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Abstract: Fusobacterium nucleatum (F. nucleatum) is a gram-negative obligate anaerobe bacterium
that threatens human periodontal health. It can cause many oral diseases, including periodontitis,
gingivitis and peri-implantitis, and even some diseases such as colorectal cancer are related to it.
This paper aims to develop a novel and simple surface modification method for anti-Fusobacterium
nucleatum on titanium, i.e., the material for implants. In this study, different concentrations (0.0–1.0%)
of PHMB were dip-coated on the titanium surface. The surface properties were examined with
the aid of Scanning electron microscopy, Energy-dispersive X-ray spectroscopy, Fourier transform
infrared spectroscopy and X-ray photoelectron spectroscopy, and the antibacterial property against
F. nucleatum was investigated using colony-forming unit. It was found that the PHMB successfully
formed a self-assembled coating on the titanium surface and the PHMB-coated titanium had a
strong capability of inhibiting F. nucleatum. Even though differences were found among the several
concentrations, PHMB exhibited promising results as a simple coating strategy for dental implants.

Keywords: polyhexamethylene biguanide; titanium dental implant; peri-implantitis; antimicrobial

1. Introduction

With the development of dentistry and material science, dental implants are an in-
creasingly popular option for oral rehabilitation [1]. The concept of the modern dental
implant as well as the concept of osseointegration was first introduced by Per-Ingvar
Brånemark in the 1960s. He demonstrated that the implant surface made of titanium could
be combine permanently with surrounding bone tissue [2,3]. This direct interface of ar-
ranged, living bone tissue directly adhered to the implant surface without any intermediate
layer of tissue, is defined as osseointegration [4]. This characteristic is considered the
cornerstone of modern implantology and the single most important criterion for implant
success. Factors promoting osseointegration induce implant design, materials and surface
topography—aspects commonly determined by surface treatment and coatings [2].

Although titanium is considered an ideal material for implant dentistry and other
implantable medical devices [5], implant failure still occurs [6]. One of the major reasons
for failure is infections caused by bacteria, such as peri-implantitis [7]. Among the many
bacteria that can cause infection on titanium implantable medical devices, Fusobacterium
nucleatum (F. nucleatum) is common one [8]. It acts as a keystone colonizer for periodontal
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diseases such as peri-implant mucositis (the stage before peri-implantitis) [9,10]. In addi-
tion, it also causes miscarriage [11], esophageal cancer [12], colon cancer [13], etc. When
considering coating strategies to modify the surface, UV-photofunctionalization has been
proposed to increase the hydrophilicity of titanium without influencing the surface topog-
raphy [14]. This strategy has been shown to reduce bacterial attachment and subsequent
biofilm formation. Nevertheless, some bacteria can still attach to hydrophilic surfaces,
altering the biofilm in the function of the implant’s surface [14,15].

Polyhexamethylene biguanide (PHMB) is a polymer with the biocidal activity which
is widely used as a preservative and as a broad-spectrum antiseptic. It is used as an
antiseptic in the medical field in wound therapy [16], on skin and mucosa [17], and in eye
disinfection [18–23]. In dentistry, PHMB is currently commercially available in mouthrinses
and oral gels at various percentages up to 2% w/w [24].

PHMB is a strong antibacterial agent that interacts with acidic, negatively charged
phospholipids in the membrane creating physical shifts, increasing permeability and
causing the loss of integrity, ultimately killing the organism [25–28]. Muller and Cramer [29]
reported a strong antiseptic effect with lower cytotoxicity. In addition, there is strong
evidence that PHMB can enhance the wound healing process. Furthermore, PHMB is
reported to be non-genotoxic, with the evidence of no increase in DNA fragmentation [30].
Koburger et al. compared the antiseptic effect of PHMB to chlorhexidine, triclosan or
other antiseptics, and concluded that the efficacy of PHMB was higher than the rest when
prolonged use or contact is needed [31]. Research is warranted for PHMB coatings of
titanium surfaces as a potentially promising antibacterial surface coating method for
dental implants.

This study aims to assess the antibacterial properties of PHMB-coated titanium.
The study was designed to develop a novel surface modification strategy able to self-
assembled on titanium surface structure that could prevent (re)infection on titanium made
medical devices (e.g., peri-implantitis).

2. Materials and Methods
2.1. Materials and Equiment

Commercially pure grade 2 (cp-2) titanium specimens of 10.0 mm × 10.0 mm × 1.0 mm
were supplied by Kobe Steel, Ltd., Tokyo, Japan. Polyhexamethylene biguanide (PHMB),
20% w/v, was supplied by Taizhou Sunny Chemical Co., Ltd., Taizhou, China.

A manual polisher with 220-, 320-, 500- and 1000-grits silicon carbide (SiC) abra-
sive paper was supplied by Lunn Major, Struers, Denmark. An ultrasonic cleaning ma-
chine was supplied by Decon FS200, Decon Ultrasonics Ltd.,Hove, UK. Ultra Violet (UV)
light (365 nm) was supplied by Spectroline® CL-150, Spectronics Corporation, Melville,
NY, USA. The Gamma ray machine was supplied by Shenzhen JPY Ion-tech. Co., Ltd.,
Shenzhen, China.

2.2. Surface Modification

The specimens were manually polished to remove superficial contaminants and the
original oxidation layer, and to obtain a smooth surface. Subsequently, the samples were
ultrasonically cleaned in the following sequence: acetone, 70% ethanol, de-ionized water,
and then air-drying at room temperature. Then, the samples were treated with UV light
(365 nm) for 30 min and randomly allocated into 4 groups. A fresh polyhexamethylene
biguanide solution was freshly prepared at concentrations of 0.2%, 0.5% and 1.0% (w/v),
and the analogous samples were designated respectively as Ti-0.2, Ti-0.5 and Ti-1.0. After-
wards, 108 Ti samples (n = 27 for each group, 3 for SEM/EDX, 3 for FTIR, 3 for EDX, 18 for
the microbiological test) were randomly selected and immersed in the respective PHMB
solutions at room temperature for 24 h immediately after the UV-treatment. Afterwards,
the Ti samples were taken out and then dried at room temperature until both the water and
solvent left on the surface of the samples evaporated. The titanium samples which were
not immersed in PHMB were designated as Ti-UV as a positive control group. Each sample
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was placed in the cavity of a 24-well tissue culture plate. The plates were sterilized by
Gamma ray with 25 kGy before use.

2.3. Morphological and Structural Surface Analysis

Scanning electron microscopy (SEM) (Hitachi SU-1510, Tokyo, Japan) was utilized
to obtain surface images (magnification 500X, voltage 15.00 kV). Energy-dispersive X-ray
spectroscopy (EDX) (IXRF systems, Inc., Austin, TX, USA) was used to measure the elemen-
tal composition of the titanium surface. A random sample chosen from each group—Ti-UV,
Ti-0.2, Ti-0.5 and Ti-1.0—was examined with SEM. Fourier transform infrared spectroscopy
(FTIR) was used to analyze the surface of the pretreated titanium samples. One ran-
dom sample from each of the groups Ti-UV, Ti-0.2, Ti-0.5 and Ti-1.0 was examined with
the FTIR spectrometer (PerkinElmer UATR TWO, Waltham, MA, USA). Meanwhile, the
ultra-high vacuum chamber of an X-ray photoelectron spectrometer (X-ray Photoelec-
tron Spectroscopy/ESCA, Thermo Fisher Scientific Inc., Waltham, MA, USA) was used to
analyze the elements of the obtained samples.

2.4. Microbiological Analysis

The anaerobic, gram-negative bacteria Fusobacterium nucleatum (F. nucleatum) ATCC
25586 was utilized as a test organism for this research. The bacteria suspension was adjusted
to 107 colony-forming unit (CFU) per ml. A total of 1.0 mL of the bacteria suspension was
syringed in each sample in the 24-well plates and incubated in the anaerobic incubator
(Forma Anaerobic System, Thermo Fisher Scientific Inc., USA) for the formation of biofilm
on the titanium surface for 4 and 7 days, similar to a previous study [32], using 9 samples
for each group.

After incubation, the samples were carefully moved to the new 24-well plates, and
each sample was washed with 1.0 mL of sterile PBS to remove the unattached bacterial cells.
Then, the samples were transferred into a clean tube with 1 mL sterile mixture solution of
Tryptic Soy broth and Yeast Extract and vortexed to ensure the attached bacterial cells were
washed down in the solution. Serial dilutions were prepared in a 1.5 mL microcentrifuge
tube (Eppendorf Tubes® 3810X, Eppendorf AG, Hamburg, Germany) and 0.05 mL of each
dilution was plated in duplicate on a blood agar medium with a spiral plater (Autoplate®,
Spiral Biotech Inc., Norwood, MA, USA). The petri dishes were incubated in the anaerobic
incubator (Forma Anaerobic System, Thermo Fisher Scientific Inc., Waltham, MA, USA) at
37 ◦C for 3 days and the CFU of F. nucleatum was counted.

2.5. Statistical Analysis

The microbiological results were first analyzed with the Kolmogorov-Smirnov test for
normality, and then analyzed using Kruskal Wallis and multiple Mann-Whitney U tests to
examine the effects (day and PHMB concentration) and the group difference, respectively,
at α = 0.05. The data were analyzed with the software SPSS v.20.0 (IBM Corp, New York
City, NY, USA).

3. Results
3.1. Morphological and Structural Characterization
3.1.1. SEM and EDX Analysis

The morphology and elemental composition of the titanium surface were investigated
separately. As can be seen from Figure 1, no visible difference was observed among the
different surface images when comparing PHMB-coated titanium to the control or among
the experimental groups coated with PHMB in different concentrations. In addition, it can
be seen from the element content diagram (Figure 2), that the compositions of C, N, O,
and Ti on the sample surfaces were similar. Although the percentage of titanium was the
highest in Ti-UV, the differences between the samples were very small.
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Figure 1. Surface morphology (magnification 500X) of different samples: (a) Ti-UV; (b) Ti-0.2;
(c) Ti-0.5; (d) Ti-1.0.

Figure 2. Element content of different samples: (a) carbon; (b) nitrogen; (c) oxygen; (d) titanium.
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3.1.2. FTIR Analysis

The surface chemical structure of the Ti and PHMB-coated Ti samples were analyzed
by Fourier transform infrared spectroscopy. The results of the FTIR analysis showed that
the Ti-0.2, Ti-0.5 and Ti-1.0 have a biguanide group (represented by a C=N bond) of PHMB
together with an OH-N hydrogen bond on the surface of the titanium (Figure 3). The FTIR
spectra of PHMB biocides showed biguanide group signals in the range of 1750–1550 cm−1,
mainly consisting of a C=N (carbon–nitrogen bond) stretching band at 1630 cm−1 and
N-H (nitrogen-hydrogen bond). The OH-N hydrogen bond was observed in the region
of 3150–3450 cm−1, which should be formed by hydroxyl groups on the titanium surface
and nitrogen from PHMB. This shows that PHMB was successfully coated on the titanium
surface. In addition, the Ti-UV sample revealed none of these signals.

Figure 3. Fourier transform infrared spectroscopy of different Ti samples.

3.1.3. XPS Analysis

As shown in Figure 4a–d, X-ray photoelectron spectroscopy (XPS) was used to analyze
the top layers’ atomic percentage of all four groups after modification. The XPS analysis
confirmed that the surface chemistry was altered by the PHMB treatments. Compared to
the control group, the peak intensities of C1s and N1s increased while the Ti2p decreased
with the increase of PHMB concentration (Figure 4b–d). Correspondingly, it is also shown
in Figure 4e that the spectra of Ti2p decreased obviously by atomic percentage after the
modification treatment; PHMB covers the surface of titanium, causing the reduction of
surface atoms. Compared to Ti-UV, the Ti2P peak of the PHMB-modified Ti (458.7 eV)
shifted slightly to the lower binding energy (band bending of ~0.04 eV).
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Figure 4. XPS Spectra of Ti samples modified with different concentrations of PHMB (a), XPS Spectra of C1s (b), N1s (c),
Ti2p (d), and variation of the surface atomic ratio of the Ti (e).

3.2. Antibacterial Effect

To evaluate the antibacterial effect of PHMB-coated titanium, CFU counts were con-
ducted at the observation time points at days 4 and 7. All the data were converted to
log10, and the normality test showed the data were not normally distributed (p = 0.014).
The Kruskal-Wallis test showed a statistically significant difference in CFU counts be-
tween groups (p < 0.001); the coating (p < 0.001) was a significant effect, but not the days
(p = 0.383).
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The results of the CFU test are shown in Figure 5. According to the Mann-Whitney
U test, when comparing the same group over different days, all groups had no statistical
difference, except Ti-0.5, which had a statistically lower CFU count on day 7 than day 4
(p = 0.036). Increasing the concentration of PHMB reduced the CFU counts on the same
day, whereas Ti-0.5 (p = 0.043) and Ti-1.0 (p = 0.012) had statistically lower CFU counts than
Ti-UV on day 4, and both Ti-0.5 and Ti-1.0 had statistically lower CFU counts (p < 0.05)
than both Ti-UV and Ti-0.2 on day 7. Overall, Ti-0.5 and Ti-1.0 exhibited a sustainable
antibacterial effect up to 7 days.

Figure 5. log10 CFU values for different PHMB-Ti with different times. Blue bar: day 4; red bar:
day 7. * denotes statistical significance of two groups at α = 0.05 with the Mann-Whitney U test.

4. Discussion

Despite titanium’s well-documented optimal characteristics [2,3], easy and novel strate-
gies that can further improve bone healing and inhibit bacterial adherence should be investi-
gated. In this study, PHMB-coated titanium was tested to explore its antibacterial properties.

Considering the surface analysis methods performed, the FTIR analysis demon-
strated specific signals congruent with biguanide groups and typical a C=N bond at
1750–1550 cm−1 and 1630 cm−1, respectively [33], on the surface of Ti-0.2, Ti-0.5 and Ti-1.0.
The OH-N hydrogen bond was observed in the region of 3150–3450 cm−1. From this study,
it is possible to conclude that PHMB successfully coated the titanium surface. While the
chemical mechanism remains unknown, this successful coating may be due to PHMB
forms hydrogen bonding or physiochemical adsorption with UV-treated Ti. The guanidine
group in PHMB has high activity, which can make the polymer become positively charged;
it is easily absorbed by the bacteria, which are negatively charged, thereby inhibiting the
division function of bacteria and causing them to lose their reproductive ability. The film
formed by the polymer blocks the breathing channels of the bacteria, causing the bacteria
to suffocate and die quickly (as shown in Figure 6).
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Figure 6. Anti-F. nucleatum action model of PHMB-coated Ti for i) illustration of hydrogen bonding
(red lines) or physiochemical adsorption between PHMB and UV-treated Ti; ii) the F. nucleatum was
killed or inhibited by the Guanidine group on PHMB.

SEM and EDX showed no comparable difference between the PHMB-coated and UV-
treated titanium either in the surface topography or the elemental composition. The negative
results of SEM and EDX might be a result of the amount of PHMB coated on the surface,
which might have been so low that it was difficult to detect using these methods. Nev-
ertheless, this result also confirms the coating did not cause a significant change in the
morphography of the titanium surface.

In order to evaluate the antibacterial properties of PHMB-coated implant surfaces, the
CFU of F. nucleatum was assessed. This bacteria is a known periodontal pathogen and has
also been strongly associated with peri-implantitis [34,35]. Previous studies addressing
the antimicrobial properties of implants have similarly investigated the presence of this
bacteria [36,37]. Indeed, peri-implantitis is a man-made infectious disease that is affecting
22% of the population [38]. This study provided and utilized a simple approach to decrease
the occurrence of reinfection. We cannot not kill all the bacteria in oral condition; however,
we should maintain a balance with oral microbes, and thus a localized antibacterial function
on the titanium surface could be the way forward.

Mouthrinses containing PHMB showed higher efficacy of antibacterial effect in pre-
vious studies; there was a significant reduction of bacterial counts on the tooth surface
with PHMB compared to the placebo after 4 h and after 5 days, indicating PHMB could be
used in the prevention of plaque-related disease [39]. Another randomized clinical study
showed similar results, with commercial 0.2% PHMB can be significantly more effective at
inhibiting plaque re-growth and reducing bacterial count (for both tooth surface and mu-
cosa) than the placebo rinse (10% ethanol, flavor) [40]. In this study, there was a reduction
of the bacteria counts in the PHMB-coated titanium groups compared with the UV group
using CFU counts, which is in accordance with previous observations relating to PHMB’s
antibacterial efficacy [41]. A better antibacterial effect was exhibited with the increase of
the PHMB concentration; Ti-0.5 and Ti-1.0 showed the best performance when compared
with Ti-UV and Ti-0.2 in terms of anti-bacterial effect at specific durations. Nonetheless,
it should be noted that this proof-of-concept study only showed the UV-treated titanium
surface can be coated with various percentages of PHMB and retained for certain time,
which could be a strategy for maintaining a low occurrence of F. nucleatum and possibly
preventing re-infection on the titanium. This kind of easy self-assembled coating can also
be applied to different titanium-based medical applications, such as orthodontics [42,43],
dentofacial orthopaedics [44,45], and other implant medical devices [5] that are prone to
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infection. This variety of applications might need different concentrations for the optimal
application of PHMB. Further studies are necessary.

There are two major limitations in this study that could be addressed in future re-
search. First, future study should be focused on the antibacterial properties against other
bacterial species that have a causative relation with peri-implantitis, as one species may not
be enough to be clinically advantageous. Second, it is key to complement dental implant
research comprehensively with osseointegration studies, residual activity, cytotoxicity and
systematic risks in regard to surface-treated PHMB Ti implants so as to confirm the best
concentration for this material. Clinical efficacy, the relationship between peri-implant mu-
cositis, and the lifetime, e.g., dissolution of the coating, should also be further investigated.

5. Conclusions

In this study, the influence of PHMB coated titanium on the structure, surface prop-
erties, and antibacterial properties were investigated systematically. It was found that
PHMB-coated titanium had a strong capability of inhibiting F. nucleatum. Moreover, the
antibacterial capability of PHMB-coated titanium is dose-dependent. Even though differ-
ences were found among the several concentrations, PHMB exhibited promising results as
a coating strategy for titanium dental implants.
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