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Background: Dental implants have become increasingly common for the management of 

missing teeth. However, peri-implant infection remains a problem, is usually difficult to treat, 

and may lead eventually to dental implant failure. The aim of this study was to fabricate a 

novel antibacterial coating containing a halogenated furanone compound, ie, (Z-)-4-bromo-5-

(bromomethylene)-2(5H)-furanone (BBF)-loaded poly(L-lactic acid) (PLLA) nanoparticles on 

microarc-oxidized titanium and to evaluate its release behavior in vitro.

Methods: BBF-loaded PLLA nanoparticles were prepared using the emulsion solvent-

 evaporation method, and the antibacterial coating was fabricated by cross-linking BBF-loaded 

PLLA nanoparticles with gelatin on microarc-oxidized titanium.

Results: The BBF-loaded PLLA nanoparticles had a small particle size (408 ± 14 nm), a low 

polydispersity index (0.140 ± 0.008), a high encapsulation efficiency (72.44% ± 1.27%), and 

a fine spherical shape with a smooth surface. The morphology of the fabricated antibacterial 

coating showed that the BBF-loaded PLLA nanoparticles were well distributed in the pores of 

the microarc oxidation coating, and were cross-linked with each other and the wall pores by 

gelatin. The release study indicated that the antibacterial coating could achieve sustained release 

of BBF for 60 days, with a slight initial burst release during the first 4 hours.

Conclusion: The novel antibacterial coating fabricated in this study is a potentially promising 

method for prevention of early peri-implant infection.

Keywords: antibacterial, coating, halogenated furanone, nanoparticles, microarc oxidation, 

sustained release

Introduction
Dental implants are the most innovative and superior treatment used in dentistry, and 

are becoming increasingly one of the major treatment modalities for replacement of 

missing teeth.1,2 The success rate for dental implants has been frequently reported to 

be as high as 90%–95% for both partially and completely edentulous patients in longi-

tudinal studies.3,4 Despite this high success rate, many studies have demonstrated that 

dental implants do sometimes fail.5,6 Peri-implant infection, which may be categorized 

as early or late, is reported to be one of the most important causes of dental implant 

failure.7–9 Early infection occurs before osseointegration, while late infection occurs 

after prosthetic rehabilitation. Surgical trauma and bacterial invasion during and after 

implant insertion are the primary causes of early infection.10 Late infection seems to be 

related to peri-implantitis.11 Bacteria adhering to the surface of the implant and forming 
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biofilm play a pivotal role in early peri-implant infection.12,13 

Although various measures, such as thorough disinfection and 

stringent aseptic operation, have been proposed to mitigate 

bacterial contamination, there is still evidence that bacterial 

invasion occurs after dental implant surgery.9 Additionally, 

over 300 species of bacteria are present in the oral cavity, 

each region of which is home to a characteristic assemblage 

of microbial flora.14 Bacteria on the mucosa and adjacent teeth 

can invade the peri-implant soft tissue, and may potentially 

progress deeper into the bone and undermine the osseointegra-

tion process.10 Because there is still no good means available 

to eliminate peri-implant infection completely after it has 

occurred, it is imperative to explore effective ways to prevent 

bacterial invasion. Fabricating antibacterial coatings on tita-

nium implants is an important strategy to prevent early peri-

implant infection, which inhibits initial bacterial adhesion.15 

Therefore, various antibacterial coatings containing many 

kinds of antibacterial have been designed. However, concerns 

about the susceptibility of bacteria in the oral cavity to anti-

bacterial and drug resistance of bacteria16,17 have encouraged 

the search for new effective antibacterial strategies. Another 

matter of concern has been the antibacterial release time.15

In recent years, halogenated furanones, a class of secondary 

metabolites originally extracted from the red algae, Delisea 

pulchra, have been demonstrated to have antimicrobial proper-

ties that inhibit microbial colonization on the algal surface.18,19 

 Subsequently, a variety of analogs of the natural halogenated 

furanones have been synthesized and evaluated for their 

 efficacy. These compounds have been demonstrated to have 

potent antimicrobial activity against a great number of Gram-

positive and Gram-negative bacteria and to inhibit biofilm 

formation.20,21 Halogenated furanone compounds can control 

multicellular behavior in various microbial species induced by 

autoinducer-1 and autoinducer-2,22 which are used for cell-to-cell 

communication to control production and secretion of virulence 

factors, proteolytic activity, carbohydrate metabolism, and bio-

film formation.23 The novel nature of their mechanisms of action 

would allow these new antimicrobials to be effective against 

bacteria that are currently antibiotic-resistant.24 In spite of the 

inhibitory effects on microbial biofilm formation, reports of the 

effects on eukaryotic cell viability and toxicity of halogenated 

furanone compounds are scarce, and reports on genotoxic 

effects seem to be lacking.25,26 Owing to their advantages, 

many researchers have suggested that halogenated furanone 

compounds would potentially be ideal antibacterial agents on 

implants for preventing biofilm infection.27,28 However, there 

have been few relevant reports on how to use halogenated 

furanone compounds in implants until now.

During the past decade, considerable research efforts 

have aimed at developing controlled-release systems for 

several drugs (eg, anesthetics, antibiotics, antitumoral drugs, 

proteins) from biodegradable polymers such as poly(D, 

L-lactic acid) (PLA), poly(D, L-lactide-co-glycolide), and 

poly(-caprolactone).29,30 Among them, PLA has been widely 

developed as a microsphere/nanoparticle carrier due to its 

desirable biocompatible and biodegradable properties. PLA 

is also approved by the US Food and Drug Administration 

for clinic use. The simplest and most commonly employed 

method for preparing microspheres/nanoparticles is oil-in-

water emulsion-solvent evaporation, which shows good 

encapsulation efficiency of water-insoluble compounds.

However, being bioinert, the integration of titanium 

implants in bone is not in good condition. Previous studies 

have suggested that the rate and extent of osseointegration is 

mainly determined by the properties of the implant surface.31 

Many efforts have been made to modify the composition 

and topography of the implant surface and thereby achieve 

improved osseointegration.31,32 Current trends include use 

of endosseous dental implant surfaces embellished with 

nanostructured topography.33,34 Microarc oxidation is a 

commonly used surface modification technique for produc-

ing an inorganic glass-ceramic-like coating on the titanium 

surface, for the purpose of providing corrosion-resistance and 

wear-resistance or various functional properties.35,36 Previous 

studies have showed that microarc oxidation helps to form 

a biologically active bone-like apatite layer on titanium, 

which may improve the biological response.37 Moreover, the 

microarc oxidation coating has a porous surface, with pores 

1–5 µm in diameter at regular intervals, providing space for 

adhesion of nanoparticles.

The purpose of the current study was to prepare poly(L-

lactic acid) (PLLA) nanoparticles containing a halogenated 

furanone compound, (Z-)-4-bromo-5-(bromomethylene)-

 2(5H)-furanone (BBF), and then fabricate a new antibacte-

rial coating containing BBF-loaded PLLA nanoparticles on 

microarc-oxidized titanium and evaluate the release behavior 

in vitro, in order to provide a new method for prevention of 

early peri-implant infection.

Materials and methods
Materials
BBF ($97.0%), PLLA (number average 99,000, average 

molecular weight 152,000), poly(vinyl alcohol) (PVA, molec-

ular weight 89,000–98,000) and gelatin powder (type A) 

were purchased from Sigma-Aldrich Chemicals (St Louis, 

MO). The chemical structure of BBF is shown in Figure 1. 
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Disrupter (JY98-IIIN, Ningbo Xingzhi Biological Technol-

ogy Co, Ltd, China) in an ice bath to produce an oil-in-water 

emulsion. The intensity and duration of the sonication process 

were 300 W and 200 seconds, respectively. The resulting 

emulsion was stirred using a magnetic stirring device (90-1, 

Zhengzhou KaiPeng Experiment Instrument Co, Ltd, China) 

for 6 hours at 25°C under reduced pressure to evaporate the 

dichloromethane completely. After preparation, the nano-

particles were collected by centrifugation at 12,000 rpm for 

20 minutes. The collected nanoparticles were then washed 

three times with distilled water in an ultrasonic bath at 

37°C, isolated by centrifugation, and finally freeze-dried.

Characterization of BBF-loaded PLLA 
nanoparticles
Size, size distribution, and surface morphology
The mean particle size, size distribution, and polydisper-

sity index of the nanoparticles were assessed by dynamic 

light scattering using a particle size analyzer (SALD-7101, 

 Shimadzu Corporation, Tokyo, Japan) at 25°C. For a typi-

cal experiment, 10 mg of BBF-loaded PLLA nanoparticles 

were sonicated to suspend in 5 mL of distilled water and then 

analyzed using the particle size analyzer. Each value reported 

was the mean ± standard deviation for three replicate samples. 

The shape and surface morphology of the nanoparticles were 

Br

Br

O O

Figure 1 Chemical structure of (Z-)-4-bromo-5-(bromomethylene)-2(5H)-furanone.

Commercially pure titanium (grade 2) was provided by Xi’an 

Aerospace New Material Co, Ltd (Xi’an, China). Methanol 

(high-performance liquid chromatography grade) and other 

chemicals and solvents (analytical grade) were supplied by 

Tianjin Fuchen Chemical Factory (Tianjin, China).

Preparation of BBF-loaded PLLA 
nanoparticles
BBF-loaded PLLA nanoparticles were prepared using the 

classical oil-in-water emulsion solvent-evaporation method. 

The procedure is schematically shown in Figure 2A. Briefly, 

the oil phase containing 15 mg of BBF was added to 2 mL 

of dichloromethane in which was dissolved 100 mg of PLLA 

(5% w/v) under sonication for 5 minutes. This oil phase was 

added to 40 mL of 1% (w/v) PVA aqueous solution, which was 

prepared by heating and stirring during addition of PVA. The 

mixed solution was then probe-sonicated using a  Sonifier Cell 

15 mg BBFA B

2 mL 5% PLLA/DCMBBF solution

Sonicating (5 min)

O/W emulsion

Probe sonicating 300 W and 200 s

Evaporating DCM

Magnetic stirring apparatus

Under reduced pressure

40 mL 1% PVA solution

Washing thrice with distilled water

BBF-PLLA-NPs

Centrifugation (12000 rpm, 20 min)
Freeze-drying

6 h at 25°C
Pipettor Washing thrice with ethanol

2.5% glutaraldehyde solution

Oscillating (1 h)

Drying at 4°C

Immersion (30 min)
Freeze-drying

Cross-linking BBF-PLLA-NPs with gelatin on MAO-Ti

Oscillator

400 µl suspensions

Sonifier cell disrupter

Sonicating (20 min)

MAO-Ti

Antibacterial coating

20 mg BBF-PLLA-NPs

10 mm × 10 mm × 2 mm cp Ti

MAO treatment

5 mL 0.2% gelatin solution
BBF-PLLA-NPs

dispersion

Figure 2 Schematic presentation of the preparation of BBF-loaded PLLA nanoparticles and the fabrication of antibacterial coating containing BBF-loaded PLLA nanoparticles 
on MAO-Ti. (A) Preparation of BBF-loaded PLLA nanoparticles. (B) Fabrication of antibacterial coating containing BBF-loaded PLLA nanoparticles on MAO-Ti.
Abbreviations: BBF, (Z-)-4-bromo-5-(bromomethylene)-2(5H)-furanone; DCM, dichloroethane; PLLA, poly(L-lactic acid); NPs, nanoparticles; MAO-Ti, microarc-oxidized 
titanium; PVA, poly (vinyl alcohol); O/W, oil/water.
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observed by scanning electron microscopy (SEM, S-4800, 

Hitachi Co, Japan).

Determination of drug incorporation
The amount of drug incorporated into the nanoparticles was 

determined by high-performance liquid chromatography 

(Waters, Milford, MA), using a reverse phase Lichrospher 

C18 column (pore size, 5 µm, 250 mm × 4.6 mm, Diamonsil, 

Dikma Technologies Inc, Lake Forest, CA). Next, 5 mg of 

freeze-dried BBF-loaded PLLA nanoparticles was dissolved 

in 1 mL of dichloromethane and stirred after addition of 

10 mL of methanol to precipitate the polymer preferen-

tially. The precipitate was removed using a membrane filter. 

The solvent was then evaporated until dry with a  nitrogen 

stream, followed by addition of 10 mL of methanol/water 

mixture (75/25, v/v). The clear solution obtained was put 

into a vial for detection of the BBF concentration using 

high-performance liquid chromatography. The mobile phase 

consisted of a mixture of methanol/water (75/25, v/v) and the 

flow rate was 1.0 mL per minute. The column effluent was 

detected at 286.0 nm using a variable wavelength detector 

with a column temperature of 30°C. The experiments were 

performed in triplicate.

Drug incorporation was expressed both as actual drug 

loading (w/w) and encapsulation efficiency (%), represented 

by equations (1) and (2), respectively, as:

Actual drug loading  (w  / w)

Mass of drug in nanoparticles

M
=

aass of nanoparticles
 
 

(1)

Encapsulation efficiency (%)

Mass of drug in nanoparticles
=

100%

Mass of initial drug used

×

 

(2)

In vitro BBF release study
The release study for BBF-loaded PLLA nanoparticles was 

performed using the dialysis bag diffusion method. First, 

20 mg of freeze-dried BBF-loaded PLLA nanoparticles 

(containing about 2.04 mg BBF) was suspended in 5 mL 

of phosphate-buffered saline (containing NaCl 8 g/L, KCl 

0.2 g/L, Na
2
HPO

4
 1.44 g/L, and KH

2
PO

4
 0.24 g/L, stabilized 

with sodium azide 0.2 g/L, pH 7.4) and transferred to a 

dialysis bag (molecular weight cutoff 3500 g/mol, Shanghai 

Green Bird Science and Technology Development Co, Ltd, 

Shanghai, China). This bag was introduced into 100 mL of 

phosphate-buffered saline, with continuous gentle magnetic 

stirring at 37°C under sink conditions. At predetermined time 

intervals, 1 mL aliquots were withdrawn and replaced with 

the same volume of fresh buffer. All samples were taken for 

analysis of BBF concentration, which was first extracted 

with 1 mL of dichloromethane, followed by evaporating until 

dry using a nitrogen stream, and 10 mL of a methanol/water 

(75/25, v/v) mixture was then added. High-performance 

liquid chromatography analysis was carried out as described 

in the previous section. Next, 2.04 mg of BBF powder was 

examined under the same conditions for comparison. The 

experiments were performed in triplicate. Additionally, 

the morphology of the BBF-loaded PLLA nanoparticles in 

the dialysis bags was observed by SEM at predetermined time 

intervals to investigate the process of degradation.

Preparation of commercially pure titanium 
specimens and microarc oxidation
Plate specimens (10 mm × 10 mm × 2 mm) were used in this 

study. All the specimens were mechanically ground using 

various grades of silicon carbide paper (80–1200 grit), and 

then ultrasonically cleaned in ethanol, rinsed with water, and 

air-dried. Microarc oxidation was carried out in an aqueous 

electrolytic solution containing 0.04 M β-glycerophosphate 

sodium and 0.2 M calcium acetate, using a pulsed direct 

current power supply (microarc oxidation equipment was 

designed and manufactured by Xi’an University of Tech-

nology, Xi’an, China). The applied voltage, frequency, duty 

cycle, and oxidizing time were 300 V, 600 Hz, 8.0%, and 

5 minutes, respectively.38 The microarc-oxidized titanium 

specimens were then rinsed with distilled water and air-dried 

immediately. The surface morphology of the specimens 

before and after microarc oxidation was observed by SEM. 

The surface phase composition of the oxide layer formed 

by the microarc oxidation process was analyzed by x-ray 

diffraction (XRD-7000S, Shimadzu Corporation, Tokyo, 

Japan).

Fabrication of antibacterial coating 
containing BBF-loaded PLLA nanoparticles 
on microarc-oxidized titanium
The antibacterial coating was achieved by cross-linking the 

BBF-loaded PLLA nanoparticles with gelatin on microarc-

oxidized titanium.39 The procedure is schematically shown 

in Figure 2B. In brief, 20 mg of BBF-loaded PLLA nanopar-

ticles were sonicated for 20 minutes to disperse them in 5 mL 

of 0.2% gelatin solution (w/v), from which 400 µL suspen-

sions were dropped onto the microarc-oxidized titanium. The 

microarc-oxidized titanium specimen was then oscillated on 

an oscillator (HY-2, Hangzhou Huier Experiment Instrument 

Co, Ltd, China) for one hour to enable the nanoparticles to 
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penetrate the pores on the surface of the  microarc-oxidized 

titanium. After oscillating, the microarc-oxidized titanium 

specimen was dried at 4°C, followed by immersion in 2.5% 

(w/v) glutaraldehyde solution for 30 minutes to cross-link 

the gelatin. Finally, the microarc-oxidized titanium specimen 

was washed with ethanol three times to remove the remaining 

glutaraldehyde and freeze-dried. The surface morphology of 

the antibacterial coating containing BBF-PLLA nanopar-

ticles on microarc microarc-oxidized titanium was observed  

by SEM.

In vitro study of BBF release  
from the antibacterial coating
Release of BBF from the antibacterial coating was performed 

by placing one BBF-PLLA nanoparticle-coated microarc-

oxidized titanium specimen with 5 mL of phosphate-buffered 

saline in a dialysis bag (molecular weight cutoff 3500 g/mol).  

This bag was then introduced into 20 mL of phosphate-

buffered saline with continuous gentle magnetic stirring 

at 37°C. At predetermined time intervals, 1 mL aliquots 

were withdrawn and replaced with the same volume of 

fresh buffer. The BBF concentration in phosphate-buffered 

saline was measured according to the methods previously 

described. The experiments were performed in triplicate. The 

surface morphology of the antibacterial coating immersed 

in phosphate-buffered saline was also observed by SEM at 

predetermined time intervals to investigate the process of 

degradation.

Results
Preparation and characterization  
of BBF-loaded PLLA nanoparticles
Size, size distribution, and surface morphology
BBF-loaded PLLA nanoparticles were successfully prepared 

using the oil-in-water emulsion solvent-evaporation method. 

Particle size measured by dynamic light scattering revealed 

that the BBF-loaded PLLA nanoparticles had a mean particle 

size of 408 ± 14 nm. Figure 3 shows a narrow size distribu-

tion with a polydispersity index of 0.140 ± 0.008. A fine 

dispersion with long-term nanoparticle stability should have 

a narrow size distribution and a low polydispersity index, 

which is defined as the log normal distribution width of the 

particle diameter. Particle size can be controlled by altering 

several experimental parameters, such as polymer concen-

tration, intensity and duration of sonication, and the volume 

ratio of the aqueous and organic phases.

The surface morphology of BBF-loaded PLLA nanopar-

ticles is shown in Figure 4. All nanoparticles were spherical 

20
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0.1 1 10 100 1000 10000
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n
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%
)

Figure 3 Size distribution of BBF-loaded PLLA nanoparticles.
Abbreviations: BBF, (Z-)-4-bromo-5-(bromomethylene)-2(5H)-furanone; PLLA, 
poly(L-lactic acid).

in shape without any aggregation or adhesion (Figure 4A). 

The particle size distribution was well proportioned and in 

good agreement with the result measured by dynamic light 

scattering. Moreover, the BBF-loaded PLLA nanoparticles 

had a smooth surface, on which no pores and cracks were 

observed at high magnification (Figure 4B). Surface mor-

phology is a crucial property for microspheres/nanoparticles, 

given that in vitro release experiments have shown that the 

initial burst from a smooth surface is less than that from a 

rough surface.40

Drug incorporation
Drug loading (w/w) and encapsulation efficiency (%) of 

BBF determined by high-performance liquid chromatog-

raphy analysis of the prepared PLLA nanospheres were 

0.102 ± 0.002 mg/mg and 72.44% ± 1.27%, respectively. The 

high encapsulation efficiency was probably due to the high 

affinity and solubility of BBF in the organic solvent and low 

solubility in the aqueous phase, which would consequently 

reduce the possibility of drug loss by diffusion during prepa-

ration of the nanospheres. Therefore, a large amount of BBF 

was successfully encapsulated in the PLLA nanospheres. 

Encapsulation efficiency can be affected by many factors, 

including the molecular weight of the polymer, particle size, 

and the mass ratio of drug and polymer.

In vitro release study of BBF from BBF-loaded PLLA 
nanoparticles
Figure 5 showed the in vitro release profiles for BBF 

from BBF-loaded PLLA nanoparticles and BBF powder. 

 Experimental points over the complete time assay are shown 

in Figure 5A, and the first 24 hours in the release study are 
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Figure 4 Scanning electron microscopic images of BBF-loaded PLLA nanoparticles. (A) BBF-loaded PLLA nanoparticles at low magnification. (B) BBF-loaded PLLA 
nanoparticles at high magnification.
Abbreviations: BBF, (Z-)-4-bromo-5-(bromomethylene)-2(5H)-furanone; PLLA, poly(L-lactic acid).
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Figure 5 In vitro release curves for BBF from BBF-loaded PLLA nanoparticles and BBF powder in phosphate-buffered saline. (A) Experimental points over the complete time 
assay. (B) First 24 hours of the release study (n = 3).
Abbreviations: BBF, (Z-)-4-bromo-5-(bromomethylene)-2(5H)-furanone; PLLA, poly(L-lactic acid); NPs, nanoparticles.

shown in Figure 5B. The in vitro release profiles for BBF 

from BBF-loaded PLLA nanoparticles showed a biphasic 

release pattern, namely an initial burst release and a more 

continuous slow release. The initial burst release showed 

that 15.4% of the accumulated BBF was released from the 

nanoparticles at the first sampling time of 6 hours. The 

burst effect is normally attributable to release of drug that 

is adsorbed or close to the surface of the nanoparticles, 

which is known to be permeable to water.41 In the second 

stage, release of BBF from nanoparticles was typically 

sustained and dependent on degradation of the polymer 

matrix and drug diffusion, which is a slower process. As 

time progressed, the nanoparticles were degraded, result-

ing in diffusion of water into their core and BBF diffus-

ing into that water. The results obtained in the sustained 

release period show that 74.5% of the accumulated BBF 

was released slowly during the next 45 days. In the control 

group, 92.7% of BBF was released from the BBF powder 

in the first 18 hours.

The degradation process for BBF-loaded PLLA nanopar-

ticles in phosphate-buffered saline is shown in Figure 6. After 

a 10-day degradation process, a rough irregular degraded 

surface was observed by SEM (Figure 6A). The surface 

of BBF-loaded PLLA nanoparticles became rougher and 

the spherical shape deformed after 20 days of degradation 

in phosphate-buffered saline (Figure 6B). As degradation 

proceeded, the BBF-loaded PLLA nanoparticles showed 

gradual loss of their spherical shape. The BBF-loaded PLLA 

nanoparticles showed only partial retention of their shapes 

due to degradation of the polymer after 30 days (Figure 6C). 

Surface degradation of the polymer was accompanied with 

a reduction in particle size. After 45 days of degradation 

in phosphate-buffered saline, the bulk of the BBF-loaded 

PLLA nanoparticles was degraded, leaving behind a shell-like 

polymer (Figure 6D). Degradation proceeded faster internally 

than externally in phosphate-buffered saline buffer due to 

internal build up of acidic byproducts that self-catalyze the 

degradation process, resulting in formation of hollow cores.42 
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Figure 6 Scanning electron microscopic images of the degradation process of BBF-loaded PLLA nanoparticles in phosphate-buffered saline. (A) 10 days. (B) 20 days.  
(C) 30 days. (D) 45 days.
Abbreviations: BBF, (Z-)-4-bromo-5-(bromomethylene)-2(5H)-furanone; PLLA, poly(L-lactic acid).

Figure 7 Scanning electron microscopic images of the surface morphology of commercially pure titanium (A) before and (B) after microarc oxidation.

Our morphological study results agreed with the BBF release 

curve from PLLA nanoparticles.

The PLLA nanoparticle degradation rate was related to 

environmental factors, including temperature and pH. The 

pH of the phosphate-buffered saline in the release studies 

was checked after 2 months had elapsed, and was still within 

the range of 7.0–7.4. Therefore, the volume and buffering 

capacity of the phosphate-buffered saline were sufficient to 

diminish any effect of PLLA degradation on the pH of the 

degradation medium.

Microarc oxidation
Microarc oxidation was carried out using a pulsed direct 

current power supply. Figure 7 shows SEM images of the 

surface morphology of commercially pure titanium before 

and after microarc oxidation. The surface of the commercially 

pure titanium before microarc oxidation shows some parallel 

grooves oriented along the machined direction (Figure 7A). 

After microarc oxidation, a porous coating with pores 1–3 µm 

in diameter distributed at regular intervals was observed 

(Figure 7B). The pores formed by oxygen bubbles in the 

coating growth process, could provide space for adhesion 

of nanoparticles in the next procedure. The surface phase 

composition of the microarc oxidation coating is shown in 

Figure 8. Peaks for anatase, rutile, and titanium were detected 

on the microarc-oxidized titanium.

Microarc oxidation coatings usually exhibit good 

adhesion to substrates, and the wear resistance, corrosion 
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resistance, and microhardness of the coating have greatly 

improved.35,36 Previous studies have confirmed that microarc 

oxidation coatings containing Ca and P show significantly 

increased hydrophilicity and roughness, which would be ben-

eficial for cell attachment, propagation, and bone growth.43 

Therefore, microarc oxidation is considered to be one of the 

best methods for modifying the titanium implant surface and 

improving its bioactive capability.

Fabrication and surface morphology  
of antibacterial coating containing  
BBF-loaded PLLA nanoparticles  
on microarc-oxidized titanium
The antibacterial coating was fabricated by cross-linking 

BBF-loaded PLLA nanoparticles successfully with gelatin 

on microarc-oxidized titanium. Figure 9 shows the surface 

morphology of an antibacterial coating containing BBF-

loaded PLLA nanoparticles on microarc-oxidized titanium. 

The pores on the surface of microarc-oxidized titanium 

were almost overlaid by the cross-linked nanospheres/

gelatin composite coating, and there were only a few 

nanospheres adherent to the flat areas between the pores 

due to the oscillating procedure during fabrication (Fig-

ure 9A), which would effectively prevent the antibacterial 

nanospheres from falling off during insertion of the dental 

implant. The BBF-loaded PLLA nanoparticles were well 

distributed in the pores of the microarc oxidation coat-

ing, and cross-linked with each other and the walls of the 

pores by gelatin (Figure 9B). This antibacterial coating 

had relatively high stability and binding capacity because 

it was integrated with the microarc oxidation coating by 

physical interlocking.39

In vitro release study of BBF  
from the antibacterial coating
Figure 10 shows the in vitro release profile for BBF from 

the antibacterial coating. It also shows a biphasic release 

phenomenon, which is similar to the release profile for 

BBF from the BBF-loaded PLLA nanoparticles. The initial 

burst release showed that 9.4% of the accumulated amount 

of BBF was slowly released from the antibacterial coating 

at the first sampling time of 4 hours. At the second stage 

of release, 80.8% of BBF was slowly released from the 

antibacterial coating during the next 60 days. However, 

compared with the release curves for BBF from BBF-

loaded PLLA nanoparticles, the cross-linked antibacte-

rial coating showed a slightly lower initial burst release 

and a longer sustained release period. The results of the 

current study agree with previous research findings.39 It 

is thought that the presence of the cross-linked gelatin 

created a barrier for the surface-associated drug to diffuse 

into the phosphate-buffered saline, resulting in a lower 

initial burst release.

The morphological study of the degradation process 

for antibacterial coating in phosphate-buffered saline is 
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Figure 8 X-ray diffraction spectra of the surface phase composition of the microarc 
oxidation coatings.

Figure 9 Scanning electron microscopic images of the antibacterial coating containing BBF-loaded PLLA nanoparticles on microarc-oxidized titanium. Antibacterial coating 
at low (A) and high (B) magnification.
Abbreviations: BBF, (Z-)-4-bromo-5-(bromomethylene)-2(5H)-furanone; PLLA, poly(L-lactic acid).
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Figure 10 In vitro release curves for BBF from antibacterial coating containing BBF-loaded poly(L-lactic acid) nanoparticles on microarc-oxidized titanium. (A) Experimental 
points over the complete time assay. (B) First 24 hours for the release study (n = 3).
Abbreviation: BBF, (Z-)-4-bromo-5-(bromomethylene)-2(5H)-furanone.

Figure 11 Scanning electron microscopic images of the degradation process for antibacterial coating containing BBF-loaded PLLA nanoparticles on microarc oxidation-
treated titanium in phosphate-buffered saline. (A) 15 days. (B) 30 days. (C) 45 days. (D) 60 days.
Abbreviations: BBF, (Z-)-4-bromo-5-(bromomethylene)-2(5H)-furanone; PLLA, poly(L-lactic acid).

shown in Figure 11. After a 15-day degradation process, 

some of the BBF-loaded PLLA nanoparticles in the fabri-

cated antibacterial coating deformed from their spherical 

shape (Figure 11A). As degradation proceeded, some of the 

nanoparticles separated from the cross-linked gelatin due 

to external degradation after 30 days of immersion in the 

stirred phosphate-buffered saline (Figure 11B).  Subsequently, 

the number of nanoparticles separating out increased 

 (Figure 11C). After 60 days of degradation, there were only 

a few degraded nanoparticles and fragments remaining in the 

pores on the microarc-oxidized titanium (Figure 11D). These 

findings are consistent with the release curves for BBF from 

the antibacterial coating.

Discussion
Researchers in the past have used various methods to try and 

prevent bacterial adhesion on dental implants, including physi-

cal and chemical modification of the implant surface. Physical 

surface treatments to alter the surface properties are a relatively 

simple way to repel bacterial colonization. Annunziata et al 

demonstrated decreased bacterial (Streptococcus pyogenes and 

Streptococcus sanguinis) adhesion and proliferation on a tita-
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nium nitride coating.44 However, more attention has been paid 

to the improved osseointegration effect of physical surface treat-

ments. Antibacterial coatings have been traditionally designed 

to prevent initial adhesion of bacteria onto the implant surface. 

Many surface coatings containing or releasing antimicrobial 

agents, such as cephalothin, amoxicillin, gentamicin, tobramy-

cin, and vancomycin, have been incorporated into implants with 

some success.45 Nevertheless, with the emergence of bacterial 

drug resistance,16,17 this form of therapy may be short-lived 

and may soon become ineffective. Additionally, several reports 

have pointed out that some antimicrobial agents may cause cell 

damage.46 Chlorhexidine has been widely used in dentistry as 

a treatment for periodontal infection because of its broad spec-

trum of antimicrobial action and low risk of drug resistance. 

Studies have shown that chlorhexidine can be absorbed onto 

the TiO
2
 layer on the titanium surface, but the gradual release 

period lasts only a few days.47 Silver has also been introduced 

onto titanium to enhance bactericidal ability, but the mechanism 

of bactericidal action needs further clarification. Therefore, 

using new effective antibacterial agents on implants and taking 

measures to ensure slow antibacterial release are essential in 

preventing early peri-implant infection.

Halogenated furanone compounds have been considered to 

be potentially ideal antibacterial agents on implants for prevent-

ing biofilm infection due to their broad spectrum antimicrobial 

activity,20,21 novel mechanisms of antimicrobial action,22 and 

lack of toxicity and genotoxic effects.25,26 The BBF used in this 

study is a member of the synthetic halogenated furanone family 

of compounds. Previous studies have indicated that BBF is one 

of the most active halogenated furanone compounds for inhib-

iting biofilm formation at low concentrations (30–40 µM).20 

In the current study, a novel antibacterial coating containing 

BBF-loaded PLLA nanoparticles was fabricated on microarc-

oxidized titanium. The results of the BBF release study showed 

that the antibacterial coating could sustain release of BBF for 

60 days, with a slight initial burst release during the first 4 hours. 

Quirynen et al suggested that initial colonization of peri-implant 

pockets with bacteria occurred within the first 2 weeks after 

dental endosseous implantation, and that the number of bacteria 

in peri-implant pockets increased afterwards (2–13 weeks).48 

Therefore, the novel antibacterial coating fabricated in this 

study (sustaining release of BBF for 60 days) is a potentially 

promising method for prevention of early peri-implant infection 

and retrograde peri-implantitis,49 which would be necessary for 

long-term success.

Furthermore, our research group has evaluated the bio-

compatibility and antimicrobial activity of the fabricated 

antibacterial coating in vitro. Our results indicate that the 

antibacterial coating has excellent biocompatibility and 

potent antimicrobial activity against various conventional 

periodontal pathogens, such as Porphyromonas gingivalis, 

Actinobacillus actinomycetemcomitans, Prevotella interme-

dia, and Fusobacterium. These results will be reported in an 

upcoming publication. Our next step will be to investigate the 

biocompatibility and antimicrobial activity of the fabricated 

antibacterial coating in vivo.

Conclusion
In this study, a novel antibacterial coating containing BBF-

loaded PLLA nanoparticles was fabricated on microarc-

oxidized titanium. The morphology of the antibacterial coating 

showed that the BBF-loaded PLLA nanoparticles were well 

distributed and cross-linked with each other and the pore walls 

by gelatin. The release study indicates that the antibacterial 

coating could sustain release of BBF for 60 days, with a slight 

initial burst release during the first 4 hours. The novel antibacte-

rial coating fabricated in this study is a potentially promising 

method for the prevention of early peri-implant infection.
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