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Abstract
Objective We aimed to assess the surfaces of commercially pure
titanium implants (cp Ti) with modified surfaces by laser beam
(LS) with and without hydroxyapatite (HA) deposition, without
(HAB) and with (HABT) thermal treatment. Furthermore, we
have compared them with implants with surfaces modified by
acid treatment (AS) and with machined surfaces (MS) utilizing
histomorphometric and descriptive histologic analyses.
Material and methods Surface topography characterization
was analyzed by scanning electron microscopy (SEM), X-
ray energy-dispersive spectroscopy (EDX), and surface
roughness (Ra) before implant installation. Forty-five rabbits
received seventy-five implants in their left and right tibias and
were randomly divided into five groups (n = 5 implants per

group): (1) cp Ti implant modified by LS, (2) cp Ti implant
modified by laser beam associated with HA deposition with-
out heat treatment (HAB), (3) cp Ti implant modified by laser
beam associated with HA deposition with heat treatment
(HABT), (4) cp Ti implant with modified surface by means
of acid treatment (Master Porous) commercially available
(AS), and (5) cp Ti implant with MS commercially available.
After 30, 60, and 90 days, the animals were euthanized and the
implants and surrounding bone were removed and prepared
by a non-decalcified histological process. The percentage of
bone-to-implant contact (BIC) and the bone area fraction oc-
cupancy (BAFO) between the first three threads was evaluated
to the higher cortical region.

Results BIC (%) was statistically superior (p < 0.001) on the LS
(69.36 ± 7.91, 71.67 ± 8.79, and 79.69 ± 3.3), HAB
(73.22 ± 3.75, 69.48 ± 1.89, and 75.7 ± 4.62), and HABT
(65.41 ± 5.51, 71.3 ± 2.5, and 79.68 ± 5.01) compared with
AS (49.15 ± 5.76, 41.94 ± 2.85, and 57.18 ± 7.81) and MS
(36.69 ± 7.24, 52.52 ± 2.75, and 51.31 ± 6.96) in the 30, 60,
and 90-day periods, respectively. BAFO (%) of HAB at 30 days
(90.17 ± 6.24) was statistically superior (p < 0.01) to all the other
groups. At 60 and 90 days, BAFO of LS (87.17 ± 5.9 and
87.99 ± 2.52), HAB (85.95 ± 3.93 and 82.17 ± 3.65), and
HABT (83.27 ± 1.44 and 88.67 ± 2.67) was higher than the
AS (77.49 ± 5.83 and 76.42 ± 5.98) and MS (74.01 ± 4.68 and
73.81 ± 4.91).
Conclusions Collectively, our data indicate that the modified
surfaces LS, HAB, and HABT favored the interaction be-
tween bone and implant and increased bone formation. In
addition, HAB showed higher biological behavior favoring
the osseointegration.
Clinical relevance Our study provides evidence that LS,
HAB, and HABT-modified surfaces improved bone-to-
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implant contact and increased bone formation around
osseointegrated implants compared to conventional machined
implants favoring the osseointegration process.

Keywords Dental implantation . Histomorphometric
analysis . Surface properties . Laser . Hydroxyapatite

Introduction

Dental implants’ surface properties play an important role as
one of the six most significant factors for implant incorpora-
tion in the bone tissue. The establishment of osseointegration
is dependent of the six following parameters, accordingly to
Albrektsson et al. [1]: (1) implant material, (2) implant design,
(3) implant finish (surface), (4) status of the bone, (5) surgical
technique, and (6) implant loading conditions. Implants of
commercially pure titanium (cp Ti) stand out as a reliable
material to rehabilitate edentulous areas of the jaws; however,
they require a long period for osseointegration, and the suc-
cess rate is dependent on the quality of the bone tissue [2]. The
development of implant surfaces has been proposed to pro-
mote bone-to-implant contact and accelerate bone repair in
this interface, allowing immediate or early loading of the im-
plant especially in patients with significant systemic alter-
ations that impair adequate bone healing and in cases of severe
atrophy of the jaws [3–5].

Topographic properties and physicochemical surface of the
implants are essential in the early stages of osseointegration, as
they are responsible for the biological responses of biomaterials
[6–12]. Accelerated bone formation and bone resistance can pro-
vide better implant stability during the bone healing process
allowing faster implant placement and prosthetic rehabilitation
[13]. In this context, different methods for implant surface mod-
ifications have been proposed, including techniques that remove
material particles (subtraction process), such as acid etching (sul-
furic acid followed by hydrochloric acid), acid treatment (sulfuric
acid (H2So4), hydrofluoric acid (HF), nitric acid (HNO3), and
hydrochloric acid (HCL)) with aluminum oxide particles
(Al2O3) or titanium oxide (TiO2) [14] with or without
sandblasting, anodic oxidation [15], and laser ablation [16]. On
the other hand, other techniques add material to the implant
surface (addition process), such as coatings with HA and calcium
phosphate (Ca-P) [16, 17], titanium plasma spray (TPS), or HA
plasma spray [18].

Considerable advance has been made in understating the
mechanisms of protein adsorption as well as in the under-
standing of cell–material interface to enhance the biological
response around dental implants [19–22]. The process of cell
adhesion involves adsorption of proteins to the substrate, con-
tact, and attachment of cells, followed by spreading on the
substrate [21]. Surface chemical composition and surface en-
ergy are essential parameters that might have a critical

influence on the interaction of biomaterial surfaces with pro-
teins and cells and can influence which proteins are adsorbed
[19, 20]. The implant surface energy measured by the liquid–
solid contact angle and thus related to wettability is another
surface characteristic known to affect the biological response
to the implant [23]. Surface wettability can affect four major
aspects of the biological system: (1) soft and hard tissue cell
interactions with the surfaces, (2) adhesion of proteins and
other macromolecules onto the surface, (3) rate of
osseointegration, and (4) bacterial adhesion and subsequent
biofilm formation [23, 24]. Thus, the more wettable the mate-
rial is, the better the human body tolerates it [21]. The surface
modification with lasers is a controllable and flexible process
that can promote their wettability [10, 21]. This process results
in increased hardness, corrosion resistance, and other impor-
tant surface implant properties [25]. In addition, irradiation
with laser beam produces a high purity surface and roughness
sufficient to favor osseointegration [26].

Another surface modification employed to accelerate im-
plant osseointegration and favoring bone tissue interaction is
surface coated with ceramic Ca-P [12, 27–30]. The Ca-P is
released in the peri-implant region increasing the saturation of
body fluid with consequent biological apatite precipitation on
the implant surface. This layer of apatite should contain en-
dogenous proteins acting as a matrix for integration and
growth of osteogenic cells [27, 31, 32]. Previous studies
[33–35] showed that the biological fixation of implants to
bone is faster with Ca-P coating when compared to those
without coverage so the process of bone healing around im-
plants is accelerated by the formation of a biological apatite
layer on the surface. Several methods have been developed
and tested for coating implants, especially the HA plasma
spray, sol–gel method, electrophoretic deposition, and biomi-
metic deposition [33–37]. The more disseminated HA de-
position method in the literature is plasma spray, in
which increases in the percentage of bone-to-implant
contact compared to uncoated implants were frequently
observed [38, 39]. However, this method has consider-
able disadvantages due to the high temperatures used in
this process, which alters the HA structure and impairs
the coating adhesion to the implant surface [38–40].

Recently, the biomimetic method for HA coating has been
recognized for producing a homogeneous layer of bone-like
apatite, which enhances the adhesion to metal substrate. This
method is one of the most promising techniques for biomate-
rial production because it mimics the biological bone and
tooth formation process via the use of a solution with compo-
sition, pH, and temperature similar to human blood plasma,
known as simulated body fluid (SBF). The biomimetic meth-
od allows practically all types of substrate, with any size and
morphology, to be coated with a uniform layer of apatite and
allows control over coating characteristics, such as composi-
tion, crystallinity, and thickness [41–44]. Irradiation of the
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surface by laser beam prior to the chemical deposition of ap-
atites by biomimetic method improves the physical–chemical
bond stability between the coatings and implant surface. This
is due to the formation of titanium oxides at the implant sur-
face after irradiation with laser beam and its high affinity for
Ca and P present in SBF [28, 29, 45–47].

Here, continuing our studies evaluating these modified im-
plant surfaces, in which we have previously assessed LS,
HAB, and HABT surfaces by means of biomechanical analy-
sis [28], we aimed to evaluate the surfaces of commercially
pure titanium implants (cp Ti) modified by laser beam (LS)
with and without hydroxyapatite (HA) deposition by biomi-
metic method, without (HAB) and with heat treatment
(HABT), comparing them with implants with surfaces modi-
fied by treatment with acid (AS) and with machined surface
(MS) by means of histomorphometric analysis. The rational
for this study is that implant surface treatment plays a major
role in implant osseointegration. In this regard, our hypothesis
was that implant with modified surface (LS, HAB, and
HABT) would favor the osseointegration process increasing
bone-to-implant contact and bone area fraction occupancy.

Materials and methods

Implants

In this study, seventy-five external hexagon implants with a
diameter of 3.75 × 10 mm length (Conexao Implant Systems,
Aruja, Sao Paulo, SP, Brazil) and with five different surfaces
were used. Three of these surfaces were test surfaces, which
were modified in the Biomaterials Group of the Institute of
Chemistry (Sao Paulo State University (UNESP), Araraquara,
SP, Brazil), and the other two were commercially available
surfaces, which constituted the control groups. The groups
were described as (1) cp Ti implant modified by LS, (2) cp
Ti implant modified by laser beam associated with HA depo-
sition by means of biomimetic method, without heat treatment
(HAB), (3) cp Ti implant modified by laser beam associated
with HA deposition by means of biomimetic method, with
heat treatment (HABT), (4) cp Ti implant with modified sur-
face bymeans of acid treatment (Master Porous), commercial-
ly available (AS), and (5) cp Ti implant with MS, commer-
cially available.

Preparation of test surfaces

Surface modification by laser beam

The cp Ti implants were fixed at the rotating device under the
pulsed laser equipment 20 W Yb (Ytterbium Pulsed Fiber
Laser System Omnimark 20F, Ominitek Tecnologia Ltda,
Sao Paulo, Brazil) with the parameters of nominal power

and pulse rate of 140 mJ and 20 KHz, respectively. The laser
beam was projected onto the entire surface of the implant
threads in room atmosphere, as previously described [28].

Modified surface by laser beam and HA deposition using
the biomimetic method

The protocol was established following previous protocol
[28]. Briefly, the samples were immersed in 50 mL of
NaOH (5.0 mol/L) in the oven for a period of 24 h at 60 °C
for surface activation. Then, the implants were kept in an oven
for 3 h at 60 °C for drying the surface. The biomimetic method
is a physicochemical process in which a biologically active
Ca-P covering is produced on a substrate after soaking in an
acellular protein-free supersaturated Ca and P SBF which rep-
licates the human blood plasma by having ionic composition
and pH similar to plasma [41, 48]. Each implant was placed
vertically in 20 mL of SBF and remained immersed in this
solution for a period of 4 days at 37 °C and pH 0.25, to obtain
a coating composed of HA. The ionic concentration of the
solution was previously described [28]. The SBFwas changed
every 24 h to retain the amount of ions in the solution. After
the HA coating procedure, half of the implants (HABT) were
submitted to heat treatment. For this, implants were kept in a
specific oven (EDG 3P-S 1800, EDG Equipment) for 1 h at
600 °C. After the immersion period, the substrates were re-
moved from the solution, washed with demineralized water,
and dried at room temperature.

Surface characterization

Prior to implant installation in the rabbit tibia, the implant
topography was analyzed by means of scanning electron mi-
croscopy (SEM) (MEV XL 30 TMP, FEG, Philips XL Series,
Oxford detector with Inca X-sight, Holland, 97), coupled to a
system of scattering spectroscopy system for energy-
dispersive X-ray (EDX) for semi-quantitative analysis of the
surface’s chemical composition. In this regard, five implants
of each group were used. The implants were positioned inside
the SEM, and five areas from each sample were arbitrarily
chosen by a blinded examiner. Images were made with both
secondary and backscattered electrons. For EDS analysis,
7 kV accelerating voltage was used to improve peak/back
ground ratio for light elements.

In addition, cp Ti disks were modified with different sur-
faces as described above and examined in cross section by
SEM to determine the average thickness of 10 random points
on the surfaces measured in five disks per group. The average
roughness (Ra) (the arithmetic mean of the sampling area
roughness, measured in μm) of each surface was analyzed
using a digital roughness meter (Mitutoyo SJ-400,
MitutoyoSul Americana Ltda, Sao Paulo, Brazil) with an ac-
curacy of 0.01 mm, a reading length of 2.5 mm, an active tip
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speed of 0.5 mm/s, and a radius of 5 μm. To verify the reli-
ability of the results, a device was used to stabilize and stan-
dardize the analysis. The reading at two different times was
assessed by a masked examiner.

Sterilization and packing of the modified implants were
conducted before implant installation in the rabbit by the im-
plant company (Conexão Implant Systems, Arujá, São Paulo,
Brazil) after surface topography characterization.

Sample size calculation

For our animal experiment, sample size calculation was based
on bone-to-implant contact (BIC) data of the author’s pilot
study (unpublished data) previous to the commencement of
the studies. For this purpose, we have determined BIC as
primary outcome. For this variable, we considered as signifi-
cant a difference of 5 % (standard deviation of 2 %), and for
80 % power and setting alpha at 0.05, five implants per group
were necessary in order to compare five different groups.

Animals and implants

Rabbits and surgical procedures were handled according to
the guidelines of the local Ethical Committee for Animal
Care and Use (protocol #2007–004959). We followed a ran-
domized, prospective, controlled, animal model design fol-
lowing all the recommendations of the Animal Research:
Reporting In Vivo Experiments (ARRIVE) guidelines for
the execution and submission of studies in animals [49].
Rabbits were kept in the animal facilities with controlled tem-
perature, humidity, and a 12-h light/dark cycle. Throughout
the experimental period, rabbits were housed in individual
plastic cages, fed a standard laboratory diet (Procoelho,
Primor, SP, Brazil), and given water ad libitum. A total of 45
5-month-old white male rabbits (New Zealand), variation
Albinus, with average body weight between 3 and 4 kg were
randomly divided into five groups of dental implant surfaces.
A total of 75 implants were installed, in which 30 animals
received two implants in each tibial metaphysis, randomly
(60 implants). One group of five animals in each experimental
period of 30, 60, and 90 days (total of 15 animals) received
only one implant. Importantly, the choice of each tibia to re-
ceive particular type of implant occurred randomly, by means
of drawing lots.

Implant surgery

Experimental surgery for implant placement was performed as
described [28]. The animals were fasted for 8 h prior to sur-
gery, and general anesthesia was done by intramuscular (im)
injection of a combination of ketamine hydrochloride
(Vetaset, Fort Dodge Animal Health Ltd., Campinas, SP,
Brazil) at a concentration of 50 mg/kg and xylazine

hydrochloride (Dopaser, Laboratory Calier of Brazil Ltda,
Osasco, SP, Brazil) at 5 mg/kg. Then, rabbits were submitted
to a trichotomy in both tibias after disinfection with iodine
solution (10 % polyvinylpyrrolidone, Riodeine germ,
Rioquimica, Sao Jose do Rio Preto, SP, Brazil). Then, the
animals underwent local anesthesia by infiltrative injection
with mepivacaine hydrochloride (0.3 mL/kg, Scandicaine
2 % with epinephrine 1:100,000, Septodont, France) to assist
hemostasis of the wound area.

A 3-cm incision was performed on the proximal tibia just
below the knee, bilaterally, and the tibial metaphysis was ex-
posed by blunt dissection, in which complete thickness of soft
tissue was dissected, exposing the bone tissue for implant
placement. Then, receptor beds were prepared using a pro-
gressive sequence of drills (lance drill, spiral 2.0 mm, pilot
2.0/3.0 mm, and 3.0-mm helical drill, Conexao Implant
System, SP, Brazil), under profuse sodium chloride irrigation
at 1200 RPM (Darrow, Rio de Janeiro, RJ, Brazil).
Subsequently, each type of implant surface was installed in
each tibia, using both cortical bones (medial and lateral tibial
metaphysis). The soft tissues were replaced and sutured in
separate layers, using absorbable threads (poligalactina 910,
Vycril 4.0, Ethicon, Johnson Prod., Sao Jose dos Campos, SP,
Brazil), and the skin was sutured with monofilament suture
(Nylon 4.0, Ethicon, Johnson, Sao Jose dos Campos, SP,
Brazil).

In the immediate postoperative period, the animals re-
ceived a single intramuscular injection of pentabiotic
(0.1 mL/kg, Fort Dodge Animal Health Ltd., Campinas, Sao
Paulo, SP Brazil) and a single dose of dipyrone sodium
(1 mg/kg/day Ariston Chemical and Pharmaceutical
Industries Ltda, Sao Paulo, SP, Brazil) for a total of three
doses.

Animal euthanization and analyses

Fifteen rabbits were euthanized by lethal dose of intramuscu-
lar ketamine administration at 30, at 60, and at 90 days post-
operatively. The tissue samples (bone–implant interface) in
each tibia from each group were removed and fixed in 10 %
paraformaldehyde for 72 h.

Sample preparation and histomorphometric procedures

Tissue samples for non-decalcified sections were dehydrated in
increasing concentrations of ethanol (60–100 %) and were then
embedded in light-cured resin (Technovit 7200 VLC, Heraeus
Kultzer GmbH & Co., Wehrheim, Germany). The blocks con-
taining the implant and peri-implant bone tissue were cut at a
central point, aiming the center of the implant diameter along its
long axis using a cutting–grinding unit (EXAKTApparatebeau,
Hamburg, Germany). A single section was obtained from each
implant. The sections were reduced to a final thickness of 30 μm
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by grinding and polishing using a microgrinding unit (EXAKT
Apparatebeau, Hamburg, Germany), and the sections were
stained with Stevenel blue and acid fuchsin. The percentage of
BIC and the bone area fraction occupancy (BAFO) within the
threads were measured in both sides of the implants at the three
first threads, according to previous studies [5, 12, 28, 39, 50, 51].
The mean values of both sides of the implant were considered.

Bone histomorphometry

The histological slides were analyzed using a light microscopy
(DiaStar, Reichert & Jung Products, Leica, Germany), and im-
ages were captured by a digital camera Leica Microsystems
DFC-300-FX (Leica Microsystems, Germany) with a resolution
of 1.3 megapixels, coupled to the optical microscope common
light allowing computer-based histomorphometric measure-
ments. The digital images of histological slides were imported,
and the histomorphometric analysis was performed using image
analysis software (IMAGELAB 2000, version 2.4) in a standard-
ized manner by one blinded and calibrated examiner, masked to
the original treatment protocol. The results of the linear extension
of BIC and BAFO between the threads occupied by the bone
tissue obtained from the square pixels and pixels, respectively,
were converted to percentage values, as described [5]. To evalu-
ate the bone near to the implant, two histomorphometric variables
were analyzed as stated:

1. The implant linear extension including bone tissue in con-
tact with the implant surface, between the initial three
threads in the mesial and distal region (BIC);

2. Area between the threads, occupied by bone tissue in the
first three implant threads in the mesial and distal region
(BAFO). The values of BIC and BAFO for each group
were compared with each other in three periods and for
different groups at each period evaluated.

A sample of each group of 30-day period was processed
again (using the other half of the block containing the implant
sectioned at the midpoint), as described above. The obtained
slides were not stained and were metallized to analyze the
distribution and homogeneity of Ca and P (elemental map-
ping), using SEM, EDX, and electron microprobe attached.

Statistics

Analyses were performed using GraphPad Prism Software
5.0 (GraphPad Software, Inc., La Jolla, CA, USA). Group
measures were expressed as mean ± the standard error of
the mean (SEM). The data obtained in each type of com-
parison were tested using the Kolmogorov–Smirnov test,
which confirmed the normally distribution of all the data
and analysis. Therefore, statistical significance was
assessed using one-way analysis of variance (ANOVA)

followed by post hoc Tukey’s test for multiple compari-
sons among groups (α = 0.025).

Results

Surface topography characterization

The characterization of the surface topography was evaluated
by means of SEM, EDX, and Ra before implant placement in
the rabbit tibia. The SEM surface analysis showed topograph-
ical differences between the groups. The LS (Fig. 1a–b), HAB
(Fig. 1b–c), and HABT (Fig. 1e–f) produced rough and ho-
mogeneous surfaces with regular morphology as well as the
presence of spherical particles suggesting nanoscale struc-
tures. Analysis by EDX showed no contamination on the im-
plant surfaces and showed peaks of titanium (Ti) and oxygen
(O) for LS. The EDX of HAB and HABT maintained the
characteristics of the LS, differing just by the presence of
peaks corresponding to the calcium (Ca) and phosphorus (P)
elements obtained by chemical deposition of Ca-P.

The AS implant surface showed a pattern of subtraction
topography and formation of micro cavities of different depths
and sizes, however, maintaining a homogeneous roughness
(Fig. 1g–h). The EDX of AS showed peaks of Ti and O, and
MS showed peaks of Ti (Fig. 1i–j).

Cross-sectional representative images of LS (Fig. 2a),
HAB (Fig. 2b), HABT (Fig. 2c), and AS (Fig. 2d) acquired
by means of SEM shows the average thickness of the different
surfaces, which where LS (21.76 ± 9.05 μm), HAB
(44.21 ± 6.63 μm), HABT (35.31 ± 9.77 μm), and AS
(7.84 ± 3.73 μm). The MEV cross section in the HAB and
HABT showed the presence of a Bhybrid^ layer formed by
laser beam irradiation followed by the deposition of HA, not
allowing to distinguish the two surface treatments alone.

The microtopographic analysis revealed statistically signif-
icant difference (p < 0.05) between the HAB and HABT
roughness (6.61 ± 0.84 and 6.35 ± 0.7 μm, respectively) com-
pared to LS (Ra = 4.73 ± 0.48μm), AS (Ra = 1.34 ± 0.35μm),
and MS (0.4 ± 0.06 μm) and LS compared to AS and MS
(Fig. 3).

Histomorphometric analysis

The effect of surface modification on implant integration in
the rabbit tibia was accessed by histomorphometric analysis.
BIC of the LS (69.36 ± 7.91, 71.67 ± 8.79, and 79.69 ± 3.3),
HAB (73.22 ± 3.75, 69.48 ± 1.89, 75.7 ± 4.62), and HABT
(65.41 ± 5.51, 71.3 ± 2.5, 79.68 ± 5.01) implants was statis-
tically superior (p < 0.001) when compared to the AS
(49.15 ± 5.76, 41.94 ± 2.85, 57.18 ± 7.81) and MS
(36.69 ± 7.24, 52.52 ± 2.75, 51.31 ± 6.96) implants in the

Clin Oral Invest (2017) 21:685–699 689



three periods evaluated, respectively. At 30 and 90 days, AS
was statistically higher than MS (p < 0.05) (Fig. 4).

The BAFO analysis of HAB at 30 days (90.17 ± 6.24) was
statistically superior to all the other groups (p < 0.01). During
this period, BAFO of the LS and AS showed statistically
significant difference when compared to MS (p < 0.01 and
p < 0.001, respectively). At 60 and 90 days, BAFO of LS
(87.17 ± 5.9, 87.99 ± 2.52), HAB (85.95 ± 3.93,
82.17 ± 3.65), and HABT (83.27 ± 1.44, 88.67 ± 2.67) was

superior to the AS (77.49 ± 5.83, 76.42 ± 5.98) and MS
(74.01 ± 4.68, 73.81 ± 4.91) (p < 0.01) (Fig. 5).

Descriptive histologic analysis

Descriptive histologic analysis at 30 days showed new bone
formation between the threads of the LS, HAB, and HABT
implants, in the cortical region presenting a regular and more
homogeneous collagen fiber with concentric lamellae

Fig. 1 SEM (500×) and EDX for
all the surfaces studied: a–b LS,
c–d HAB, e–f HABT, g–h SA,
and i–j MS
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demonstrating continuing tissue remodeling, maturation, and
formation. Moreover, there was a significant interface contact
established between these surfaces and the bone tissue
(Fig. 6a). Small areas of immature tissue (stained with
Stevenel blue) with the presence of osteoblasts arranged in
palisade could be observed, suggesting that they are in the
process of bone matrix synthesis (Fig. 6a, white arrows).
HAB at 30 days showed greater contact interface with the
bone tissue but did not provide statistically significant higher
bone formation between the threads (p < 0.01) when com-
pared to all the other groups.

In the periods of 60 and 90 days for LS, HAB, and HABT,
there are increased tissue maturation and maintenance of

significant contact interface between the surfaces and the bone
tissue (Fig. 6b, c).

For AS and MS groups at 30 days, there are reduced
amount of trabecular bone between the implant threads in
the cortical region, associatedwith immature connective tissue
(stained with Stevenel blue). Moreover, the collagen fibers are
arranged with less organized and less mature tissue (Fig. 6a).
In some regions, there is clear separation between pre-existing
bone and newly formed bone (Fig. 6a, yellow arrows).

At 60 and 90 days, the bone pattern of AS and MS is more
mature with larger surface contact interface with the bone
tissue, although it is possible to note some areas of immature
connective tissue between the bone trabeculae (Fig. 6b, c) and

Fig. 2 SEM of surfaces (cross-
section images) for aLS, b HAB,
c HABT, and d AS (1000×)

Fig. 3 Average of roughness in all the surfaces studied. *p < 0.05,
statistically significant difference from indicated groups. **p < 0.001,
statistically significant difference from indicated groups. ***p < 0.0001,
statistically significant difference from indicated groups. Differences
among groups were calculated by one-way ANOVA. Data represent the
mean ± SEM

Fig. 4 BIC in all surfaces and periods evaluated. *p < 0.001, LS, HAB,
and HABT were statistically significantly different from AS and MS in
the three periods evaluated. **p < 0.05, AS was statistically significantly
different from MS at 30 and 90 days. Differences among groups were
calculated by one-way ANOVA. Data represent the mean ± SEM
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the presence of pre-existing bone without tissue remodeling in
some regions (Fig. 6c, green asterisk).

When comparing each group with each other at different
periods, it was found that BAFO and BIC of the MS group
differed significantly in the periods of 30 to 60 days and 30
and 60 to 90 days. The BIC of the HABT differed significantly
from the 30 and 60 to 90 days, and BAFO differed among all
periods. For AS, the difference was only observed in BIC
comparing the periods of 60 and 90 days, and for the LS
group, the difference was only observed in BAFO among
the different periods (Tables 1 and 2).

Elemental mapping

The EDX was used for the analysis of the homogeneity and
distribution of Ca and P in all the surfaces studied. The results
showed high peaks of Ca and P in all the different surfaces
utilized: LS (Fig. 7a–b), HAB (Fig. 7c–d), HABT (Fig. 7e–f),
AS (Fig. 7g–h), and MS (Fig. 7i–j). Highlighting the colors
blue for Ti, green for Ca, and red for P, Figure 7a, c, e, g, i is a
superimposition of the images of the different elements for
each surface group.

Discussion

The machined implants are stabilized in the bone tissue
through the bone growth in small irregularities in its surface
characterizing a biomechanical union. Therefore, for implants
with small roughness, the interaction with the bone tissue is
time-dependent, which is a negative aspect of these surfaces
[13, 52, 53]. Thus, modifications of the implant surfaces play
an important role to promote faster osseointegration allowing
earlier implant rehabilitation, especially in cases of limited

bone availability and in patients with compromised general
health or any condition known to modify bone metabolism
that would affect the healing process. Modifications to in-
crease the speed of osseointegration have included the
use of HA coating, surface-free energy (SFE), and sur-
face roughness [54].

Current evidence showed that the failure of dental implant
does occur and fall broadly into two categories: early failures
(failure to achieve osseointegration) and late failure (failure to
maintain the osseointegration) [54]. The long-term clinical
efficacy of titanium implants is influenced by peri-
implantitis (late failure), an inflammatory response resulting
in loss of supporting bone and implant failure caused by a
range of bacteria species including Porphyromonas
gingivalis, Prevotella intermedia, Aggregatibacter
actinomycetemocomitans, Fusobacterium nucleatum, and
Bacteroides spp., affecting up to 14% of implants after 5 years
[55–58]. In this regard, implant surface roughness has been
considered a risk factor for peri-implantitis [59]. Bacterial ad-
hesion to implant surfaces has previously been associated to
factors such as SFE, chemical composition, and material sur-
face irregularities and roughness by enhancing microbial re-
tention within surface irregularities [54]. Existing study indi-
cate that low SFE materials, with reduced surface roughness,
limits plaque accumulation in vivo [60]. Indeed, surface
roughness smaller than 0.2 μm (nanoroughness) has been as-
sociated with lack of microbial adherence because of the larg-
er size of most bacteria. On the other hand, Ra up to 10 μm
(macroroughness) would favor the bacteria adherence to the
implant surface [61]. However, a previous work [62] demon-
strated that there was no inflammatory response in the peri-
implant tissues surrounding HA-coated cp Ti implants even
after 14 years of follow-up.

The procedure for implant surface treatment with laser
beam was previously described by some authors [4, 16, 46],
in which they observed better bone anchorage and higher
values of reverse torque for implant removal when compared
to machined implants. Previous study [16] demonstrated by
means of removal torque tests the effects of surface treatment
created by laser ablation (Nd:YAG) followed by the deposi-
tion of HA by a chemical process, comparing them with laser
ablation surface and machined surface implants installed in 48
rabbits. After 4, 8, and 12 weeks of repair, the results evi-
denced that HA implants reduced the period of repair and
increased the bone/implant interface during the first 2 months
after implant placement. Indeed, previous study [28] recently
made by our group evaluated cp Ti implants with LS, HAB,
and HABT surfaces and compared them with AS and MS
surfaces using biomechanical analysis. This study has demon-
strated that LS, HAB, and HABT implants presented physi-
cochemical and topographical properties superior to those of
AS and MS favoring the osseointegration process. The LS,
HAB, and HABT-modified surfaces favored the integration

Fig. 5 BAFO in all surfaces and periods evaluated. HABwas statistically
significantly different from all the others in the three periods evaluated,
p < 0.01 (a). LS (b) and AS (c) was statistically significantly different
from MS at 30 and 90 days, p < 0.01 and p < 0.001, respectively. LS,
HAB, and HABT were statistically significantly different from all the
others at 60 and 90 days (d). Differences among groups were calculated
by one-way ANOVA. Data represent the mean ± SEM
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between bone tissue and implant in shorter periods (30 and
60 days), accelerating osseointegration. For LS, HAB, and
HABT, the rupture promoted by the biomechanical test oc-
curred at the bone/bone interface. Indeed, HAB presented bet-
ter biomechanical results when compared to the other sur-
faces. These results parallel observations made in our study,
in which LS, HAB, and HABT implant surface demonstrated
more percentage of bone-to-implant contact as well as bone
area fraction occupancy compared to AS andMS surface in all
periods evaluated favoring the osseointegration process, as
showed in Tables 1 and 2.

In vivo and in vitro studies have demonstrated that HA
enhances bone healing and improves osteoconductivity at
the gaps between the implant and bone surface [63, 64].
Because HA is biocompatible and can bond with bone, it
has been used to coating dental implant surfaces [65].
Although HA-coated implants integrate to the bone faster than
machined implants, there are some problems associated with
coating process, such as the formation of thick coating layer,
coating delamination, and cohesive and adhesive failures, al-
lied to porosity of the coating layer [66], which may be par-
tially dissolved/reabsorbed after long periods without func-
tioning [67]. To minimize that, we used the previous surface
irradiation with laser in room atmosphere to promote chemical
bonding between HA coating and the implant surface [29, 30,
47, 68]. This radiation process increase the temperature of the
titanium implant surface until its fusion followed by rapid
cooling resulting in the formation of a mixture of stoichiomet-
ric and non-stoichiometric titanium oxides. The oxides formed
on the surface favor the chemical reaction of the HA coating
with the implant resulting in standard roughness microstruc-
ture and thick TiO2 layer [69]. This process enhances the

bioactivity and osteoconductivity of the Ti substrate im-
proving the bonding strength between the HA layer and
Ti substrate as well as the prevention of the corrosion
of the Ti substrate. This rough surface coated by the
HA layer may act by encouraging bone ingrowth into
its porous structure, enhancing the mechanical fixation
to the bone [16, 70]. The deposition of HA on the
surface previously modified by laser beam did not pres-
ent statistical difference in relation to the percentage of
BIC and BAFO compared to the LS surface. However,
all the treated surfaces presented increased percentage of
BIC and BAFO (except HABT at 30 days) compared to
the AS and MS surfaces at 30, 60, and 90 days, dem-
onstrating that all treatments employed were successful
in accelerating osseointegration (Tables 1 and 2).

The morphology of LS, HAB, and HABT showed no sig-
nificant differences between them. All the treated surfaces
presented with regular and homogeneous pattern and spherical
structures at the nanoscale, which favored the deposition of
bone tissue when compared to the AS and MS surfaces.
However, the roughness of HAB and HABT differed signifi-
cantly from the other surfaces, including LS. Although the
increased roughness for HAB andHABTwas noted compared
to all the other groups, surface roughness did not influence the
level of contact between the implant surface and bone tissue
because the percentage of BIC and BAFO was not significant
among treated surfaces. Furthermore, the analysis by SEM/
EDX showed the presence of Ca and P on the implant surface
in HAB and HABT. In this context, our previous published
paper [28] has evaluated the contact angle in all the modified
surfaces to characterize its wettability. The wettability anal-
ysis involves the measurement of contact angles as the
primary outcome, which indicates the degree of wetting
when a solid and liquid interact. The results demonstrat-
ed that LS, HAB, and HABT surfaces did present ade-
quate wetting in all the periods evaluated compared to
AS and MS surface due to the low contact angle found
in these modified surfaces.

A recent systematic review [71] evaluating the effect of
surface topography on osseointegration of titanium implants

�Fig. 6 Histological sections of non-decalcified sections showing the
whole implant and the magnified upper cortical region (Stevenel blue
and acid fuchsin, 10× and 200× magnification, respectively). a LS,
HAB, HABT, AS, and MS at 30 days; b LS, HAB, HABT, AS, and
MS at 60 days; c LS, HAB, HABT, AS, and MS at 90 days. Yellow
squares represent the specific magnified area. White arrows point to
bone matrix synthesis. Yellow arrows point to the separation between
pre-existing bone and newly formed bone. Green asterisk points to
pre-existing bone without tissue remodeling

Table 1 Mean and SD of BIC
(%) of LS, HAB, HABT, AS, and
MS

Period (days) Groups

LS HAB HABT AS MS

30 69.36 ± 7.91 73.22 ± 3.75 65.41 ± 5.51# 49.15 ± 5.76 36.69 ± 7.24***

60 71.67 ± 8.79 69.48 ± 1.89 71.30 ± 2.50* 41.94 ± 2.85** 52.52 ± 2.75

90 79.69 ± 3.30 75.70 ± 4.62 79.68 ± 5.01 57.18 ± 7.81 51.31 ± 6.96

Comparison of the values obtained for each group at 30, 60, and 90 days

*p < 0.05, statistically significantly different compared to HABT from 60 and 90 days; **p < 0.01, statistically
significantly different compared to AS from 90 days; ***p < 0.01, statistically significantly different compared to
MS from 60 and 90 days; # p < 0.001, statistically significantly different 0.001 compared to HABT 90 days
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showed that in numerous studies, a positive correlation has
been found between surface roughness and osseointegration,
and the greatest roughness was found for the implants coated
with Ca and P. Cooper [72] demonstrated that an increase in
the surface roughness of cp Ti implants improved bone inte-
gration related to the amount of bone formed at the interface,
increased osteoconduction, and osteogenesis. Le Guehennec
et al. [73] showed in their review that surface roughness did
enhance osseointegration and bone formation although the
exact role of chemistry and topography is still poorly under-
stood. The combination of blasting and etching procedure
achieves an optimal roughness for mechanical fixation leading
to smooth surfaces with potential importance for protein ad-
hesion, considered to be important for the early bone healing
process [71]. However, the mechanisms behind an optimal
bone response to surface roughness remain largely unknown.
These results close resemble our findings where significant
differences for roughness of HAB and HABT were found
when compared with all the other surfaces and the LS when
compared to AS and MS.

Some authors [37, 71] have reported that whether a partic-
ular method of surface modification have the goal of changing
the macroroughness, microroughness, and nanoroughness,
changes in chemical surface also occur, making it difficult to
identify the main factor responsible for the results when we
compare implants with different surface treatments.
Accordingly, previous study made by Meirelles et al. [74]
compared electropolished implants (to remove the effects of
the microstructure of the implants) with implants modified by
coating with nanoparticles of HA in the rabbit tibia. The au-
thors found after 4 weeks increased bone-to-implant contact
for the HA-coated group. They concluded that early bone
formation was dependent on the properties of HA nanoparti-
cles. However, the authors did not show if these results were
due to an isolated chemical effect or if was related to the
nanotopography or a combination of both. These results are
consistent to those obtained in this study, which showed a
greater bone integration in the initial period of 30 days for

LS, HAB, and HABT, owing to the different physicochemical
properties, and morphology with nanoscale structures.

Our results related to the percentage of BAFO indicate that
HAB surface presented with a higher percentage of bone area
within 30 days and greater contact interface with the bone
tissue during this period, although there was no statistically
significant difference among treated surfaces. This early bone
integration of HAB is related to different physicochemical
properties of HA coatings especially its bioactivity, the forma-
tion of carbonated HA similar to bone mineral, the dissolution
reaction of bioceramic material, and the presence of high con-
centrations of Ca and P. This formed HA layer can serve as a
matrix for insertion and growth of the osteogenic cells [32].

The heat treatment employed over the implant surfaces
after the deposition of HA has the purpose of eliminating
water, increasing their crystallinity with consequent reduction
of the solubility, thus increasing the stability of the deposited
layer [75, 76]. In the absence of heat treatment, the crystallin-
ity of HA is lower, the solubility increases, and it becomes
therefore more similar to biological HA. Moreover, at lower
temperatures, there is a reduction of the phosphate degrada-
tion enhancing the bioactivity of the HA [67]. Indeed, our
previous study [28] did address the structure and crystallinity
of all the modified implant surfaces studied, which were mea-
sured bymeans of X-ray diffractometer (XDR). This approach
has determined the crystal phase of Ca-P deposited in the
implant surfaces as well as types and phases of the oxides
formed. The results indicated that HAB presented lower crys-
tallinity due to widened peaks of carbonated HA. HABTwas
characterized by a greater crystallinity in consequence of the
heat treatment leading to a more acute and well-defined car-
bonated HA. Thus, we found that the formation of apatite
precursors of HA, which have higher biological activity due
to the absence of heat treatment [41], is related to better results
in bone formation founded in the HAB group, demonstrated
by the increased percentage of BIC and BAFO.

Animal research in addition to clinical research on humans
has contributed greatly to the better understanding of

Table 2 Mean and SD of BAFO
(%) of LS, HAB, HABT, AS, and
MS

Period (days) Groups

LS HAB HABT AS MS

30 78.59 ± 5.19*** 90.17 ± 6.24* 72.65 ± 4.44# 75.21 ± 7.17 62.52 ± 5.30##

60 87.17 ± 5.90 85.95 ± 3.93 83.27 ± 1.44** 77.49 ± 5.83 74.01 ± 4.68

90 87.99 ± 2.52 82.17 ± 3.65 88.67 ± 2.67 76.42 ± 5.98 73.81 ± 4.91

Comparison of the values obtained for each group at 30, 60, and 90 days

*p < 0.01, statistically significantly different compared to all the other groups at 30 days; **p < 0.05, statistically
significantly different compared to HABT from 60 and 90 days; ***p < 0.05, statistically significantly different
compared to LS from 60 and 90 days; # p < 0.01, statistically significantly different compared to MS from 60 and
90 days; ## p < 0.001, statistically significantly different compared to HABT from 60 and 90 days
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physiology, the pathogenesis of diseases, the action of drugs,
the effects of surgical interventions, or testing of orthopedic
and dental implants prior to clinical use in humans [77–79].
Indeed, they must have an appropriate accuracy by means of
prior evidence and by demonstration of the limitations on the
reality that will be represented [78]. The main concern of
animal models is related to the respect for the ethical barriers
of non-primary experimental intervention in humans [80].
Therefore, the use of animal models in implant research is a
necessary step prior to undergoing clinical trials with new

implant therapies. In the present study, rabbits were selected
as the experimental model because they are easy to handle,
due to low maintenance care, and because it is the smallest
animal that can accept commercially available dental implants
in long bones allowing the installation of conventional im-
plants in the proximal region of the tibia, far from the growth
plate (tibial metaphysis). However, experimental rabbit
models posses some limitations compared to the humans, such
as (1) faster skeletal maturity, (2) faster skeletal change, and
(3) bone turnover.

Fig. 7 Element mapping analysis
showing the image
superimposition of the Ca (green),
P (red), and Ti (blue) in all the
surfaces analyzed: a–b SL, c–d
HAB, e–fHABT, g–hAS, and i–j
MS
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An interesting caveat in our study should be mentioned:
Rabbits have skeletal changes faster than humans, in which
they achieve skeletal maturity (closure o epiphyseal plates)
shortly after reaching complete sexual development, at
6 months of age [81]. In this study, we have used rabbits with
5 months of age. This means that they do not exhibit complete
skeletal maturity. Besides, the total elapsed time to resorb and
redeposit bone in the rabbit tibia is about 6 weeks, and this
characteristic represents a limitation of our initial period eval-
uated (30 days).

Finally, the elemental mapping analysis was employed
to evaluate the distribution and homogeneity of Ca and P
using SEM-EDX coupled to an electronic device. When
the images of Ca (green) and P (red) are superimposed in
the element mapping, the bone color should be yellow
because the quantity of Ca in bone is greater than P. Our
results showed that HAB and HABT were highlighted in
yellow, and LS, AS, and MS in orange. These findings
suggest that HAB and HABT surfaces presented homoge-
neity distribution of Ca and P in the implant surface com-
pared to the other groups, although high peaks of Ca and
P were observed in all the different surfaces studied.

Conclusions

In summary, using three different surface treatments, we demon-
strate at histomorphometric level that BIC was statistically supe-
rior on the LS, HAB, and HABT compared with AS and MS at
30, 60, and 90 days. BAFO of HAB at 30 days was statistically
superior to all the other groups. At 60 and 90 days, BAFO of LS,
HAB, and HABTwas higher than the AS andMS. Accordingly,
our data indicate that the modified surfaces LS, HAB, and
HABT favored the interaction between bone and implant and
increased bone formation. In addition, HAB showed higher bio-
logical behavior favoring the osseointegration process. Indeed, to
the best of our knowledge, this is the first study with close ob-
servation to show that LS, HAB, and HABT improved bone-to-
implant contact and bone formation around osseointegrated
implants.
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