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Abstract

Bacterial biofilm infections remain prevalent reasons for implant failure. Dental implant
placement occurs in the oral environment, which harbors a plethora of biofilm-forming bacteria.
Due to its trans-mucosal placement, part of the implant structure is exposed to oral cavity and
there is no effective measure to prevent bacterial attachment to implant materials. Here, we
demonstrated that UV treatment of titanium immediately prior to use (photofunctionalization)
affects the ability of human polymicrobial oral biofilm communities to colonize in the presence of
salivary and blood components. UV-treatment of machined titanium transformed the surface from
hydrophobic to superhydrophilic. UV-treated surfaces exhibited a significant reduction in bacterial
attachment as well as subsequent biofilm formation compared to untreated ones, even though
overall bacterial viability was not affected. The function of reducing bacterial colonization was
maintained on UV-treated titanium that had been stored in a liquid environment before use.
Denaturing gradient gel-electrophoresis (DGGE) and DNA sequencing analyses revealed that
while bacterial community profiles appeared different between UV-treated and untreated titanium
in the initial attachment phase, this difference vanished as biofilm formation progressed. Our
findings confirm that UV-photofunctionalization of titanium has a strong potential to improve
outcome of implant placement by creating and maintaining antimicrobial surfaces.
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1. Introduction

Dental implants have become a popular restorative choice with an initial success rate of up
to 98% [1]. Depending on implant type, this success rate declines over time and ranges
between 90.1 and 95.4% after 5 years, with a further reduction to about 89% and 83% after
10 and 16 years, respectively — the longest observation period reported so far [2]. Older
patients, those with systemic conditions, smoking status [3, 4] or prior periodontal disease
[5-7] are affected by an overall higher failure rate. Most complications can be attributed to
lack of sufficient osseointegration and infection. Hence, complete and infection-free
establishment of bone-implant integration has become a persistent challenge in oral
rehabilitation. The major causes for implant-related infections and inflammatory responses
are microbial biofilms, which can form on all currently employed implant materials [8-10].
Biofilm formation is a multi-step process that starts with the bacterial attachment to natural
or artificial surfaces. This initial interaction between bacteria and surface can occur directly
via charged groups (e.g. phosphoryl-, carboxyl-, and amino-groups) present on their
complex cell surface layer [11]. Since the bacterial cell surface is in direct contact with the
environment, their charged cell surface layer groups are able to interact with ions or charged
molecules present on the implant material surfaces [12]. In addition to this direct interaction,
microorganisms can exploit other molecules including host proteins that adhere to the
implant material to achieve surface colonization [13]. In the oral environment relevant for
dental implant dentistry, molecules derived from saliva such as the proteins involved in
pellicle formation that provide additional bacterial adhesion sites as well as blood
components, can attach to the implant material and change certain surface characteristics
[14-16]. Therefore, implant surface characteristics and the molecules from relevant bodily
fluids that can attach to the implant material are important determinants in the amount and
composition of bacterial biofilm to be formed.

Recent approaches to address the challenge of implant failure include ultraviolet (UV)-
mediated photofunctionalization of titanium (Ti) [17-19], a popular implant material due to
its excellent biocompatibility, corrosion resistance and its ability to promote
osseointegration [20-23]. UV irradiation leads to the modification of titanium implant
surfaces from a hydrophobic to a superhydrophilic state and removes hydrocarbon
contamination [17, 24, 25]. These extreme changes in surface properties have been studied
extensively for their effect on enhancing osteoblast attachment and proliferation, which
leads to greatly improved osseointegration of titanium implants [26—29]. Despite this very
encouraging extensive research regarding bone-implant integration, very little is known to
date regarding the effect of photofuntionalization on bacterial attachment and biofilm
formation on titanium surfaces despite its importance for lasting implant success [30]. A
recent report demonstrated that UV treatment of Ti surfaces can reduce attachment and
monospecies biofilm formation of Staphyl ococcus aureus and Streptococcus pyogenes [30],
the major pathogens for orthopedic implant infections. While this is a very promising
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observation, dental implants are exposed to a more challenging environment: the microbiota
of the oral cavity. Extensive 16S rRNA gene sequencing and microbiome studies revealed
that over 600 different oral microbial taxa colonize the various surfaces present in the mouth
[31]. The bacterial species implicated in dental implant-associated diseases such as peri-
mucositis and peri-implantitis are generally very similar to those associated with periodontal
diseases [32, 33]. Many of these bacteria are able to readily attach to surfaces including
titanium implants and employ saliva and/or blood-derived proteins for enhanced attachment
[16, 34]. This ability to exploit host fluids for attachment presents an additional challenge in
biofilm prevention, especially during implant placement, when the sterile surface becomes
exposed to the oral environment and the surgical wound site.

In this study, we investigated if UV-treatment of titanium surfaces has an effect on the
attachment and biofilm formation of complex oral microbial communities during time
periods that are relevant for the initial implant placement and wound healing directly post-
surgery. UV-irradiation-induced titanium surface properties were evaluated and bacterial
biomass accumulation at different time points reflecting initial attachment and early biofilm
formation events were determined in the presence of salivary and blood components.
Community profiles of the attached microorganisms were compared between UV-treated
and untreated titanium surfaces.

2. Materials and methods

2.1 Titanium disc preparation, surface analysis and UV treatment

Titanium (Ti) discs (20 mm in diameter and 1.5 mm in thickness) were prepared by
machining commercially pure titanium (Grade 2). Titanium disks were autoclaved and
stored in the dark for 4 weeks to standardize the age of the titanium, since titanium age is
known to affect its biological and osteoconductive capabilities [35, 36]. Titanium disks were
treated with UV light for 12 minutes with a photo device (TheraBeam Super Osseo, Ushio
Inc., Tokyo, Japan) immediately prior to use [37, 38], while control discs were left
untreated. The surface morphology of the discs was examined using scanning electron
microscopy (XL30, Philips, Eindhoven, Netherlands) [26]. The hydrophilic and hydrophobic
properties of the titanium discs were evaluated by measuring the contact angle of 10 pl
ddH,0 [19].

2.2 Oral microbial community and culture conditions

We used a previously described cultivable microbial community representative of the
complex oral microbiome as model system for bacterial attachment and biofilm formation
[39, 40]. The microbial community was grown anaerobically (80% N, 10% H,, and 10%
COy,) at 37°C in a modified rich medium (SHI-FSMS) developed to support a high number
of oral taxa from human saliva samples (50% SHI medium [40], 25% filtered saliva, 0.5%
mannose, 0.5% sucrose). Initial attachment of cells and biofilm formation were evaluated
after 3 and 16 hours incubation, respectively. Overnight oral microbial community culture
was adjusted in fresh SHI-FSMS medium to an optical density (OD) at 600 nm of 1, for
evaluation of attachment and to an ODggpgnm Of 0.1 for measurement of biofilm formation.
For both types of experiments, one ml of the oral microbial community at the respective

Biomaterials. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

de Avila et al.

Page 4

concentration was placed onto titanium discs immediately after UV-photofunctionalization
or directly onto untreated discs in sterilized 12-well polystyrene culture plates (Fisher
Scientific). Oral microbial community cultures at the two relevant concentrations used in
this study were also inoculated directly into the polystyrene plate to serve as positive
controls for bacterial attachment and biofilm formation. Additionally, UV-treated and
untreated titanium discs as well as wells without discs were incubated with sterile medium
to serve as background controls. Samples were statically incubated at 37°C under anaerobic
conditions for 3 or 16 hours corresponding to the respective experiments. To evaluate the
continuous effect of UV-treatment, UV-treated and untreated titanium discs were immersed
in fresh SHI-FSMS medium for 24 hours at 37°C, under anaerobic conditions prior to
inoculation of bacteria. After this pre-incubation period, the medium was removed and
overnight oral community culture diluted to an ODgponm Of 0.1 was added to disc for
analysis of biofilm formation after 16 hours incubation. Concurrently, the diluted
community culture was placed on UV-treated and untreated titanium discs surfaces that had
not undergone pre-immersion in medium for comparison. For all experiments, medium was
removed at the end of the incubation period; the discs were gently transferred into 6-well
polystyrene culture plates and washed three times with 5 ml sterile phosphate-buffered
saline (PBS) prior to further processing.

2.3 Crystal violet assay

A 0.5% crystal violet solution was used to determine biomass accumulation onto the
titanium discs surface and control wells. The PBS-washed titanium discs were placed into a
12-well plate, submerged in one ml crystal violet solution and incubated at room
temperature for 20 min. The discs were then carefully transferred to a 6-well plate and
washed four times with 5 ml PBS to remove excess crystal violet. The plates were gently
shaken for 5 minutes during the last two PBS washes to ensure complete removal of residual
dye. After the final PBS wash, the discs were transferred to a new 12-well plate. One ml of
95% ethanol was added and the plate was incubated at room temperature on a rotatory
shaker (VWR rocking double platform shaker model 200) at 250 rpm for 15 minutes. The
ethanol solution containing the crystal violet stain retained by the biofilms was transferred
into 1.5 ml cuvettes (USA Scientific) and the optical density at 595 nm was determined for
total biomass evaluation. All experiments were performed in triplicate for each time point
and repeated three times to ensure technical and biological reproducibility with the
exception of the experiments, in which untreated and UV-photofunctionalized titanium discs
were pre-incubated in SHI-FSMS medium for 24 hours prior to bacterial inoculation. These
were only repeated twice as technical triplicates.

2.4 Sample Preparation, Confocal Laser Scanning Microscopy, Viability Staining and
ImageJ analysis

Samples for assessment of bacterial attachment and biofilm formation on untreated and UV-
treated titanium disc surfaces were rinsed three times with PBS to remove unattached
bacteria prior to assessing bacterial viability via fluorescent labeling with the LIVE/DEAD
BacLightTM Bacterial Viability staining kit (Invitrogen, Carlsbad, CA) according to
manufacturer’s instructions. The titanium discs were placed onto a glass cover slip, 35x50
mm (Fisher Scientific) into a 10 ul drop of PBS with the biofilm side facing the objective.
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Samples were visualized with a PASCAL LSM5 confocal laser-scanning microscope (Zeiss,
Jena, Germany). The scanning module of the system was mounted on an inverted
microscope (Axiovert 200 M) and samples were imaged through 10x dry (Plan NeoFluar
NA 0.3 air) and 40x oil-immersion (Plan NeoFluar NA 1.3 oil) objectives. Excitation
wavelengths of 488 nm (Ar laser) and 543 nm (HeNe laser) in combination with 505 to 530
nm bandpass and 560 nm longpass filters, respectively, were employed to reveal live dead
distribution of bacterial cells as well as the accumulated biomass.

Image analysis was performed with ImageJ 1.48 [National Institutes of Health (NIH),
Bethesda, MD, USA,; freeware from http://imagej.nih.gov/ij/download.html]. To measure
the area occupied by bacteria, representative confocal images were exported and converted
into 16bit. A median filter with a radius of 2 pixels was applied to reduce noise and an
intensity threshold was applied to separate the fluorescent bacteria from the background.
Next, the image was converted into a binary image and using the ‘analyze particles’
function, all the groups of cells bacteria with a minimal surface area of 2 um? were
calculated. Analysis of biofilm density was measured by conversion of confocal images into
RGB color. First, background subtraction was applied using a sequentially decreasing
rolling-ball radius to ensure maximum removal of background noise. Then, the image was
assembled into color channels and the integrated density of pixels was calculated. All
experiments were performed in technical duplicates for each time point with two biological
repetitions.

2.6 DNA Extraction, PCR and denaturing gradient gel-electrophoresis (DGGE)

Microbial cells were harvested from the titanium discs by scraping with a sterile pipette tip
and placed into 1.5 ml Eppendorf Tube containing 150 pl PBS. Total genomic DNA was
isolated using the MasterPure™ DNA purification kit (EPICENTRE). The concentration of
bacterial DNA was determined with a Nanodrop 2000 (Thermo Scientific). Primers Bacl
with a GC clamp (5’-CGC CCG CCG CGC CCC GCG CCC GTC CCG CCG CCC CCG
CCC GAC TAC GTG CCA GCA GCC-3") and Bac2 (5’-GGA CTA CCA GGG TAT CTA
ATC C-3”) were used to amplify a region approximately 300-base-pair in length (bp) of the
16S ribosomal RNA gene [41]. PCR amplification was confirmed by electrophoresis in a
1.0% agarose gel. Polyacrylamide gels (8%) were prepared with a denaturing urea/
formamide gradient ranging from 40% to 60%. Approximately 45 ul of the PCR product
were loaded into each well. The gel was submerged in 1X TAE buffer (40 mM Tris base, 40
mM glacial acetic acid, 1 mM ethylenediaminetetraacetic acid) and the PCR products were
separated by electrophoresis for 17 hours at 58°C using a fixed voltage of 60 V in a Bio-Rad
DCode System (Bio-Rad Laboratories, Inc., Hercules, CA). Gels were stained with ethidium
bromide to visualize the bands on the gel. Gel images were taken with the Molecular Imager
Gel Documentation system (Bio-Rad Laboratories). All experiments were performed in
triplicate for each time point.

2.7 DNA Sequencing of excised DGGE bands

Bands of interest were excised from the DGGE gel with a sterile razor blade, placed into
1.5-mL tubes containing 15 pl sterile Milli-Q water. The tubes were incubated overnight at
4°C to allow the DNA to diffuse into the water. Five pl of the DNA sample were used as
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template for re-amplification with the universal primers, Bacl and Bac2, and the product
was sent to Laragen Sequencing & Genotyping (Culver City, CA, USA) for sequencing. For
identification, the 16S rDNA sequences were compared with the Human Oral Microbiome
Database (HOMD) using BLAST.

2.8 Statistical data analysis

3. Results

All data are presented as a mean + standard deviation. Statistical comparisons were
performed using the unpaired t-test, one tailed, except for evaluation of the effect of UV
treatment on titanium disc surfaces immersed for 24 hours in SHI-FSMS medium prior to
bacterial inoculation compared to discs that did not undergo the preimmersion step. In this
case, one way analysis of variance (ANOVA) was employed with a Tukey’s posthoc test
using GraphPad Prism version 5.0c; p< 0.05 was considered statistically significant.

3.1 UV-photofunctionalization increased the hydrophilicity of titanium surfaces without
affecting its topography

SEM analysis confirmed that after a 12 minute UV-photofunctionalization treatment, the
titanium discs used in this study maintained meso-scale parallel traces typical for machine-
turned titanium surfaces (Fig. 1a). Hydrophilicity testing demonstrated that UV-treatment
resulted in a drastic change in titanium wettability to ddH,O. Untreated control titanium
discs were highly hydrophobic with the 10 ul droplet of ddH,O remaining in a semispherical
form without spreading and a contact angle higher than 80° (Fig. 1b, d). In contrast, after
UV-treatment the titanium discs became very hydrophilic, as evident by the immediate
spreading of the ddH,0O droplet and a contact angle of less than 5° (Fig. 1c, d).

The effect of UV-treatment on surface characteristics was maintained for more than 24
hours (Fig. 2). While the untreated control discs remained hydrophobic regardless if they
were stored in air or in a liquid environment (Fig. 2a, ¢), UV-treated discs retained their
hydrophilic characteristics especially when the discs were kept in a liquid environment (Fig.
2b, c). Even though UV-treated titanium surfaces were still relatively hydrophilic after 24
hours of storage in air compared to their untreated counterparts, surface wettability reversed
significantly towards more hydrophobic during the experimental time period (Fig. 2b, c).
This difference in contact angle between UV-treated discs subjected to different storage
conditions was statistically significant (p<0.0001).

3.2 UV-treatment reduced bacterial attachment on titanium surfaces

Next, we examined whether the surface property changes of titanium surfaces induced by
the 12 min UV-treatment described above had any influence on bacterial attachment and
early biofilm formation. The biomasses attached to titanium discs that were subjected to
UV-treatment and those without were evaluated after three hours of incubation with a
cultured mixture of salivary bacteria using a variety of different approaches. Crystal violet
staining disclosed a statistically significant difference in overall bacterial attachment with
2.6-fold less biomass evident on the UV-treated titanium surfaces compared to untreated
ones (Fig. 3).
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Qualitative assessment of the attached biomass via confocal microscopy confirmed that the
UV-treated titanium discs amassed considerably less bacteria compared to their untreated
counterparts (Figs. 4a, b). Consistent with the observed difference in bacterial attachment,
bacterial colonies on untreated surfaces were generally larger and more abundant (Fig. 4c)
compared to the sparse colonization on UV-treated titanium (Fig. 4d). Fluorescent live/dead
staining revealed that viability of the attached bacteria was very similar between both types
of titanium discs (Fig. 4a—d). Detailed quantitative analysis of the confocal images
determined that density and area coverage of the attached biomass was significantly reduced
(3.2- and 2.8-fold, respectively) on titanium discs that underwent UV-treatment (Figs. 4e, f),
even though the height was not affected (data not shown).

3.3 UV- photofunctionalization treatment reduced bacterial biofilm formation on titanium

surfaces

Since our UV-treatment drastically reduced the attachment of salivary bacteria to titanium
discs, we evaluated if this effect is sustained during the subsequent biofilm formation and
maturation process. Crystal violet staining revealed that after 16 hours of biofilm formation
the UV-treated titanium discs had accumulated significantly less (3-fold) biomass compared
to untreated discs (Fig. 5).

The differences in biofilm formation between UV-treated and untreated titanium discs were
confirmed by confocal and scanning electron microscopy analyses. An obvious difference in
the overall density of coverage as well as the frequency and size of microcolonies was
apparent between the two different surfaces (Figs. 6a, b), while biofilm viability as revealed
by a fluorescent live/dead stain was similar. Higher magnification imaging with confocal
and scanning electron microscopy revealed that colonization of UV-treated surfaces is
clearly more sparse with fewer, smaller and more scattered cell clusters as compared to
untreated titanium discs, which were covered with larger, taller and more widespread
microcolonies (Figs. 6¢—f). Consistent with these qualitative microscopic impressions and
above overall biomass determination via crystal violet staining, we found that the average
biofilm density and the area coverage of biofilm cells on untreated surfaces were 2.7-fold
and 4.2-fold, respectively, higher than on UV-treated titanium discs (Fig. 6g-h).

In order to investigate if the effect of UV-photofunctionalization on bacterial biofilm
formation is maintained in an aqueous environment, UV-treated and untreated titanium discs
were immersed in SHI-FSMS medium for 24 hours prior to biofilm development for 16
hours as described in Material and Methods. Concomitantly, we developed biofilms for 16
hours on UV-treated and untreated titanium surfaces without pre-immersion in medium and
evaluated the corresponding biomass accumulation as a control. While there was no
meaningful difference between preimmersed and directly used untreated or UV-treated
titanium discs, the previously observed significant effect of UV treatment on biofilm
reduction was sustained even after pre-incubation of the discs in SHI-FSMS medium for 24
hours (Fig. 7). The differences between the respective untreated and UV-treated titanium
surfaces were about 4-fold for both the pre-immersed and the directly used discs (Fig. 7).
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3.5 UV- photofunctionalization treatment does not affect the bacterial biofilm community
profile on titanium surfaces

Our next goal was to evaluate whether the UV-treatment in addition to reducing biofilm
accumulation had an influence on the type of bacteria that adhered to and formed biofilms
on the titanium surfaces. Community profiling via DGGE disclosed that during the 3 hour
attachment and early biofilm formation period, the bacterial compositions for untreated and
UV-treated surfaces was very similar with a possible difference in the dominance of certain
taxa (Fig. 8). The overall profile was maintained in the samples collected after 16 hours of
biofilm formation with minor differences in banding pattern compared to the 3 hour
samples. Sequencing of selected bands that exhibited different intensities and comparison to
the Human oral Microbial Database (HOMD) identified the corresponding microorganisms
as Fusobacterium periodonticum (band 1), two Streptococci of the Mitis group (bands 2 and
3), Porphyromonas sp [HOT_279] (band 4), Gemella sp (band 5), Peptostreptococcus
stomatis (band 6) and an additional Streptococcus sp (band 7).

4. Discussion

Photofunctionalization of titanium has previously been demonstrated to provide many
benefits to this popular implant material including greatly enhanced osteoblast attachment
and proliferation, improved osseointegration as well as reduced attachment of dangerous
wound pathogens [17, 26, 30]. The surface property changes induced by UV-treatment such
as super-hydrophilicity and removal of hydrocarbon contamination have significant impact
on these biological benefits. Typical UV-treatment times, however, last for 48 hours [17, 19,
26, 42], which is prohibitive for convenient chair side application. In this study, we
demonstrated that a brief 12 min UV treatment of titanium in a specialized patented photo
device is sufficient to alter titanium surface properties (Fig 1) similar to those reported
previously for longer treatment times [19, 26]. Even upon this short UV-exposure time,
titanium surfaces displayed a drastic change from hydrophobic to very hydrophilic.
Importantly, we demonstrated that this surface property change was maintained in an
aqueous environment, while it slowly reversed upon exposure to air. Maintenance of surface
hydrophilicity after implant placement is a critical factor during the wound healing and bone
formation processes to achieve the most favorable outcome by enhancing interaction
between the implant material and host cells. The short photofunctionalization treatment
employed here was recently shown to result in accelerated and enhanced osseointegration
similar to the longer UV-treatment times employed in earlier studies [29, 37, 38, 43].

In addition to maximizing osseointegration, preventing the colonization of implant surfaces
with bacteria is another essential consideration in implant surgery. Bacterial contamination
during surgery is especially a concern for the placement of dental implants, which occurs in
the challenging non-sterile environment of the oral cavity that harbors billions of bacteria
comprised of over 600 different species [44, 45]. In contrast to orthopedic implants that are
placed sub-merged into sterile tissue, dental implants are placed trans-mucosally in the jaw
bone with their upper portion exposed to the oral cavity during healing because they are
positioned to support prosthetic teeth. To date polymicrobial infections such as peri-
implantitis remain an important cause for implant failure, especially in patients with a
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previous history of periodontal diseases [5, 46]. To address the potential of our 12 min UV-
treatment to improve this critical aspect of implant failure, we investigated if the changes in
titanium surface properties had an effect on the attachment and biofilm formation of human
oral bacteria. Overall, many pathogenic bacteria have been described as rather being
hydrophobic, which plays a critical role in attachment and biofilm formation [47-49].
Ultimately, however, the diversity of oral microbial population and their interspecies
interactions as well as the environmental factors modulate the contact with the surface [50,
51]. As a model system, we used a cultivable polymicrobial community representative of the
oral cavity [40] in combination with a bacterial growth medium (SHI-FSMS) containing
saliva and blood components that are typically present during dental implant surgery.
Especially salivary proteins are known to play important roles in the surface attachment of
oral bacteria and many species have evolved specialized adhesins that specifically recognize
distinct saliva components [52, 53]. We demonstrated via several independent approaches
that the convenient 12 min photofunctionalization of machined titanium reduced the amount
of oral community-derived bacteria that attach to the surface by about 3 to 4-fold during the
critical period after the initial implant placement, when the bone-generating osteoblasts
compete with microorganisms for space on the newly available surface. This reduction in
biomass accumulation was also reflected by reduced biofilm density and surface area
coverage, even though bacterial viability was not affected. These results are very
encouraging, considering the importance of surface availability in the competition between
bacterial and eukaryotic cell attachment [54]. These findings are consistent with a previous
study by Yamada and co-workers, who examined the early stages of biomass accumulation
by two important wound pathogens, Saphylococcus aureus and Streptococcus pyogenes, on
different titanium surfaces subjected to UVA and UVC irradiation for 48 hours in a
monospecies culture model [30].

Notably, this reduction in bacterial attachment and biofilm formation on the UV-treated
titanium surface is sustained for at least 16 hours and thus well beyond the six hours post-
implantation period during which implants are considered to be particularly susceptible to
bacterial colonization [55, 56]. We also observed that the biomass attached to UV-treated
titanium remained sparse, predominantly consisting of individual attached cells and small
cell clusters compared to untreated surfaces that were mostly covered in maturing biofilms
comprised of large colonies that appeared to be encased in matrix material. In addition to
preventing host cell attachment to the implant by competing for space, biofilms have also
been shown to elicit much stronger inflammatory response — an important reason for bone
loss — compared to planktonic bacteria [57, 58]. Furthermore, bacteria contaminating
titanium implants have been demonstrated to migrate into and infect surrounding tissues,
while apparently not being cleared by macrophages [59]. A weaker immune response
against biofilm cells compared to their planktonic counterparts has been described [60, 61]
which makes prevention of biofilm formation on implant materials a key factor in averting
infections. Another promising result of our study for clinical applications is the finding that
even after pre-immersion of the titanium surfaces for 24 hours in the saliva and blood
components containing SHI-FSMS medium, the reducing effect of photofunctionalization
on biomass accumulation is maintained. This prolonged protective effect against bacterial
colonization in combination with the enhancement of osteoblast attachment and proliferation
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[17, 19, 26, 43] has a strong potential to not only promote continued implant
osseointegration but also reduce the risk of implant loss due to bacterial biofilm infections.
The time period tested in this study is sufficient to allow for initial wound healing and
formation of a protective clot that minimizes bacterial access from the oral cavity to the
wound site. Furthermore, if bacteria were able to enter the implant placement site they
would not be able to efficiently attach to UV-treated implant surfaces and form a biofilm but
rather stay planktonic and thus be easier to clear by the host immune system. Future animal
models and clinical studies will be necessary to investigate if this reduction in bacterial
attachment and biofilm formation during implant placement in combination with the
enhanced osseointegration of UV-treated titanium implants translates into improved long-
term clinical outcome of dental implants.

Since photofunctionalization induces a drastic change in titanium surface properties from
hydrophobic to superhydrophilic and hydrophobic/philic interaction play an important role
in initial bacterial attachment, we examined if the altered surface properties would also
affect the profile of bacteria colonizing the untreated versus the UV-treated titanium discs.
DGGE analysis revealed a notable difference between UV-treated and untreated surfaces in
the bacterial community profile and prevalence of the corresponding microorganisms
attached to the respective titanium surfaces during the 3 hours initial attachment period.
Surprisingly, streptococci of the Mitis group as well as Porphyromonas sp, which have been
described as generally hydrophobic [62] are more prevalent in the communities isolated
from the superhydrophilic UV-treated titanium discs. Other studies, however, demonstrated
that hydrophobicity of titanium surfaces is not a factor in P. gingivalisand S sanguinis
attachment [63] and that cell surface hydrophobicity of P. gingivalis greatly vary in a strain-
dependent manner [64, 65] Fusobacterium periodonticum also appeared to preferentially
attach to the UV-treated surfaces, which is consistent with a previous report showing that
fusobacteria colonize hydrophilic surfaces at a higher rate [63]. Overall microorganisms
have been found to display a wide range of hydrophobicities depending on environmental
conditions. Currently, there is not a clear consent on the role of cell surface characteristic in
the ability of bacteria to attach to hydrophilic or hydrophobic surfaces, even though
hydrophobic interactions generally seem to favor biofilm formation [66]. Furthermore, the
salivary and blood components used in our model system that are relevant in the clinical
context of implant placement are likely an important factor for the profile of initial bacterial
attachment. Especially salivary components are known to provide important binding sites
for the surface colonization with oral bacteria [67, 68]. The distinct difference in bacterial
profiles between UV-treated and untreated titanium was limited to the initial surface
attachment. After 16 hours of biofilm formation, the attached bacterial communities were
identical, regardless if the discs were pre-immersed in medium for 24 hours or not. This
could be due to the fact that after the initial attachment, bacteria start conditioning the
surface with matrix material and thus would mask the actual titanium surface properties.
Interestingly, the profiles after 16 hours largely resemble the community attached to
untreated titanium surfaces after 3 hours with only the appearance of an additional
streptococcus species as a noticeable difference.

Biomaterials. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

de Avila et al.

Page 11

In conclusion, we demonstrated in our study that the changes in titanium surface properties
induced by a relatively short photofunctionalization treatment leads to a significant
reduction in the attachment and biofilm formation by human oral bacteria. Importantly, this
effect is maintained in the presence of salivary and blood components, which are typically
present in the oral environment of a dental implant placement site during time periods that
exceed those considered critical for bacterial contamination and initial wound healing.
Therefore, this chairside-friendly application for modification of titanium properties that was
already shown to significantly enhance osseointegration in previous studies can provide the
additional benefit of reducing bacterial implant contamination during the surgical process.
These qualities have a strong potential to significantly reduce dental implant-relaled diseases
and failure.
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Fig. 1.
Surface characterization of machined titanium. (a) scanning electron microscopy of UV-

treated discs showing surface topography at a 5000x magnification, evaluation of
hydrophilicity by contact angle measurement of 10ul ddH,O (b) before and (c) after UV-
treatment on the Ti discs and (d) statistical significance testing of contact angle values for -
UV and +UV titanium discs. Statistically significant differences are indicated as: *
p<0.0001. Data represent the mean + SD of triplicate data of one independent experiment.
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Fig. 2.
Measurement of the contact angle of 10ul ddH,0O to evaluate changes in hydrophilicity of

titanium discs surfaces (a) without and (b) after UV-photofunctionalization treatment as
well as after subsequent storage in air or a liquid environment for 24 hours. Comparison of
contact angles values (c) between untreated (white bars, - UV) and UV-treated (gray bars,
+UV) after storage in air (Dry) or a liquid environment (Wet). Statistically significant
differences are indicated as: * p<0.0001, # p=0.0042. Data represent the mean + SD of
triplicate data from one independent experiment.
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Fig. 3.

Ef?‘ect of UV-treatment of titanium surfaces on bacterial attachment after 3 hours incubation
evaluated via quantitative measurement of crystal violet staining as indicator of biomass
accumulation on untreated (white bar, ~UV) in comparison to UV-treated (gray bar, +UV)
titanium discs. Each value represents the mean + SD of nine samples comprised of three
technical replicates of three independent biological experiments. * indicates a statistically
significant difference (p<0.05).
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Effect of UV-treatment of titanium surfaces on bacterial attachment after 3 hours incubation
evaluated via confocal microscopy imaging through (a,b) 10x and (c,d) 40x objectives with
representative images illustrating the live/dead distribution of bacterial cells (green for live

cells, red for compromised cells) accumulated on (a,c) untreated and (b,d) UV-treated

titanium discs. Quantitative comparison of (e) accumulated biomass and (f) the area covered
by bacteria between untreated (white bar, —UV) in comparison to UV-treated (gray bar,
+UV) titanium discs. Each value represents the mean + SD of four samples comprised of
two technical replicates of two independent biological experiments. Statistically significant

differences are indicated as: * p=0.0145, # p=0.0003.
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Fig. 5.
Effect of UV-treatment of titanium surfaces on bacterial biofilm formation after 16 hours

incubation evaluated via quantitative measurement of crystal violet staining as indicator of
biomass accumulation on untreated (white bar, -UV) in comparison to UV-treated (gray bar,
+UV) titanium discs. Each value represents the mean + SD of nine samples comprised of
three technical replicates of three independent biological experiments. * indicates a
statistically significant difference (p<0.001).
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Fig. 6.
Effect of UV-treatment of titanium surfaces on bacterial biofilm formation after 16 hours

incubation evaluated via confocal microscopy imaging through (a,b) 10x and (c,d) 40x
objectives with representative images illustrating the live/dead distribution of bacterial cells
(green for live cells, red for compromised cells) accumulated on (a,c) untreated (-UV) and
(b,d) UV-treated (+UV) titanium discs. Scanning electron microscopy revealing the biofilm
structure on (e) -UV and (f) +UV titanium discs. Quantitative comparison of (e)
accumulated biomass and (f) the area covered by bacteria between untreated (white bar, —
UV) in comparison to UV-treated (gray bar, +UV) titanium discs. Each value represents the
mean + SD of four samples comprised of two technical replicates of two independent
biological experiments. Statistically significant differences are indicated as: * p<0.0116), #
p<0.0461.
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Fig. 7.
Sustainability of UV-treatment of titanium surfaces and the effect on 16 hours bacterial

biofilm formation after immersion of titanium discs in liquid SHI-FSMS medium for 24
hours prior to incubation with bacteria. Quantitative measurement of crystal violet staining
showing biomass accumulation on untreated (white bar, —UV) in comparison to UV-treated
(gray bar, +UV) titanium discs for directly used samples and those pre-immersed in liquid
SHI-FSMS (-P). Each value represents the mean + SD of four samples comprised of two
technical replicates of two independent biological experiments. Statistically significant
differences are indicated as: * p=0.0012), # p<0.0001.

Biomaterials. Author manuscript; available in PMC 2016 October 01.



1duosnuepy soyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuep Joyiny

de Avilaetal.

Page 22

3h 16h 16h-P

PE— P pE—
S -UV+UV-UV +UV -UV +UV

Fig. 8.

D(%GE analysis of oral microbial communities formed on untreated (-UV) and UV-treated
(+UV) titanium discs surfaces after 3 hours and with and without 24 hour pre-immersion in
liquid SHI-FSMS (-P) medium after 16 hours. Bands that were excised for DNA sequencing
are indicated by an arrow. Microbial identities are as follows: (1) Fusobacterium
periodonticum, (2) Streptococcus (Mitis group), (3) Streptococcus (Mitis group), (4)
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Porphyromonas sp [HOT_279], (5) Gemella sp, (6) Peptostreptococcus stomatis, and (7)
Streptococcus sp.
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