of matrices for hydroxyapatite deposition
and, in this way, it might be possible to control crystal
structure of hydroxyapatite during nucleation. The con-
siderable impact of the laser application and the difference
of the mechanism beyond hydroxyapatite precipitation
via laser energy are enhanced by the fact that, under the
same conditions of processing and bioactivity testing,
only the Nd:YAG laser-treated half part of the specimen
was covered with hydroxyapatite nano-film. The other
untreated half part of the same specimen showed no
sign of precipitation. On the other hand, as far as the
Er:YAG application is concerned - which presents high
optical absorption coefficient of water at the wavelength
2940 nm [18] - full coverage, of both the laser treated
and untreated half parts of 4 specimens’ surfaces with
hydroxyapatite of typical features was observed [21],
after 6 days of immersion in DMEM solution, almost
the half time observed in the control specimens. The
expansion of hydroxyapatite precipitation to the untreated
side of the specimens may be attributed to the fact that
the high-power Er:YAG laser radiation on a strongly
absorbing liquid is related to intense surface evaporation,
which results in the motion of the liquid under the
reactive action of recoil vapors [22]. The formation of
hydroxyapatite at both types of laser irradiated surfaces
of the specimens, simultaneously immersed in DMEM,
might be explained by formation of ablation plasma of the
ejected material on the solid-liquid interface [5, 23]. Due
to the laser induced pressure and the strong confinement
effect of DMEM, the laser-induced plasma is driven to
a high-temperature, high density and high-pressure state
[5, 23]. These thermodynamic conditions are related to
changes of Gibbs free energy and metastable Ca-P phase
transformations inside the plasma plume [24, 25]. The
plasma plume expands in the liquid, causing ejection of
nano clusters from the material. Water molecules of the
solution at the processing region are vaporized by the
high energy of plasma and form cavitation bubble. In
this way the concentration of various ions in the plasma
increased greatly in a very short time, and great degree of
super-saturation is obtained. These supersaturated ions
would be more active and easily deposited [26]. Finally,
a rapid quenching of plasma plume leads to nucleation
of the calcium phosphate phases and growth of the
nuclei on the materials surface [25]. Since the nano
clusters of material surface are ejected during LLSI,
causing changes in surface energy, the Ca-P particles
immediately attach the defect sites. Concluding, despite
the fact that the preliminary data of the present study
seem to highlight the impact of laser application on the
optimization of the bioactive behaviour developed by
dental porcelain modified by bioactive glass, further
investigation of the interaction mechanisms at the laser-
liquid-material interface is required, so that the occurred
drastic state can be properly tuned with laser parameters
and to better tailor the bioactivity.
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CONCLUSIONS

Under the limitation of the present study it appears
that the treatment of dental porcelain modified by
bioactive glass composite material with Nd:YAG and
Er:YAG laser energy under certain range of fluencies may
accelerate the hydroxyapatite formation on their surfaces
and improve their bioactive behaviour. Furthermore,
treatment with Nd:YAG laser of specific parameters
causes the precipitation of flake-like hydroxyapatite in
the nano-scale. However, further research in estimation
of mechanisms of LLSI is required in order to find
out the optimal conditions for early and controlled
hydroxyapatite precipitation.
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