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Abstract

Objectives: To investigate the effect of eicosapentaenoic acid (EPA)-coated Ti implants on

osteoconduction in white New Zealand rabbit mandibles.

Material and methods: Sandblasted and cleansed planar titanium specimens with a size of

5 9 5 9 1 mm were coated on one side with 0.25 vol% eicosapentaenoic acid (EPA). The other side

of the specimens was kept highly polished (the control side). These specimens were inserted in

rabbit mandibles. Twelve rabbits were randomly assigned into three study groups (n = 4). The

rabbits were sacrificed at 4, 8, and 12 weeks. The harvested specimens with the implants were

assessed for new bone formation on both sides of the implant using CBCT, conventional

radiographs, and the biaxial pullout test. The results were statistically analyzed by a nonparametric

Kruskal–Wallis test and Friedman’s test as multiple comparisons and by Brunner–Langer

nonparametric mixed model approach (R Software).

Results: A significant osteoconductive bone formation was found on the EPA-coated Ti implant

surface (P < 0.05) at 8 weeks when compared to the polished surface (control). Biaxial pullout test

results showed a significant difference (P < 0.05) after 8 and 12 weeks with a maximum force of

243.8 N, compared to 143.25 N after 4 week.

Conclusion: EPA implant coating promoted osteoconduction on the Ti implant surfaces, enhancing

the anchorage of the implant to the surrounding bone in white New Zealand rabbits.

Contemporary dental implant treatment

using titanium implants is considered to be

reliable, showing over 90% survival rates

after a long-term follow-up (Adell et al. 1990;

Pjetursson et al. 2007; Norowski & Bumgard-

ner 2009). Titanium with various bioactive

coatings (Choi et al. 2013) is considered an

ideal subgingival implant material (Mallineni

et al. 2012). Moreover, recent studies suggest

that some novel silane coatings on Ti

implants (Matinlinna et al. 2013) might also

reduce biofilm formation (Villard et al. 2014).

The use of organic carboxylic acid coatings,

such as eicosapentaenoic acid (EPA), has the

potential to promote osteoconduction. This

might be interesting in clinical situations

where some of the dental implant threads

could rest without contact to bone. Such sit-

uations may be due to insufficient buccal

bone or poorer bone quality and quantity.

In general, biocompatibility and adequate

biomechanical properties are the main

requirements in determining the clinical suc-

cess for any type of dental implant material

(Mallineni et al. 2012). The long-term suc-

cess of dental implants is highly influenced

by the quality and quantity of the host bone

(Albrektsson et al. 1986). This said, it has

been observed that areas with poor bone

quality, such as the posterior maxilla, may

exhibit high implant failure rates (Jaffin &

Berman 1991).

Many strategies have been carried out to

enhance the osseointegration rate and healing

time at the bone–implant interface. In the

past, some studies have focused to improve

the mechanical fine structure of the implant

fixtures (Wennerberg et al. 1998; Trisi et al.

1999), whereas other studies have been based

on implant surface treatments and coatings
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(Khang et al. 2001; Cochran et al. 2002).

Given this, some other studies have paid

attention to dental implant coatings employ-

ing bioactive coating materials to enhance

and ensure osseointegration along with rea-

sonable healing times (Cheng et al. 2012;

Zhao et al. 2013). To increase bone healing,

different implant coating strategies were

studied. Such approaches include deposition

of bioactive surface coating layers by chemi-

cal vapor deposition, physical vapor deposi-

tion, electrochemical vapor deposition,

metal-organic chemical vapor deposition,

thermal or diffusion conversion, plasma and

fusion coating, and various sol–gel tech-

niques (Hanisch et al. 1997; Albrektsson

1998; Ben-Nissan et al. 2013; Choi et al.

2013). Ti has a natural affinity to bond with

bone and tissues, but micromechanical inter-

locking based on surface roughening repre-

sents a more durable way for fixation. In

addition, a customized surface roughness

leads to an increased surface area with

increased micromechanical interlocking. This

said, the rationale for using implant coatings

is based on the fact that faster healing and

stable osseointegration could be achieved by

increasing the implant surface roughness and

changing the surface topography by deposit-

ing bioactive surface layers (Thomas et al.

1987; Wagner 1992; Choi et al. 2013). Osteo-

induction process after dental implant sur-

gery is recognized as a part of bone healing

(Albrektsson & Johansson 2001). It contrib-

utes for the vast bulk of a newly formed

bone. Some implant materials such as tita-

nium may be osteoinductive which is not a

requirement for bone induction per se (Barra-

das et al. 2011; Guo et al. 2012).

Cis-5,8,11,14,17-eicosapentaenoic acid

(EPA) is a carboxylic acid with a terminal –

COOH group, and it is of an omega-3 type

acid, also known as timnodonic acid. It is a

highly polyunsaturated fatty acid (abbr. n-3-

PUFA) that consists of five conjugated unsat-

urated C=C bonds (Nettleton 1995; Calder

1997). It has been shown that EPA has pro-

vided anti-inflammatory effects (Sethi et al.

1996). EPA also was found to be advanta-

geous for bone remodeling processes (Petzold

et al. 2008). Ultimately, some types of n-3-

poly-unsaturated fatty acids, which included

EPA, were verified to positively influence

bone health and skeletal biology (Watkins

et al. 2001; Petzold et al. 2011). Due to its

positive effects on biological membranes,

EPA regulates significantly the development

and the physiology of the body (Nettleton

1995). Interestingly, there is even some

evidence of EPA’s antineoplastic capacity

(Babcock et al. 2000; Simopoulos 2002; Mur-

phy et al. 2011). A positive influence of EPA

onto bone mineral content and bone forma-

tion was found on bone biology in growing

animals (Watkins et al. 2001; Kruger &

Schollum 2005). However, most of these

studies have used EPA as an oral supplement

and not as a coating material of titanium

implants. Current knowledge related to bone

growth on EPA-coated implants as well as

how EPA influences osseointegration is still

somewhat fragmentary.

This current in vivo study investigated the

effects of EPA coating on sandblasted

implants and their osseointegration using an

animal model. It was hypothesized that the

EPA coating might (i) increase osteoconduc-

tion, (ii) increase the rate of bone formation

on the coated Ti surface compared to the pol-

ished side of the Ti implant, (iii) form a

direct anchorage between bone and the

implant surface.

Material and methods

The ethical approval for this animal study

was obtained from the ethical committee of

the International Islamic University Malaysia

(IIUM 314/G/14/11/2), according to the

guidelines for Laboratory Experiments of the

Institutional Animal Care and Use Commit-

tee (IACUC) by The National Research

Council (2011).

The flip sides of the polished Ti surfaces

were sandblasted with silica-coated alumina

powder to increase the surface roughness.

After rinsing, EPA coating was applied on the

specimens. The whole process is summarized

in Fig. 1. The details of surface treatments of

titanium specimens are described below.

Polishing of Ti specimens

Twenty-four planar c.p. titanium specimen

plates (Permascand, Ljungaverk, Sweden)

with the dimensions of 5 9 5 9 1 mm were

polished with 400-grit silicon carbide polish-

ing paper under running water. All Ti speci-

mens were next cleansed ultrasonically for

10 min in 70% ethanol and then rinsed with

70% ethanol. They were allowed to dry at

room temperature for 30 min.

Surface treatment of Ti by sandblasting

The flip sides of these planar titanium plates

were next sandblasted using 110 lm silica-

coated alumina powder (3M ESPE, Seefeld,

Germany) at a constant pressure of 300 kPa

for 15 s per an area of 1 cm2 using even,

rotating motions. The nozzle was kept at a

perpendicular distance of 10 mm from the

specimen surface (Matinlinna et al. 2006).

The specimens were then cleansed in an

ultrasonic bath (Decon Ultrasonics, Hove

Sussex, UK), immersed in 70% ethanol for

10 min before being rinsed with 70% etha-

nol. They were next allowed to air-dry at

room temperature for 30 min.

Preparation of EPA solution

A fatty acid (EPA) solution was prepared of

0.25 vol% of cis-5,8,11,14,17-eicosapentae-

noic acid, with a purity of 99%, and it was

not redistilled before use (Sigma Aldrich, St.

Louis, MI, USA). EPA was diluted in a sol-

vent mixture of 95 vol% absolute ethanol

(99.8%) (Riedel-de Ha€en, Seelze, Germany)

and 5 vol% deionized water. The pH of the

solvent mixture was adjusted to 4.0 with

1 M acetic acid (CH3COOH).

EPA coating of titanium specimens

The fatty acid coating solution was applied

onto the sandblasted and cleansed titanium

specimen surfaces, using for each Ti speci-

men a new fine application brush. The coat-

ing then was allowed to dry for 5 min at

ambient room temperature.

Animal experiment and surgical procedures

Twelve New Zealand white male rabbits

were used in this study. The animals were

6-8 � 2.2 months old, with an average

weight range of 3.175–3.628 kg. The rabbits

were kept in a ventilated animal house in

which the day and night rhythm was con-

trolled and simulated. The room temperature

was adjusted to 20 � 2°C, and the average

ambient humidity was 55 � 10%. The rab-

bits were given an adaptation period of

10 days for acclimatization before surgery.

The rabbits were randomly assigned into

three study groups (n = 4). A total of 24 pre-

pared Ti implants were inserted, two per a

rabbit: one implant in the left and the other

in the right mandible. Before insertion, each

sandblasted implant surface was EPA coated

on one side and the flip side was left highly

polished, as described above. Implants were

notched at midway on both sides before they

were inserted halfway into the bone for sub-

sequent radiographic and cone-beam com-

puter tomography (CBCT) analyses.

A long-acting benzathine benzylpenicillin,

2,400,000 IU/UI (Retarpen, Sandoz, Austria),

was given intramuscular in the thigh as a sin-

gle dose. A dissociative anesthetic 100 mg/ml

KetamineTM as a hydrochloride (Troy Laborato-

ries, Glendenning, NSW, Australia) was

administrated intramuscularly as 0.2 ml/kg.
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Anesthesia was followed by a muscle relaxant

10 mg in 2 ml diazepam (a benzodiazepine

derivative tranquilizer; Diapine Atlantic;

Atlantic Laboratories, Bangkok, Thailand) to

provide anxiolytic, sedative, and anticonvul-

sant effects as well as the central muscle

relaxation.

After validating the anesthesia, the hair at

the mandible was shaved. The animal was

placed in a supine position on the operation

table, controlling the anesthetic maintenance

during the surgery. All the surgical proce-

dures were performed by the same surgeon.

The surgical protocol was based on a previ-

ous study model for functional attachment of

implants in situ (Rønold & Ellingsen 2002).

Local anesthesia was given intraorally at the

surgical site prior to incision. A 2-cm inci-

sion was made on the lateral part of the man-

dible. The incision penetrated the fascial

layers. Lateral reflection of these layers

exposed the underlying periosteum. When

the mandible bone of the rabbit was used, 2

implants could be placed in each mandible,

one on each side. A standardized positioning

was followed according to a published proto-

col (Rønold & Ellingsen 2002). The implants

were fixed into the bone area anterior-to-pos-

terior teeth to avoid damaging the roots. Four

guide holes were prepared using a 1.0-mm-

diameter twist drill (Edenta, Switzerland).

Then, the holes were connected by passing

the bur in a straight move with profuse phys-

iological saline solution irrigation. A socket

was prepared for the planar implants to the

depth of 2.5 mm. The implants were then

gently hammered into the correct depth and

position.

Wound closure was carried out using the

single suture technique from inside-to-out-

side. The muscles and their fasciae were

sutured with a plain catgut (DemeTech,

Miami Lake, FL, USA), whereas Vycril PlusTM

3/0 (Ethicon, Johnson & Johnson, Hong Kong,

China) was used to seal the skin. Post-

operatively, during the healing period, the

rabbits were kept paired per cage. They were

fed daily with 150 mg of feeding pellets

with an average protein content of around

15-16% (Alam Jitu Enterprise, Pahang,

Malaysia).

All animals were sacrificed on the pro-

posed study date by administering an over-

dose of pentobarbital sodium (150 mg/kg;

Alfasan International, Woerden, Holland). Os-

teoconduction was assessed on the specimens

using conventional radiographs, CBCT, and a

biaxial pullout test analysis at 4, 8, and

12 weeks postoperatively.

Cone-beam computed tomography (CBCT)

CBCT (Planmeca ProMax 3D; Planmeca, Hel-

sinki, Finland) was used to investigate the

bone–implant interface. Bone density of

newly formed bone was also assessed. At the

same time, CBCT was used to examine new

bone formation on the exposed part of the Ti

implant. The specimens were positioned on a

special specimen holder to fit the CBCT cyl-

inder. The longitudinal axis of the cylinder

was oriented parallel to the long axis of the

specimens. The density of bone was exam-

ined at 90 kV and 10 mA, using special digi-

tal software (Planmeca Romexis 2.8.0.R;

Planmeca).

Radiographic assessment

The specimens were analyzed further by tak-

ing X-ray images (Planmeca Intra) of the

implants and the adjacent bone structure in

different angulations to analyze the forma-

tion of newly formed bone at the coated side

and to compare it with the bone at the con-

trol side (i.e. uncoated Ti). Planmeca Romex-

is digital software was used to visualize the

radiographs.

In addition to the CBCT and radiographic

analysis, osteoconductivity was assessed clin-

ically by measuring the amount of new bone

covering the exposed surfaces of implants

during the study period. After completion of

the imaging assessment, the implant surfaces

were further examined under the image mag-

nifier lens (Sony NEX-3; Sony, Tokyo, Japan).

For the current study, a new design of index-

ing (in a scale from 0 to 3) was created to

examine the new bone growth on the

implant surfaces. The following indices were

used: “0” = “no bone on the surface,”

“1” = “bone growth on less than half of the

surface,” “2” = “bone growth on more than

half of the surface,” and “3” = “bone growth

on the entire surface.”

Biaxial pullout test

Biaxial pullout test of the specimens was per-

formed according to literature (Hong et al.

1992) and appropriately modified to accom-

modate the planar shape of the tested Ti

implants (Fig. 2). The bone specimens were

embedded into acrylic molds to fit the jig of

a universal testing machine (Tabletop AGS-

X; Shimadzu, Tokyo, Japan). The lateral

notches of the specimens were used for fixing

the pulling hooks from the testing machine.

A constant load of 500 � 50 N was applied

to the bone–implant specimens perpendicu-

larly to the interface using a crosshead speed

of 2.5 mm/min. A failure was recorded at the

point when the complete implant detached

from the bone.

Statistical analysis

With respect to the sample size, a nonpara-

metric Kruskal–Wallis test and multiple time

series comparisons, such as Friedman’s test,

were employed. Both analyses were carried

out at a significance level of P < 0.05. The

analyses were performed to compare differ-

ences in the amount of Ti implant covered

by new bone formation between the EPA-

coated and the noncoated (polished only)

Fig. 1. The process of preparing an eicosapentaenoic acid (EPA) coating on a titanium surface.
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implant surfaces in different time intervals.

Osseointegration was analyzed by comparing

the amount of force needed in the biaxial

pullout test, after the periods of 4, 8, and

12 weeks, respectively. All data were ana-

lyzed using the SPSS 16 software (SPSS, Chi-

cago, IL, USA). In addition to the preceding

analyses, Brunner–Langer nonparametric

mixed model approach using R software was

used to confirm the significance level of the

obtained results.

Results

The animals were checked daily related to

any general health issues, wound healing,

appetite, discomfort, and weight by the

research team. All rabbits showed normal

daily activities and nutritional behavior

2 days postoperatively. No weight loss was

observed in the first postoperative week,

except for one animal, which presented a

weight loss of 250 g. The same animal fur-

ther showed loss of appetite within the first

few days after surgery. Otherwise uneventful

postoperative course and wound healing

occurred in all animals until they were sacri-

ficed according to the study protocol.

CBCT and radiographic assessment

Figure 3 highlights new bone formation with

an increased density on the coated Ti speci-

men side after 12 weeks. New bone growth

due to osteoconduction could be detected

both on the EPA-coated Ti as well as on the

polished Ti implant surface, however, with

more growth on the coated side.

X-ray findings revealed and suggested os-

teoconductive new bone formation on the

EPA-coated Ti, indicating new bone growth.

Figure 4 shows the EPA-coated surface with

adjacent new bone formation after 4 weeks

postoperatively. Figure 5 shows osteoconduc-

tive bone formation on both sides of the

specimen after 8 weeks of surgery. All speci-

mens showed osteoconductive activity on the

Ti implant side coated with EPA. Both CBCT

and radiographic findings were defined in

terms of osteoconductive bone formation to

indicate the new bone formation of the

exposed part of the implant. Using the non-

parametric Kruskal–Wallis test, statistical

analyses revealed a significant difference after

12 weeks (P = 0.05) on all the EPA-coated

sides compared to the noncoated sides. There

were significant differences after 8 weeks

(P = 0.05) on coated, compared to noncoated

Ti surfaces. There was a significant differ-

ence after 12 weeks (P = 0.05) on all surfaces

when comparing to surfaces at 4 weeks. No

significant differences were observed between

the two surfaces at 4 weeks (P < 0.05).

Figures 6–8 are highlighting new bone for-

mations covering the exposed surfaces of the

EPA-coated Ti implants after 4, 8, and

12 weeks. Table 1 visualizes the indexing for

bone growth on the implant surfaces at 4, 8,

and 12 weeks. Statistical analyses using the

nonparametric Friedman’s test showed a sig-

nificant difference (P = 0.025) between the

bone growth on coated surface at 12 weeks,

compared to 4 weeks. No significant differ-

ence (P = 0.083) between the bone growth on

the EPA-coated surface (B) at 12 weeks com-

Fig. 2. The implant was subjected to biaxial pulling force (500 � 50 N) perpendicular to the bone–implant inter-

face.

Fig. 3. CBCT image showing osteoconductive bone for-

mation after 12 weeks (black arrow) covering the entire

EPA-coated surface of the implant (red arrow).

Fig. 4. X-ray of the mandible showing osteoconductive

bone formation after 4 weeks of surgery on the EPA-

coated implant side (arrow).

Fig. 5. Radiograph image showing complete osteocon-

ductive bone formation at both sides after 12 weeks of

surgery (arrows).
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pared to 4 weeks could be found. There was

a significant difference (P = 0.001) between

the bone growth on the noncoated side (A) at

12 weeks compared to 4 weeks and between

the bone growth for noncoated surface at

12 weeks compared to 4 weeks (P = 0.002).

Biaxial pullout test

Nonparametric Friedman’s test (Table 2)

revealed a significant difference (P = 0.01)

between the amount of biaxial pullout force

needed after 8 and 12 weeks compared to

4 weeks.

Brunner–Langer nonparametric mixed model
approach (ANOVA-type statistic, R Software)

ANOVA of Factorial Model (Table 3) shows

significant effect among the factors of site,

time, and groups (Noncoated Ti, EPA-coated

Ti). Moreover, it shows clear interaction

among the factors.

Discussion

The current study investigated the effect of

EPA coating on osseointegration and osteo-

conduction. CBCT results illustrate the

quantitative increase in new bone formation

and in bone density on EPA-coated Ti speci-

mens when compared to the control surfaces.

The radiographic investigations of this study

found bone growth along EPA-coated sur-

faces, as highlighted in Figures 3 and 4. How-

ever, it proved to be somewhat difficult to

estimate the direct effect of EPA, or its layer

thickness, on bone growth (Damsgaard et al.

2012), something which could be addressed

in the future research.

Radiographic and CBCT results suggest

that early bone growth could be achieved on

EPA-coated titanium surfaces in rabbit man-

dibles already within 4 weeks after implan-

tation. Eight weeks postoperatively, new

bone formation was found on both Ti

implant surfaces, that is, EPA coated and

not coated. Osteoconduction was detected

on both surfaces of the tested titanium spec-

imens. Imaging analyses 8 weeks postopera-

tively showed more new bone formation on

the EPA coated than on the polished only

implant surfaces. Such findings of osteocon-

duction on the control side were in line

with some other findings suggesting that

titanium surfaces might induce osteoconduc-

tion processes (Jaatinen et al. 2011). Twelve

weeks postoperatively, both titanium sur-

faces became covered with new bone, con-

firming osteoconduction. It was stated

(Barradas et al. 2012) that conclusive evi-

dence for osteoconduction only would be

given if new bone growth occurred in loca-

tions where naturally bone does not grow. It

is noteworthy that on titanium surfaces, a

thin titanium oxide layer forms spontane-

ously (Jaatinen et al. 2011; Guo et al. 2012).

Various steps during the insertion procedure

might damage such a protective titanium

oxide layer, which under normal circum-

stances, recovers within nanoseconds by re-

passivation. It may be assumed that due to

surface stabilization EPA coatings might pro-

vide faster bone formation than the titanium

oxide layer only.

The osseointegration rate of titanium den-

tal implants highly depends on their surface

composition and roughness which influence

bone anchoring based on biomechanical fixa-

tion (Le Gu�ehennec et al. 2007). On the other

hand, there is some evidence that appropriate

titanium roughness improves the result in

primary implant stability, thereby enhancing

persistent mechanical fixation (Junker et al.

2009). In the current study, the surface

roughness was maintained after sandblasting

even followed with EPA coating. This may

have contributed to increased mechanical

interlocking between the bone and the coated

Ti surface.

Some investigated implant coatings have

been related to addition of growth factors

with a consecutive bone healing with ce-

mentless prosthetic components (Lind 1998).

Animal studies have indicated that EPA

might function as a bone growth factor, and

hence, it might increase bone formation. It

was concluded that certain types of n-3-

PUFA may have the potential to enhance Ca

absorption in animals (Kelly et al. 2003).

Moreover, EPA could indirectly affect bone

growth by inhibiting bone resorption stimula-

tors (Raisz et al. 1989).

Table 1. Result of index of the bone remnants on the implant surfaces after periods of 4, 8, and 12 weeks

Subject

4 week 8 week 12 week

Noncoated Ti EPA-coated Ti Noncoated Ti EPA-coated Ti Noncoated Ti EPA-coated Ti

Side A Side B Side A Side B Side A Side B Side A Side B Side A Side B Side A Side B

1 0 0 1 1 1 1 2 2 1 1 3 3
2 0 1 1 2 0 1 2 2 1 2 3 3
3 0 1 1 1 1 1 3 2 1 1 3 3
4 0 0 1 1 0 0 3 2 1 1 3 3

Key: “0” = “no bone on the surface,” “1” = “bone growth on less than half of the surface,” “2” = “bone growth on more than half of the surface,” and
“3” = “bone growth on the whole surface.”

Fig. 6. Osteoconductive bone formation at the EPA-

coated surface after 4 weeks.

Fig. 7. Osteoconductive bone formation at the EPA-

coated side after 8 weeks from surgery.

Fig. 8. Complete osteoconductive bone formation at

the EPA-coated side after 12 weeks from surgery.
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This animal study was designed to investi-

gate the outcome of omega-3 fatty acid (EPA)

coated dental implants on osteoconduction in

mandibles of white male New Zealand rab-

bits. Significant osteoconduction became

obvious 4 weeks postoperatively. Therefore,

it may be suggested that EPA affected

osteoconduction and functions as a growth

factor in vivo. Future research should focus on

EPA’s direct effect and its interactions with

some other bone growth factors. EPA-coated

titanium surfaces in rabbits were found to

enhance osteoconduction at the bone–implant

interface, a finding which might be considered

to point at an increased osseointegration

capacity of EPA-coated Ti implants.

The hypotheses were met. In other words,

this study suggests and concludes that EPA

coatings on sandblasted Ti implants might (i)

increase the osteoconduction process, (ii)

increase the rate of new bone formation on

the EPA-coated implant surface, (iii) ensure a

direct anchorage of bone to implant surface,

(iv) increase protein absorption, and (v)

also enhance chemical bonding of protein

molecules.
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