Micro-arc Oxidation (MAO) Coupling Electrophoresis Deposition (EPD)
Versus Hydroxyapatite Coating in Periimplantitis: An Experimental Study in
Dog

Chuanhua Li'*, Zhifeng Wang**, Lina Zhu?, Dan Hao', Jing Lan'

"Department of Prosthodontics, Dental School, Shandong University, Jinan City, Shandong Province, China.
2Department of Pediatrics Dentistry, Dental School, Shandong University, Jinan City, Shandong Province, China.

Abstract

Object: This paper aims to evaluate the influence of dental implants coated with hydroxyapatite (HA) and implants processed by
micro-arc oxidation (MAO) coupling electrophoresis deposition (EPD) on experimental peri-implantitis in Beagle dogs. Methods:
The thirty-six implants (diameter 3.3 mm & length 11 mm) were equally divided into three groups. Group A was processed with
a plasma-sprayed layer of HA, group B was surfaced with MAO and EPD, and group C was not-treated. The morphological surface
characteristics and the surfaces chemical composition were observed by scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDS). These implants were randomly placed into the alveolar bone of mandible of dogs. After three months
(healing stage), cotton ligatures with P. gingivalis (strain ATCC 33277) were replaced in the submarginal position around the neck
of the implants to induce peri-implantitis. Clinical measurements, including peri-implant probing pocket depth (peri-implant PD),
and bleeding on the probing were recorded every 2 weeks during subsequent six weeks. After the animals were euthanized, implants
and surrounding tissues were retrieved. The length of bone loss (BLL) was measured. Result: The BLL of group A (4.66 + 0.22)
was higher than that of group B (4.04 £ 0.29), but it was lower than that of group C (5.08 £+ 0.28). The difference was statistically
significant (P<0.05). Conclusion: Dental implants with MAO coupled with EPD could be more effective for slowing down peri-

implantitis progression than HA-coated implants and not- treated implants.
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Introduction

Due to their excellent biocompatibility and prominent
mechanical and corrosion resistance, titanium and its alloys are
commonly used as implant materials [1-3]. During the complex
process of bone formation at the implant-tissue interface, the
roughness of surface and ingredients of implant are important
factors for regulating osteoblastic function. Compared with
an untreated or smooth surface, higher osteoblast activity is
observed in the microstructure of the implant surface (from
1- to 100-pm surface roughness) [4]. Grit blasting treatment
roughens the surface of titanium, and thermo-chemical
(TCh) treatment forms a bioactive surface and facilitates the
development of a bioactive interface. A rough and bioactive-
titanium surface obtained by rough-bioactive treatment can
enhance the adhesion and differentiation activity of human
osteoblasts cells [5] as well as osseointegration [6].

Calcium phosphate minerals on the implants surface,
such as apatite, can enhance implant-bone osseointegration
at an early stage [7]. Hydroxyapatite (HA) is a compound
of calcium and phosphorus, a type of ceramic materials. HA
can be generated naturally or be manufactured synthetically.
Implants with HA coating present with higher osteoblastic
activity and better osteoconductivity than pure titanium
implants both in vitro and in vivo [8-11], which can chemically
bond to bone tissues [12]. HA coating reduces or even inhibits
the release of metal ions into the surrounding tissue [13] and
it acts as connective tissue encapsulation around the implant
to avoid peri-implant bone apposition [14]. Many techniques
can incorporate HA into the layer of titanium oxide, such as
deposition in a vacuum environment (e.g., physical vapor

deposition, chemical vapor deposition, and ion beam-assisted
deposition), in an air atmosphere (e.g., plasma spraying and
laser deposition) and in a solution or suspension (e.g., sol-gel,
dip coating, electrochemical or electrophoretic deposition)
[15,16].

Titanium plasma spraying (TPS) is one of the most
common methods for creating HA-coating. HA powder is
heated to an extremely high temperature and projected at a
high velocity onto the titanium surface. Then, the particles
fuse together and form films that are approximately 40-100pum
thick. Its deposition efficiency can be controlled according to
different application requests, such as the morphology and
chemical composition of the surface, which is the prominent
characteristic [17]. However, the demand of the purity of the
gas demand is higher. It is difficult to spray the coating when
the diameter of the surface hole is extremely small [18].

Micro-arc oxidation (MAO) is another common method
for modifying the implant surface. It is typically characterized
by the phenomenon of electrical discharge on the anode in
the aqueous solution and a plasma-assisted electrochemical
method that produces rough, thick, and porous oxide films
on metal surfaces. The local temperature of the metal surface
reaches up to 2000 — 5000°C and then slowly cools down.
The anneal process of metal substrate and oxide films can be
easily observed [19-22]. The stress between the substrate and
film is then removed, which prevents the oxide films from
falling off from metal substrate. Good quality coatings with
high micro-hardness, adhesion strength, and wear resistance
are synthesized on the metal surface with MAO technique.
Ca and P can be incorporated into the oxide coating with the
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MAUO technique and combine a variety of compounds, such as
CaTiO,, a-Ca,(PO,),, b-Ca,PO,, CaCO,, CaO or amorphous
apatite [23-26].

The electrophoresis deposition (EPD) technique can
deposit colloidal particles from a stable suspension onto an
oppositely charged substrate through a direct current (DC)
electric field. The particles must be electrically charged to
conduct film formation. The important task is to identify
effective additives for particle charging [27-29]. However,
one disadvantage of this technique is the low adhesion
between the coating and substrate. Some cracks on the coating
surfaces may appear due to shrinkage after the deposit drying
process. Recently, MAO coupling with EPD, following SLA,
has been widely used to obtain a coating with a 50-100 um
thickness [30].

Peri-implantitis is an inflammatory response surrounding
the implants. It affects the tissues around an osseointegrated
implant and results in the loss of supporting bone. The risk
factors for peri-implantitis include poor oral hygiene, the
depth of the peri-implant pocket, implant material and surface
roughness, biomechanical overloading and bacterial infection
[31]. Beyond these, the surface roughness and surface-free
energy parameters may mainly influence their susceptibility
to bacterial infection [32,33]. In our previous research, we
found that the dental implant with MAO and EPD obtained
stronger osseointegration than the implant with HA coating
[34]. The purpose of this study is to investigate the influence
of these two surface modifications on peri-implantitis in dogs.

Materials and Methods
Materials
Thirty-six pure titanium smooth cylindrical BLB implants
(diameter 3.3mm & length 1lmm, provided by Beijing
Leidon Biomaterial Limited Company, China.) were equally
divided into three groups. Group A was processed with
a plasma-sprayed layer of HA, and group B had surfaces
processed by MAO coupling EPD on sandblasted and acid-
etched techniques, and group C had no surface treated.
Scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDS)
The morphological surface characteristics of the group A
and group B implants were observed by thermal field SEM
(Hitachi SU-70, Shenzhen, China) at an accelerating voltage
of 20 kV. The implants were performed for SEM following
standard procedures. The surfaces chemical composition
was determined by the EDS system connected to the SEM.
This system was able to detect atoms with an atomic weight
equal to or greater than that of boron and allowed for semi-
quantitative analysis of the composition of a surface within 1
um thickness with high lateral resolution.
Animal surgical procedures
Nine male beagles (provided by the Experimental Animal
Centre of Shandong University), 2-3 years old and weighing
from 15 to 20 kg, were used in this experiment. General
guidelines about the use of animals had been followed and
all studies were approved by the Animal Ethical Committee
of Shandong University. Before surgery, anesthesia was
induced by femoral vein injection of 3% pentobarbital
sodium (1mg/kg, JiangSu Heng Rui Pharmacy Factory,
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Lianyungang, China). Under anesthesia, the second and the
third premolars of the bilateral mandibles were extracted.
Implants were placed randomly into four alveolar sockets in
each Beagle. After surgery, all dogs were given 80,000 TU
of gentamicin sulfate intramuscularly for three consecutive
days as a prophylaxis against infection. After three months
(healing stage), the cotton ligatures with P. gingivalis (strain
ATCC 33277) were ligatured around the neck of all implants
and were replaced every two weeks during subsequent six
weeks [35]. Before ligation, two weeks, four weeks and six
weeks after ligation, the peri-implant probing pocket depth
(peri-implant PD) and clinical hemorrhage were examined.
The results of peri-implant PD is average by using repeated
measurement to calibrate it. All animals were injected with an
overdose of sodium pentobarbital euthanasia six weeks after
ligation. The operations were performed by the same person
in order to reduce the error.

Histologic observation

After the animals were euthanized, implants and surrounding
tissues were retrieved and immediately fixed in 10% buffered
formalin at 4°C for 7 days. The specimens were dehydrated in
graded alcohols from 70% to 100%, infiltrated and embedded
in light-cured resin. After that, the specimens were sectioned
at a thickness of 50pm along with the long axis of implants
(EXAKT, Germany). Slices were dyed with methylene blue
and observed under a microscope (Nikon, SMZ745T, Japan).
The length of bone loss (BLL) was measured from the apical
marginal level of bone-to-implant contact to implant shoulder
at both the buccal and the lingual aspect of the implant in
each section (Fig. 1). The BLL was measured by the optical
microscope connected with high resolution image viewing
system.

Statistical analysis

Statistical analysis was performed with SPSS 17.0 software
(SPSS Inc., Chicago, IL, USA). The BLL data among different
groups were reported as the mean + standard deviation (SD),
and one way analysis of variance (ANOVA) was used to
assess significant differences at a level of P<0.05.

Results

SEM, EDS and profilometer analysis

The SEM photograph of group A showed the cloud-form
microstructure on the surface, which was distributed widely
in an irregular way (Figure 2A4). A highly porous layer, yet
not uniform throughout the surface of group B consisted of
small craters with holes in the center. The diameters of the
holes varied widely from approximate 5 pm to <1 um (Figure
2B). A large, cloud-form microstructure distributes on the
surface of group C implant (Fig. 2C). As for the EDS spectra
of two surface modification, it was apparent that the peaks of
Ca and P could be observed in the spectra of the HA coating
in group A (Figure 3), whereas the maximum peak value of
titanium could be observed in group B (Figure 4). Group B
also incorporated the peak of Ca, P and oxygen, indicating the
existence of those elements in the form oxides. Additionally,
the ratio of Ca/P in group A was similar to that in group
B. Surface microtopographic analysis showed the rougher
surface of group A than that of group B.
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Figure 2: The SEM pictures of the three groups. A: Cloud-
Jform microstructure on the surface of the group A implant,
which is distributed widely and densely and irregularly.
(magnificationx1000). B: The highly porous layer of the group B
implant consists of small craters with holes at the center, and is still
not yet uniform throughout the surface. (magnificationx1000). C:
A large cloud-form microstructure distributes on the surface of the
group C implant. (magnification*1000).

Full scale = 113 cps

Cursor: 36875 keV

Figure 3. The EDS figure of group A implant. The figure
demonstrates the peak of calcium, phosphorous, titanium, and
oxygen in the group A implant.

Figure 4. The EDS figure of group B implant. Peaks of calcium and
phosphorus can be observed in the spectra of group B, which is
compatible with the apatite phase.

Clinical observations
No implants were loose during this process. Before ligation,
the peri-implant mucosa of each group was similar. The
gingival was knife-like, rubbery, and lacking inflammation
(Figure 5a). All peri-implant PD values were within the
normal range and no significant difference was observed
among these groups (P>0.05) (Table 1).

At two and four weeks after ligation, oral hygiene
deteriorated gradually in all dogs, and soft tissue inflammation
was distinctly observed, such as hyperplastic tissues,
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Figure 5. The pictures of implants and gingival tissues. Before
ligation, the peri-implant mucosa of each group was similar.
The gingival of three groups were knife-like, rubbery, and lacked
inflammation (a). Two weeks later, some plaques adhered around
all implant necks. Soft tissue inflammation was observed, such
as hyperplastic tissue, suppuration, and color changes, which
were more severe in group A than in group B (b). Six weeks after
ligation, oral hygiene deteriorated, and inflammation of the soft
tissues demonstrated obvious differences. Severe pyorrhea was
found in group C (c).

Table 1. Peri-implant PD of the three groups at baseline, two
weeks, four weeks and six weeks after ligation (mean value = S.D,

n=36) (mm).
Group Baseline 2 weeks 4 weeks 6 weeks
A 0.76+£0.27 | 3.16+0.29 | 443+0.42 | 4.07+0.39
B 0.67+0.22 | 2.98+0.37 | 428+0.39 | 4.01 £0.47
C 0.83+0.32 | 3.34+0.35 | 456+0.43 | 423+045

suppuration, mild clinical hemorrhage and color changes
(Figure 5b). Bone loss around the implants was increasingly
serious. The values of the peri-implant PD of the three
groups had no statistical difference (P>0.05), but these data
were greater than those measured before ligation (Table 1).
At six weeks after ligation, the inflammatory reactions were
more severe than before. Severe peripyema and clinical
hemorrhage were found in group C (Figure 5¢). The gingival
recession led decreases in the values of the peri-implant PD
(mean=4.01~4.23mm), and there were no statistical difference
when comparing three groups (Table 2).

Histological observation

In all sections, bone loss was found around every implant
and many inflammatory cells were clustered at this area.
Furthermore, there were more inflammatory cells in groups A
and C than in group B (Figure 6a-c). The bone loss in group
A (a) was more severe than that of group B (b), but it was
milder than that of group C (c). The HA coating of group A
was visualized clearly, and some coatings were fractured or
missing at the gingival marginal regions (Figure 7a). There
were inflammatory regions between the newly generated
bones and implants in group C (Figure 7b). The values of
the BLL were shown with the means and standard deviations
(mean + S.D). The BLL of group A (4.66 + 0.22) was higher
than that of group B (4.04 £ 0.29), but it was lower than that
of group C (5.08 £ 0.28). The difference was statistically
significant (P<0.05) (Table 2).

Discussion
Dental implants have been valued by an increasing number of
doctors and patients to treat dentition defects and edentulous,
which are based on the high survival rate for implantation.
Both experimental and clinical studies reveal that peri-
implantitis is a key factor leading to implant failure, which
focus on the impact factors for the dental implantations
survival rate [36,37]. Peri-implantitis is an inflammatory
process, affecting the tissues around an osseointegrated
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Table 2. The values of the BLL in the three groups (mean value +
S.D, n=36) (mm).

Group BLL P value
A 4.66 £0.22 P<0.05
B 4.04 +0.29
C 5.08 £0.28

Figure 6. The histological pictures of implants and alveolar
bone (Magnificationx6.7) The histological picture shows that
inflammatory cells were clustered at the bone loss regions.
Furthermore, there were more inflammatory cells in groups A (a)
and C (c) than group B (b). Bone loss in group A was more severe
than that in group B, but it was milder than that of group C (a, b, c).

Figure 7. The histological pictures of implants and alveolar bone
(Magnification x20). The HA-coating of group A was visualized
clearly and some coatings were fractured or missing at the gingival
marginal region (a). There were inflammatory regions between the
newly generated bones and implants in group C (b).

implant and resulting in the loss of supporting bone [38]. The
risk factors for peri-implantitis include poor oral hygiene, the
depth of peri-implant pocket, implant material and surface
roughness, biomechanical overloading, bacterial infection
and so on [39,40].

In this study, an animal experiment on Beagles was
conducted to evaluate the peri-implantitis induced by the
dental implants with different surface modifications. We
observed that the alveolar bone lost more in implants coated
with HA than in implants coated with MAO and EPD, and
peri-implantitis of HA coated implants was more serious
than that of implants with MAO and EPD, whereas the most
serious peri-implantitis happened at untreated implants.

HA coating plays a key role in the initial stages of
osseointegration. It not only improves apatite-forming but
also increases osteoblast proliferation and differentiation on
the implant surface. The formation of apatite on the implant
surface is related to its surface structure, composition, and
physical and chemical properties [41,42]. Titanium implants
coated the HA layer bond to bone chemically, whereas implants
without HA coating connect to bone tissue by mechanical
interlocking. The HA-coated implants presented with higher
osteoconductivity, and attained stronger osseointegration at
an earlier stage than the uncoated implants [43]. In the present
study, untreated implants had more severe peri-implantitis
than HA-coated implants. This stronger osseointegration
in HA-coated implants can be favorable to retarding the
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progression of inflammation.

Compared with the smooth implant, the rough titanium
surface creates amore suitable microenvironment for adhesion,
proliferation, and differentiation of the osteoblast towards
a mature phenotype [44]. The roughened implants obtain a
larger bone-to-implant contact area and higher resistance to
torque removal than smooth surface implants [45]. Buser et
al. have observed that the contact percentage of the bone-to-
implant is enhanced directly through increasing the roughness
of the titanium implant [46]. In our study, in spite of the larger
surface roughness in the HA-coated implants, the majority
of the pit scattering on the surface of the implant modified
the MAO and EPD with a diameter of 3—5um. The surface
coated with MAO and EPD has been identified as the optimal
characteristic for implant surfaces [47,48]. More severe
peri-implantitis can be observed in group A than in group
B because the roughened surface can encourage bacterial
adhesion due to the increasing surface area. Hence, the anti-
adhesion surface for bacteria is extremely important to prevent
implant failure [49]. Amoroso PF et al. report that there is
a significant difference in the very smooth (Ra: 34.57 nm +
5.79 nm) titanium samples and other samples (Ra:155 nm +
33.36 nm; 223.24 nm + 9.86 nm; 449.42 nm + 32.97 nm) for
the adhesion of P. gingivalis. However, there is no significant
difference among the other groups except the very smooth
group [50]. Bacteria adhesion and proliferation to the implant
surface initiate peri-implant infection, which ultimately
lead to implant failure [51]. P.gingivalis is reported to be a
significant component of the predominant microflora around
failing implants [52]. In this study, ligatures with P.gingivalis
ATCC 33277 are placed around the neck of the implants, and
peri-implantitis occurs at two weeks after ligation.

A porous, rough, and firmly adherent titanium oxide
film on the titanium surface can be produced with the MAO
technique [53-55]. The porous coating layer strengthens the
anchorage of the implant to the bone [56,57]. MAO replaces
the Faraday area in electrochemical oxidation with a high-
voltage spark and induces the Ca and P ions in the aqueous
electrolytic bath. MAO contributes to the formation of the
coating layer composed of Ca and P, which further enhances
the bonding between the implant and bone with anchorage.

As for HA-coating, plasma spraying is a commonly
used technique, although there are many drawbacks to
thermal decomposition and fractures in coating that is more
than 40 pm-thick. In this study, we observed that there was
several coating flaking and peeling around the HA-coated
implants under light microscopy, which does not occur in the
implants processed with MAO and EPD. Furthermore, the
fractures of HA around the implants are filled with bacteria
and leucocytes, which accelerate the loss of alveolar bone.
Jovanovic et al. demonstrated that peri-implantitis that is
induced by microorganisms is more serious in HA-coated
implants than other implants [58]. This may be attributed to
the pH variation during the inflammation process, which is
induced by phagocyte and microbial decomposition [59].

Surface modification techniques can influence the
characteristics of implants. In this study, peri-implantitis is the
most serious for the cases with untreated implants. Both HA
coating and MAO coupled with EPD surface modification are
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useful methods for retarding inflammation progression, and
the latter was more effective than the former.

Conclusions
Dental implants with MAO coupled with EPD could be more
effective for slowing down peri-implantitis progression than
HA-coated implants and not- treated implants.
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