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a  b  s  t  r  a  c  t

The  purpose  of this  study  was  to evaluate  alterations  and  bone  tissue  response  on laser  treated  implant
surfaces  (Nd:YAG  – 100  W).  Sixty  grade  II titanium  (ASTM  F67)  mini-implants  (1.5  mm  ×  4.0  mm)  were
installed  in femurs  of  30 Wistar  rats.  The  animals  were  divided  into  two groups:  thirty  mini-implants
were  machined  elements  (Machined  Group)  and  the  other thirty  had  laser  beamed  surfaces  (Laser  Group).
The animals  were  subdivided  into  three  groups,  according  to  bone  healing  periods  of  15,  30  and  60  days.
The  samples  were  analyzed  under  light,  scanning  electron  and  confocal  3D  microscopy  as  well  as  by  EDS
(energy  dispersive  spectroscopy)  and  Student’s  t test  was  used  for statistical  analyses.  Light  microscopy
results  showed  new  bone  trabeculae  formation  toward  laser-treated  implants  at 15 days’  bone  repair  as
well as  thin  layers  of osteoid  matrix,  indicating  high  biocompatibility.  Similar  features  were  observed
in  the  Machined  Group  but  only  after  30  days.  Bone/implant  contact  was  better  evidenced  on  laser-

treated  surfaces  compared  to  that  on simply  machined  implants.  The  only  group  that  demonstrated
change  in  level  of significance  was  the laser-treated  group  at the 15-day-healing  period  (p  < 0.05).  Higher
oxygen  concentration  possibly  provides  more  efficient  response  of  osteoblasts  during  new  bone tissue
deposition.  Implant  treated  surfaces  altered  by laser  beaming,  their  composition,  surface  topography  and
surface energy  may  be  the  future  scene  in implant  dentistry.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Titanium is considered as “the material of choice” in the manu-
acturing of dental implants. When a titanium implant is installed
n the maxillary or mandible bone, bone cells identify the surface
avoring the migration of defense cells, as well as healing cells,
oward the substratum. As a result, there is an almost direct biolog-
cal link between the bone and the metal element, which indicates
ts biocompatibility.

Medical and Dental Schools are increasingly intertwined in the
evelopment of new biomaterials to be used in repairing of human
odily parts, either damaged by accidents or for pathological rea-
ons. Both areas of Health Studies are involved in the search for

ew technologies, in order to achieve improved response concern-

ng osteoconduction. Titanium alloy is considered to be a metal
ith excellent biocompatibility [1] and studies have shown that

∗ Corresponding author. Tel.: +55 11 28932427; fax: +55 11 28932427.
E-mail addresses: sergiojr@usp.br, sergioaj@ig.com.br (S. Allegrini Junior).

ttp://dx.doi.org/10.1016/j.apsusc.2014.04.065
169-4332/© 2014 Elsevier B.V. All rights reserved.
cells perceive differences on surface characteristics and respond in
different ways [2–5].

Bone response following anchorage is influenced by the char-
acteristics on implant surfaces. The extent of contact between
titanium and new bone depends on characteristics such as the
composition of the alloy, surface topography, surface roughness
and surface energy of the implant. Chemical composition and
surface topography of titanium implants play an important role
in the rate and extent of osseointegration as well as adhesion
of bone cells onto titanium surfaces [1]. Changes in the con-
figuration of surfaces can alter the targeting of proteins to be
adsorbed, as well as the adhesion of certain cells onto the sur-
face [6]. In order to obtain cellular responses that are favorable
in terms of bone deposition, modified titanium surfaces have
been used. These include hydroxyapatite coated surfaces, Tita-
nium Plasma Sprayed (TPS) surfaces, sand blasted surfaces, acid

etched surfaces [7], anodized surfaces (to affect morphological
changes) [8] and biomimetic coatings. These surface modifica-
tions help bone repair and accelerate mineralization of the osteoid
matrix [9].

dx.doi.org/10.1016/j.apsusc.2014.04.065
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2014.04.065&domain=pdf
mailto:sergiojr@usp.br
mailto:sergioaj@ig.com.br
dx.doi.org/10.1016/j.apsusc.2014.04.065
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Published data on this subject have suggested that tissue cells
igrate more easily because of adequate surface tension, which

elps promote such migration of new cells for bone deposition [10].
n early stages, this factor may  play an important role in discrimi-
ating and in determining which proteins should be adsorbed onto
he surface, as well as in promoting or inhibiting the adhesion of
ertain cells. Surface energy can have an effect in the later stages of
one formation and calcification, influencing the types of cells that

nitially attach to the implant surface and will differentiate at the
nterface between the titanium element and the bone tissue.

Surface treatment of titanium implants using high-powered
aser beaming is an alternative method to obtain morphological
hanges. Changes produced by this method concerning physical
nd chemical properties of the surfaces can help promote and
ccelerate biomechanical anchoring of implants. In addition, this
ethod does not introduce impurities nor gaseous components

nto the surface and, thus, it maintains the metal composition unal-
ered [11]. However, thermal discharges from the laser pulses could
lter the composition and microstructure of the implant surface
12].

Nowadays, laser equipment is widely used in Health
ields. Neodymium Yttrium Aluminum Garnet Laser (Nd:YAG

 � = 1.064 nm), CO2 (carbon dioxide laser – � = 9.300 nm,  9.600 nm,
0.300 nm and 10.600 nm)  and diode laser treatments with wave-

engths of 810 nm and 980 nm have been used in the clinical
ractices of both Medicine and Dentistry [13].

Laser treatments are used in photocoagulation of blood ves-
els in treatments of tumors, ocular surgery, vaporization of tissue
nd kidney stones, removal of skin blemishes or tattoos, in rejuve-
ating treatments, permanent hair removal, healing of ulcers and
leeding, as well as in the removal of decayed dental tissues [13].

Several advantages are highlighted by the use of laser devices
n the oral cavity such as easier control of hemostatic effects and
actericidal effects against periodontal pathogens. However, sev-
ral potential risks may  indicate against high power laser in clinical
ses. It was demonstrated in studies of root surface that Nd:YAG

aser penetrates the tissue to a depth that can cause damage to the
espective underlying layers [14].

The Nd:YAG laser beaming is not suitable for treatments on
etal contaminated surfaces (e.g. peri-implantitis) because it

auses overheating and possible melting of components [12]. The
igh-intensity Nd:YAG laser was used in studies to modify sur-

aces of titanium implants [12] where, due to the rapid temperature
ise, it generated alterations on their original morphology. Even
rocedures in light emission energy present considerable risks. A
tudy [15] described the effects of laser treatment with Nd:YAG
n vitro on the properties of surface plasma spraying on titanium
nd also hydroxyapatite-coated implants. Effects on the surfaces
ere examined after laser treatment with 0.3, 2.0 and 3.0 W.  Results

howed loss of fusion, porosity and surface alterations on the model
urfaces of both treatments, even under low power. In another
tudy focused on oxidation, promoted by the impact of laser beams
n titanium surfaces, the authors concluded that the oxide layer
hickness was modified and that the metal fused due to the amount
f emission in one same place [16].

Laser ablation changes the microstructure and increases hard-
ess. Further, it alters roughness, improves corrosion resistance and

ncreases surface oxide thickness [11]. A network of micro craters
s formed [12] because of heat stress from laser irradiation [11].
hese changes to the surfaces of endo-osseous implants can affect
he biological behavior of bone tissue [8] by changing the direc-
ion of osteoblasts movement, thus favoring the control of growth

irection [2].

Studies about the physical alterations that metallic compo-
ents undergo when laser is processed in oxygen environments
ave been the subject of several investigations [11,12,17]. Laser
ce Science 307 (2014) 503–512

irradiation of metallic surfaces in oxidizing environments (oxygen
or air) causes changes in oxide growth at regions upon which
the laser beam is incident. Rapid oxidation of the metal surface
is considered to occur due to energy release [17]. According to
György et al. [12], laser pulses applied to titanium surfaces increase
the surface temperature causing the melting of the surface layer,
which subsequently solidifies, promoting increased oxidation.
The most important effect observed at the target region is the
increased oxide layer thickness [11,17], which is due to the release
of heat during the oxidation reaction [12].

Rats are favorable, as animal models, due to their small size, low
cost and stable metabolism. The animal model used in this study
was considered suitable due to the size of the femoral bone accord-
ing to the mini-implants used, allowing installation at a regular and
standardized distance, in proportion to the walls of the femur bone
of the animal. Furthermore, selected rats weighing approximately
350 g, in average 9 to 10 weeks old, are considered “adults” when
compared to human beings, allowing similar biological comparison
to the metabolism of an adult man.

Based on the biological potential of surfaces that have under-
gone modifications, brought about by various treatments, during
the last 10 years, and with the idea of improving and accelerating
bone-implant interaction, the purpose of this study was to evaluate
the biological response of bone tissue in vivo, when using implant
surfaces that have been morphologically altered by laser beam-
ing. This response has been compared to that on simply machined
surfaces.

The purpose of this study also aimed to a better understanding
of the changes that take place in the surface oxide layer with the
aid of scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS).

2. Materials and methods

In this study, 60 sterile* mini-implants in grade II titanium
(ASTM F67), standard size of 1.5 × 4.0 mm  Ø, were installed in the
femurs of 30 Wistar rats.

*The evaluation of the endotoxin content in the samples after
sterilization by gamma  radiation from 60Co was conducted via
VDMAX (Maximum Verification Dose) method to control the
microbial load (bioburden) according to ISO 11137. The result was
zero colony forming units (CFU) of microorganisms under irradi-
ation at 25 kGy in 10 units (within same batch of implants used
in this research), which also confirmed no presence of endotoxin
generator vectors.

Initially, the surfaces were analyzed using different techniques
(further discussed below) and, subsequently, surgical procedures
were carried out in the animals.

The animals were divided into two  groups: In Group I (Machined
Implants Group), 30 (thirty) implants with machined surfaces were
used while, in Group II (Laser-treated Implants Group), the other
30 (thirty) machined implants had their surface subjected to irradi-
ation with Nd:YAG Laser equipment in order to create and increase
surface roughness.

Each of the two  groups (Group I and Group II) was  randomly
divided into 03 (three) distinct sub-groups according the respective
bone healing periods of 15, 30 and 60 days, until the removal of the
implant samples for analyses.

2.1. Laser surface preparation
Nd:YAG laser (ADITEK) (Cravinhos, SP) was selected for
this study because it provides a degree of average power,
suitable for engraving and marking surfaces, with limited
penetration of less than 1 mm and the ablation process
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Fig. 1. (A) SEM image of a spiral where grooves caused by machining (arrows) in
the  region of the flanks can be observed. The white star indicates the crest area of
the implant where EDS analysis was conducted (Spectrum I). (B) SEM image of the
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rest surface area in a laser-treated sample. A crater formed by the laser pulse was
easured and its diameter was of 37.82 �m.  The white star indicates the region
here EDS analysis was  conducted (Spectrum II).

ithout generating topographic edges. This equipment pre-
ented the following characteristics: Pulse energy = 0.56 mJ;  Pulse
idth = 10 ns; Peak power = 5.6 × 104 J/s; Average power = 3.8 J/s;

luency = 0.311 J/mm2.
The laser-treated implant surfaces were prepared accord-

ng to the following parameters: Irradiation angle = 5◦, Distance
etween laser beam release and implant surface = 100 mm,
rocedure mode = transversal scanning in relation to the axis
f the implant, Wavelength = 1064 nm,  Pulse frequency = 5 kHz,
canning speed = 300 mm/s, Space between scanning = 0.01 mm,
nterval between pulses = 10 ns (same as pulse width) and Pulse
nergy = 0.56 mJ.

.2. Surface analysis

.2.1. Scanning electron microscopy (SEM) and Energy Dispersive
pectroscopy (EDS)
The titanium implants had machined surfaces (Fig. 1A) and were
oughened by laser beaming (100 W Nd:YAG laser) – Fig. 1B. The
mplant surfaces were analyzed using EDS.1 The purpose of this

1 Located in the Technology Characterization Laboratory of the Institute of Mines
nd  Petroleum of the Polytechnic School of the University of São Paulo (USP).
ce Science 307 (2014) 503–512 505

analysis was to determine possible changes in the chemical com-
position generated by the heat released during laser beaming.

Surface morphology was  examined by SEM (Stereoscan 440).

2.2.2. Confocal microscope
The morphology of high power laser beamed surfaces was also

carefully examined with a 3D confocal microscope (Leica DCM 3D
Map1).

This type of examination enables the determination of rough-
ness, as well as the length and depth of craters observed on laser
treated surfaces.

2.3. Surgical procedures

30 (thirty) Wistar rats, each weighing approximately 350 g were
selected. It was  stipulated that animals with body weight below
330 g and above 370 g should not be included in order to better
control the metabolic response for each animal. Furthermore, it was
stipulated as a rule, that, in the left femur, only machined implants
were inserted, while, in the right one, only implants undergoing
laser treatments were inserted. The animals were derived from the
Animal Research Facility of IPEN (Institute of Energy and Nuclear
Research). The animals were housed in cages suitably placed in
ventilated racks, at a temperature ranging from 20 to 22 ◦C, with
relative humidity between 30 and 70%, in a light–dark cycle of
12 hours daylight, during the entire period of the experiment. All
animals used were according to the rules and regulations of FELASA
- Federation of European Laboratory Animal Science Associations.

Each animal received two mini-implants. In all the experimental
groups, the surgical site was the metaphyseal region of the ani-
mal’s femur. The initial procedure was  the shaving with a sharp
blade to expose the skin and the application of an iodine solution.
The incision was made in the animal’s skin in the proximal-distal
direction, and the soft tissue was manipulated for bone exposure.
The exposed bone was  then perforated by a helicoidal 1.2 mm
round drill with abundant saline irrigation, approximately 0.5 cm
from the proximal joint. One implant was inserted in each femur.
The soft tissues were then closed using standard layered suture
techniques. All surgical procedures were performed under anes-
thesia. Each animal was subject to sedation, analgesia, and muscle
relaxation by means of an intramuscular injection (2,2-xylidine) –
5,6-dyhidro-4H-1,3-chlorate thyazyn (Rompum, Bayer, São Paulo,
SP, Brazil) (5.0 mg/kg), acepromazine (Acepran® 1% Univet, São
Paulo, SP, Brazil) (0.75 mg/kg). For general anesthesia, IM ketamine
(Ketamina®, Agener, União Química Farmacêutica Nacional SA, São
Paulo, SP, Brazil) (35 mg/kg) was  administered. Throughout the
whole procedure, the animals were maintained in deep anesthe-
sia for 20–40 min. After post-surgical healing periods of 15, 30
and 60 days, euthanasia was  conducted by asphyxiation, through
increased concentration of carbon dioxide (CO2), in proper isolation
chambers. This research was  conducted with the approval of the
Ethical Committee for Animal Research of the Biomedical Sciences
Institute/USP (107/03).

2.4. Grinding and polishing

The samples were soaked in methyl methacrylate (Product
Number M55909S Sigma Aldrich – St. Louis, MO,  USA) – 85 ml,  asso-
ciated with diisobutyl phthalate (Product Number 84-695 Sigma
Aldrich) – 15 ml.  After the soaking procedure, benzoyl peroxide (1%)
was added and the embedded samples were kept at room tempera-
ture for a period of 3 days. After that period, the dosage of peroxide

was increased to 2.5% and the samples were maintained for two
more days. The containers were stored at 37 ◦C for 3 days or until
complete polymerization. The samples were then sectioned (Exakt
Apparatebeau, Norderstedt, Germany) along the femur long axis,
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Fig. 2. 3D analysis of the border of a crater that resulted from a laser shot. In the
06 S. Allegrini Junior et al. / Applied

ccording to Donath and Breuner [18]. Due to the diameter of each
mplant, only two sections were obtained for each sample. The thin
ections were attached to acrylic plates with cyanoacrylate cement
Superbonder, Loctite® – Itapevi, São Paulo, Brazil) and then ground
nd polished (600 to 4000 mesh, grit SiC paper) in a metallographic
olishing wheel (Panambra Técnica, São Paulo, Brazil). The non-
ecalcified final section thickness was of approximately 30 �m.  The
utting, grinding and polishing of the samples were all performed
nder constant water irrigation.

Morphological studies on sections were conducted using
ight microscopy (Nikon Eclipse E-10002 and scanning electron

icroscopy (Stereoscan 4401). Some sections of the laser treated
roup after 30 days were covered with a layer of carbon, and
nalyzed using EDS to identify any chemical elements at the
one/implant interface.

.5. Data analysis

In histomorphometric analysis, counts of the new bone
eposited were made only in the space between the two  flanks
f each central thread on the surface of the implants. Data were
ollected on both sides of the implant and then analyzed in each
hotographed section. For this assessment, digital images and com-
uter program Image-Pro Plus (Version 4.1 for Windows) were
sed. This program allows the quantification of various tissues
hrough the existing pixel color analysis. As a means of statistical
nalysis, percentage data of new bone deposited obtained by read-
ngs for both subgroups – Machined Group (15, 30 and 60 days)
nd Laser Group (15, 30 and 60 days) – were subjected to Student’s
-test with significance level (p < 0.05). Student’s t-test is the most
requently adopted statistical method for the evaluation of differ-
nces among averages between two groups, even in small quantity
amples. For this test, the analyzed data considered the different
one healing periods and the types of implant surfaces.

. Results

.1. SEM

SEM examination of the implant surfaces confirmed superficial
oughness generated by the machining process and the roughness
reated during laser beaming.

Fig. 1A shows the usual slots on the flanks of the thread filets
enerated by the machining process when the implants are man-
factured (Machined Implants). In comparison to this, on the

aser-treated implant surfaces, craters formed by the laser beam-
ng masked the machining marks (Fig. 1B). The configuration and

orphology of the laser treated surface indicates the marked effect
f laser pulse energy. Increase in surface temperature during laser
reatment results in the melting and evaporation of a thin surface
ayer of titanium and consequent oxidation. Craters generated by
aser beaming can be seen in Fig. 1B and a crater was  measured and
ts diameter was of 37.82 �m.

.2. Confocal microscope

With the aid of a confocal microscope (Leica DCM 3D Map1)
mages were obtained along with 3D characterization of surface

exture and geometry (Fig. 2). This method of evaluation permit-
ed determination of the approximate volume of each crater. This
elped determine if the morphology obtained by this method of

2 Located in the Laboratory of Neuro Anatomyz. Department of Anatomy Institute
f  Biomedical Sciences 3 (ICB-3) - USP.
picture, the circumference indicates the representation of a typical laser shot crater
measured. The contact surface represented by the volume and maximum depth
were determined.

preparation was  adequate in terms of characteristics for accom-
modation and deposition of bone matrix produced by osteoblasts.
For this analysis, three regions distributed across the long axis
of the laser implant surface were selected, totalizing 50 craters
measured. The average results of this experiment showed contact
surface of ∼800 �m2 and total volume of ∼2100 �m3 and maxi-
mum  depth/height of ∼7 �m.

3.3. EDS

For this analysis, 10 measures in three regions in the long axis
were assessed, totalizing 30 craters measured for each type of
implant. EDS analysis of machined and laser treated surfaces on the
crest of the implant spiral (Fig. 3) showed only O and Ti peaks. The
oxygen ion concentration on the machined surface was of 4.4 at%
and that on the laser beamed surface was of 13.9 at% (Fig. 3).

3.4. Light microscopy

Out of 60 implants used in this study, 120 blades were prepared
for histological evaluation. Although, due to the methods of sam-
ple preparation, only 109 slides were properly completed, since
the remaining ones were damaged/lost during the grinding and
polishing of the sections.

At 15-day healing periods, femur samples with machined
implants installed were examined in a light microscope (Fig. 4A)
and small areas between the inner side of the cortical bone and
the body of the implant, filled with yellow bone marrow [Medulla
ossium flava], were observed, showing scarse bone matrix deposits
in this space. Only after 30 days (Fig. 4C), some new bone forma-
tion deposits could be seen near the surface, although not fully filled
with bone trabeculae.

Evaluation of the laser treated samples revealed contrasting
results mainly in the area filled with yellow bone marrow. After
repair periods of 15 and 30 days (Fig. 4B and D), accelerated
deposition of trabecular bone was  evident when compared to

the machined implant samples. After 15 days, islands of newly
deposited bone tissue could be observed, distributed in a sparse
pattern, filling the space between the inner side of the cortical
bone and the implant surface (Fig. 4B). After 30 days, the trabeculae
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ig. 3. Spectra I and II. Spectrum I of machined implants (a), spectrum II of laser-tre
′) At: Atomic Percent; Wt:  Weight Percent; O: oxygen; Ti: Titanium.

ecame more elongated and interconnected with each other, thus
howing remodeling of bone matrix (Fig. 4D).

Comparative analysis of the two types of surfaces showed that in
5 days there was bone/implant contact (Fig. 4B) in the laser treated

mplants, whereas in the simply machined surfaces this contact was
chieved only after 30 days (Fig. 4C).

After 60 days of bone repair, samples from both Groups I and
I (Fig. 4E and F) showed no specific differences, which indicated
n interval in the process of bone deposition and probably the
eginning of the tissue-remodeling phase. Samples of the machined
urface implants (Fig. 4E) showed thin layers of new bone tissue
nteracting with the surface of the titanium substratum. Similar
esults were observed on the laser-treated implants (Fig. 4F).

Samples of machined and laser-treated implants, after the 30-
ay healing period, were observed at a higher magnification. The

mplants responded differently regarding the approximation of tra-
ecular bone.

Group I (Machined Implants) (Fig. 5A) showed no bone/implant
ontact over the entire surface, while Group II (Laser-treated
mplants) (Fig. 5B) indicated increased accommodation of new
one, possibly due to greater roughness on the titanium surface
nd a larger contact area.

.5. SEM lamina scanning

Examination of a lamina from Group I at 30-day-repair (Fig. 6A)
evealed that the deposited bone tissue was not in contact with
he implant surface in the area between two spirals, which can
ndicate displacement of bone matrix during the grinding process
f the laminae. A space of 14.3 �m was measured between the
mplant and the newly deposited bone tissue. When a lamina of
 laser-treated implant from the 30-day-repair group (Fig. 6B) was
bserved by SEM, it revealed accommodation of newly mineralized
one matrix, due to the higher roughness caused by the high-power

aser beaming.
implants (b) and semi-quantitative energy dispersive X-ray analysis results (a′ and

3.6. EDS spectra

The EDS analysis (Fig. 7) shows a carbon peak resulting from
the thin carbon layer deposited on the surface of the slides prior to
analysis. The spectrum III obtained from the base of a crater caused
by a laser pulse shows titanium and significant amounts of oxygen
(30.2 at%), calcium (12.9 at%) and phosphorus (6.0 at%), due possibly
to the proximity of newly deposited bone. The spectrum IV obtained
from a region with newly deposited bone mass revealed 58.3 at%
oxygen, 26.8 at% calcium and 14.3 at% phosphorus, which are the
main elements of mineralized bone tissue.

3.7. Histomorphometry

Histomorphometric analyses were based on the data concern-
ing newly deposited bone. A total number of 109 sections were
analyzed for data acquisition. These data were measured and the
averages were obtained from the percentages within the differ-
ent samples. For Group I (Machined Implants), the percentages
showed the following average results in 15 days’ time: new bone
deposited = 22 with � = 8 (Variation Coefficient VC = 38.7%); in 30
days: new bone deposited = 36 with � = 11 (VC = 31%); and in 60
days: new bone deposited = 25 with � = 8 (VC = 32.9%). And, for
Group II (Laser-treated Implants), the results achieved in 15 days
were: new bone deposited = 51 with � = 9 (VC = 19%); in 30 days:
new bone deposited = 44 with � = 12 (VC = 28%); and in 60 days
were: new bone deposited = 34 with � = 16 (VC = 48%). Preliminary
evaluations showed better bone deposition on the laser-modified
surface at the 15- and 30-day tissue repair phases. In order to verify
reliability of the data obtained during the analyses of the samples, a
statistical analysis was conducted by Box-plot, where mean values

are demonstrated. These results are shown in Fig. 8.

The results obtained later by Student’s t test analysis showed
significant variations in the amount of newly formed bone between
the two  groups at 15 days (Machined Group – New Bone
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Fig. 4. (A)–(F) Sections under light microscopy. Significant image sections in different animals. During the first 15-day and 30-day healing periods, there was more trabecular
bone  deposition (arrows) on the laser-treated surfaces (B and D) compared to that observed on the machined surface implants (A and C). When the two  types of surfaces
were  examined after 60 days, no significant differences were observed as for the amounts of bone tissue deposition (E and F). Toluidine blue staining.

Fig. 5. Optical micrographs of implant surface samples after the 30-day bone-healing period. (A) shows newly deposited bone tissue near the surface of the machined implant
with  narrow space in bone/implant interface. (B) shows a laser treated implant surface with the distribution and direct contact of new trabecular bone on the implant surface.
Toluidine blue staining.
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Fig. 6. (A) SEM image of a lamina of a machined implant sample after 30 days of bone healing. The newly deposited bone on the surface of the implant showed no contact
w ling. S
I sited b
f osited

A
l
c
e
s

4

i
p
s
i
s

F
P

ith  the implant. (B) SEM image of a laser-treated lamina after 30 days of bone hea
II  and IV of the interface region between the surface of titanium and the newly depo
rom  the recess region of a pore, and spectrum IV was obtained from the newly dep

verage = 22.49; Laser Group – New Bone Average = 51.52). The
aser-treated implants showed a higher level of significance when
ompared to simply machined surface implants (p < 0.05). How-
ver, comparative analysis between the groups at 30 and 60 days,
howed no change in level of significance.

. Discussion

A variety of titanium implant surface morphologies were exam-
ned to optimize cell-tissue interactions and, thus, to obtain early

eri-implant bone deposition [19]. In recent studies [20,21] rough
urfaces increased the contact area of implant/host bone, favor-
ng improved peri-implant bone formation, compared to machined
urfaces.

ig. 7. Spectra III and IV of the new bone matrix deposition areas presented in Fig. 6B an
ercent; O: oxygen; Ti: Titanium; Ca: Calcium; P: Phosphorus.
pace between two  spirals revealed indentations caused by laser treatment. Spectra
one were obtained to identify the chemical components. Spectrum III was  obtained

 bone tissue.

The macro and micro topography of the implant surface as well
as the surface oxide layer on titanium have shown to be the main
factors to positively influence osseointegration [4].

Major cellular activities during the repair process, in vivo, have
been reported in studies where titanium implants, modified by dif-
ferent surface modification techniques, were evaluated [19,22–24].

In this study, increased trabecular bone repair was  seen after 15
and 30 days in the implant samples that had their surfaces modified
by laser beaming whereas after 60 days of bone repair there was a
drop in the bone deposition process. SEM examinations indicated
good interaction of the newly deposited tissue with the alterations

on the surfaces treated with laser. Some studies, carried out with
SEM, have shown that laser ablation of titanium surfaces resulted in
a complex morphology, thus increasing the implant/bone contact
interface [5,17,25]. Regarding the drop in bone matrix deposition

d semi-quantitative found through EDS analysis. At: Atomic Percent; Wt:  Weight
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Fig. 8. Box-plot graphic created to demonstrate the distribution of the dataset obtained from histomorphometric analyses, considering variables, tolerance and mean values
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Median). The observation of the data obtained for machined implant values show
epresentative results for the 30-day group. For the laser-treated group, a more symm
ealing  period.

bserved in the 60-day healing periods, recent studies have shown
uppressor of cytokine signaling 3 (SOCS3) to be a significant player
n bone-associated inflammatory responses. Although the underly-
ng mechanisms and signaling pathways regulating SOCS3 expres-
ion in osteoblasts and osteoclasts are still not quite well under-
tood, it is known that they are involved with bone remodeling [26].

According to György et al. [12], the surface structure evolution is
etermined at the early stages of laser irradiation by hydrodynamic
henomena, and later by laser-induced thermochemical oxidation
rocesses. Laser pulses when incident on surfaces promote release
f heat, subsequent melting, decrease in surface reflectivity, rapid
e-solidification forming a compact surface film and the forma-
ion of a porous oxide layer. Energy dissipation as well as rapid
ncrease in temperature cause titanium to oxidize and the volume
o increase. The volume increase can be attributed, in part, to the
ensity difference between the Ti element and its oxides [27].

The architecture of an implant, and the size of pores on its sur-
ace, affect bone growth [28–30]. The ideal pore diameter for bone
rowth has been reported to be of 100–600 �m [29]. According to
all et al. [28], pore width between 110 and 200 �m and depth of
0 �m stimulated good bone healing in an animal, while Guo et al.
30] reported pore diameter of 100 �m and pore depth between
0 and 100 �m to favor the growth of bone tissue. Results of this

nvestigation have shown that laser treated implants had signif-
cant bone deposition after 15 and 30 days of bone repair even
hough their surfaces had only small diameter craters of reduced
epth. This shows that it is not necessary to have large pores for
ood accommodation of new bone matrix. The laser treated sur-
ace showed direct contact with the mineralized and osteoid bone

atrix, suggesting mechanical retention on the roughened surface.
n vitro studies have suggested that surface morphology and the
xide layer promote deposition of bone apatite [3]. This in vitro for-
ation on Ti surfaces in simulated body fluid was consistent with

n vivo behavior of bone-implant union [22].
Some authors suggest that surface features at the micro and
ano scale, enhanced by laser treatment, induce immediate and
apid bone formation at the interface. This results in bone union at

 nano level, similar to that demonstrated recently in laser treated
mplants (Ti6Al4V) which had similar characteristics to those used
 linearity among variables during the 15, 30 and 60-day healing periods and more
al balance can be noticed among the values, confirming better values for the 15-day

in this experiment [5]. In other in vivo studies, the authors [17]
concluded that surface features caused by laser surface treatment
could promote improved approximation of bone cells, resulting in
stronger bone-implant interfaces. The histomorphometric analy-
sis in this current study demonstrated greater bone deposition in
the early stages of repair process (15 days) for implants with laser-
modified surfaces. This result may  indicate that the morphological
properties of such surfaces favor the approaching of cells.

Analysis of the laser treated surfaces through EDS showed
that laser ablation resulted in an increase in oxygen content. This
increase in oxygen ion content improved the thickness of the sur-
face oxide layer and this may  be one of the reasons for improved
initial response in bone repair processes.

The occurrence of a local trauma in bone causes necrosis in parts
of the existing tissue and vessel damage, impairing blood supply
and consequent oxygen transport. Oxygen is the primary elec-
tron acceptor in many intracellular biochemical reactions and it is
used by mitochondria to generate ATP through aerobic metabolism.
Physiologically, the normal condition in terms of oxygen concen-
tration is called “normoxia”. Concerning embryonic or adult cells,
this concentration varies widely, but in the majority of cases it is
set in the range of 2–9% O2 (14.4–64.8 mm Hg) (air is 21% O2) [31].

The results of the current study showed a greater volume of oxy-
gen ions on the laser treated surface. This concentration of 13.9 at%,
when compared to that on machined implants (4.4 at%), may  be one
reason for increased bone deposition in the early stages of tissue
repair. The energy spectra obtained in the laser treated lamina of
the femur showed 30.2 at% oxygen at the interface and 58.3 at%
where new bone matrix deposition occurred. This highlights the
fact that this element is essential for new bone matrix formation.
However, at the interface, the higher concentration of this compo-
nent can be attributed to bone proximity. As an analytical method,
these changes are quite acceptable for conducting in vivo experi-
ments and may  serve as a baseline for comparisons with in vitro
studies.
In in vitro studies using rat calvarial bone cells cultured under
varying oxygen tensions, the authors concluded that cell prolifer-
ation was  more significant with lower tension (less than or equal
to 9% O2) [32]. When progenitor stem cells of connective tissue
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33] and mesenchymal stem cells from bone marrow [34] were
sed, there was an increase in the Colony-Forming Efficiency (CFE)
here such proliferation was more efficient when subject to strains

f 5% O2. Similar results were observed in human embryonic stem
ells that showed improved proliferation when grown in 1–4% O2,
nd was slightly lower with 1% O2 [35]. In recent in vitro stud-
es, authors concluded that an oxygen tension between 1 and 3%
estores the osteogenic differentiation [36]. The rat mesenchymal
tem cells grown under low O2 also produce more osteocytes when
mplanted in vivo [31]. According to Burke et al. [37], mesenchymal
ells, in particular, seem to be sensitive to a drop in oxygen ten-
ion. As O2 can modulate cell fate in a concentration-dependent
anner, it seems reasonable to assume that O2 can perform simi-

ar functions to those of more traditionally recognized gradients of
ecreted growth factors [31].

The culture of populations of stem cells and undifferentiated
ells must be concentrated in the 3–5% O2 range [31]. Data from
hese articles indicate best results when the oxygen tension is
igher. The concentration of oxygen on the laser treated implant
urface, observed in this study, could explain proliferation of tra-
ecular bone observed in the early stages of bone repair.

Studies of in vitro protocols and in vivo models (invertebrates
nd vertebrates) indicate that molecular O2 is not just a fuel for
aintenance of cellular metabolism and bioenergetics, but also an

ssential vehicle that regulates cell fate [31]. As mentioned above,
he physiological “normoxia” is likely to be generally much lower
han ambient air. Although most cells are maintained in culture
onditions at 21% O2, the oxygen tension must be low enough to
nfluence and promote cell proliferation, and thereby improve the
esponse of osteoblasts [31]. The necessary oxygen concentration
n the surface layer of implants for increased responses requires
urther study.

. Conclusions

Based on the results, we conclude that the roughness and
xide layer on the surfaces of laser-treated implants have provided
mproved response in bone repair when compared to implants with
imply machined surfaces. Contact layers of new bone tissue on
aser-treated implant surfaces after 15 and 30 days of bone repair

ere more evident when compared to machined implant surfaces.
he higher oxygen concentration on the surface of laser treated
mplants possibly aided increased response of osteoblasts during
he process of new bone matrix deposition.
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