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Abstract: Organic contaminants significantly limit the bioactivity of titanium implants, resulting
in the degradation known as the ageing of titanium. To reactivate the surfaces, they can be photo-
functionalized, i.e., irradiated with C-range ultraviolet (UVC) light. This descriptive in vitro study
compares the effectiveness of novel light-emitting diode (LED) technology to remove contaminant
hydrocarbons from three different commercially available titanium dental implants: THD, TiUnite,
and SLA. The surface topography and morphology were characterized by scanning electron mi-
croscopy (SEM). The chemical compositions were analyzed by X-ray photoelectron spectroscopy
(XPS), before and after the lighting treatment, by a pair of closely placed UVC (A = 278 nm) and LED
devices for 24 h. SEM analysis showed morphological differences at the macro- and micro-scopic
level. XPS analysis showed a remarkable reduction in the carbon contents after the UVC treatment:
from 25.6 to 19.5 C at. % (carbon atomic concentration) in the THD; from 30.2 to 20.2 C at. % in the
TiUnite; from 26.1 to 19.2 C at. % in the SLA surface. Simultaneously, the concentration of oxygen
and titanium increased. Therefore, LED-based UVC irradiation decontaminated titanium surfaces
and improved the chemical features of them, regardless of the kind of surface.

Keywords: titanium; dental implants; ultraviolet rays; hydrocarbons; decontamination; microscopy;
electron; scanning; photoelectron spectroscopy

1. Introduction

Most dental implants are made of titanium (Ti) due to its high corrosion resistance,
low modulus of elasticity, good fatigue strength, and non-cytotoxic features, resulting in a
favorable biocompatible material with excellent osseointegration ability, defined as a direct,
strong, stable, and durable connection in function between artificial implants and bone [1,2].
Nevertheless, it is not sufficient and, despite their high long-term predictability [3,4], several
external factors limit the osseointegration of Ti-based implants, which may cause implant
failure, such as the presence of poor bone quality and quantity, bone defects, systematic
diseases, or bacterial infections [5,6]. In order to minimize this, new bioactive surface
treatments for Ti-based implants are currently being developed, which foster bone-implant
interactions and reduce bacterial attachment, providing high long-term success rates [7,8].
Thereby, microscopic modifications in topography and chemistry in titanium implants
have been implemented to produce osteoconductive and antimicrobial implants [9-11].

In this context, the inevitable presence of carbon-based organic impurities on Ti
surfaces is increasingly being regarded as one of the major factors causing biological
degradation, often referred to as the ageing of titanium [12]. Indeed, not only does this
accumulation of carbon-based contaminants, e.g., polycarbonlys and hydrocarbons, hinder
the attachment and proliferation of proteins and cells but it also facilitates bacteria adhesion
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and hydrophobicity, since cell and bacteria—oxide layer interaction occurs at the atomic
level [13-15]. Likewise, several investigations have reported changes in the presence
of chemical elements, especially carbon contents, associated with the different surface
treatments to which the titanium dental implants are subjected [16,17].

It is well known that ultraviolet light, particularly in the C-range (UVC), successfully
eliminates carbon-based contaminants from Ti surfaces. Such organic compounds are then
broken down, either directly by the photogenerated holes or indirectly by hydroxyl radi-
cals resulting from water decomposition [18,19]. When this novel technique is applied to
Ti-based dental implants, it is called photofunctionalization. It significantly reactivates the
surfaces and improves the osseointegration by promoting faster osteoblast attachment, pro-
liferation, and differentiation; high implant stability quotient (ISQ); bone-implant contact
(BIC); low surface free-energy (superhydrophilicity); and a reduction of biofilm forma-
tion [20-25]. Furthermore, the removal of hydrocarbons from the Ti surfaces, resulting
in the exposure of Ti** sites, may enhance the interaction between Ti-based material and
biological cells, which are electronegatively charged, promoting the bone formation pro-
cess [12]. In addition, the albumin, known as a major blood plasma protein that regulates
cellular proliferation of osteoblasts, is adsorbed in the first steps of osseointegration and is
influenced by carbon contents, covalent bonds, and electrostatic charge [15]. The adsorp-
tion of other human blood proteins and cell attachment are also strongly correlated with
UV dose and carbon percentage, since the UV light treatment considerably increases the
biochemical interlocking between material and matrix proteins and bone cells [26].

Until recently, UV light has been almost universally produced by using mercury
(Hg)-vapor lamps. This is basically the same technology used in fluorescent tubes and
compact bulbs for general lighting purposes [27]. Indeed, photofunctionalization has been
no exception, but because of the upcoming restrictions on the manufacture and trade of
Hg-based products imposed by the Minamata Convention [28], other options such as LED
(light-Emitting diode)-based irradiators are being proposed as alternative sources. The use
of these devices is considered a novel approach, compared to the use of those based on
Hg vapor. Hence, these light sources show promising results and demonstrate an effective
photofunctionalized alternative to hydrocarbon decontamination [29]. Currently, however,
there are no published studies in which this LED-based technology is applied to different
types of surfaces.

We hypothesized that UVC light emitted by LED-based sources would successfully
remove contaminant hydrocarbons from different titanium surfaces. The aim of the present
in vitro study therefore was to compare the effectiveness of LED-based UVC photofunction-
alization technology to decontaminate the surface chemistry of three different commercially
available titanium dental implants.

2. Results
2.1. Scanning Electron Microscopy (SEM) Analysis

The topographic and morphologic features of the three different titanium dental
surfaces were evaluated by SEM (Figure 1). Additionally, macroscopic differences were
exhibited and, according to the surface modification methods used, characteristic differ-
ences at the microlevel were also revealed. The THD implant presented facets induced
by fine etching pits and blasting methods. The TiUnite implant featured a volcano-like
microporous structure produced by anodic electrochemical oxidation phenomena. The SLA
implant had large dips, pointed dips, and small micropits with cristallographically ori-
ented boundaries, which gave a honeycomb appearance, as a result of acid-etched and
sand-blasting treatments.
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Scanning Electron Microscopy (SEM)
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Figure 1. SEM pictures (at the macro- and micro-scopic level, magnifications of 7-10x and 1000, respectively) and XPS
wide scans of Ti dental implants: THD; TiUnite; SLA.

2.2. X-ray Photoelectron Spectroscopy (XPS) Analysis

All of the detected elements were presented in high-resolution spectra of the wide
scans (Figure 1) and the relative atom concentrations (at. %) and binding energies of each
sample before and after UVC light treatment (Table 1).

Table 1. Atom concentration rate (at. %) and binding energies (BE) of elements before and after LED-based UVC light
irradiation. These are the results of the central point, between the 6th and 7th thread in the THD, and 4th and 5th thread in
the TiUnite and SLA, since the data of the other measurements do not differ.

THD TiUnite SLA

Elements BE Before After Before After Before After

at. % at. % at. % at. % at. % at. %

C 284.6-288.3 25.6 19.5 30.2 20.2 26.1 19.2

O 529.8-531.5 50.5 54.1 445 51.3 50.6 56.5

Ti 453.7-477.3 16.5 18.0 9.0 9.3 21.2 229
F 648.8 0.5 0.6 - - 0.8 % -

N 400.3 1.2* 1.3* - 1.5* 1.3* 14%
Al 74.0 2.3 2.7 - - - -
Si 102.0 2.8 3.2 11.2 11.8 - -
S 169.0 - - - 1.0* - -
A% 515.1 05* 0.6* - - - -
P 133.3-134.3 - - 5.1 5.0 - -

* Spectra close to the noise; at. %, atomic concentration; BE, binding energy.

The survey spectra of as-removed packaging implants revealed the presence of carbon
(©), oxygen (O), and titanium (Ti) on all the implant surfaces. However, other elements
such as aluminum (Al), vanadium (V), and silicon (Si) were also observed in THD surface.,
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and TiUnite showed concentrations of silicon (Si) and phosphorus (P). In addition, a little

debris of fluoride deposit appeared in THD and SLA regimes.

All samples showed a higher carbon content before lighting treatment, with a wide
range from 30.2 to 25.6 at. % (atomic concentration). Likewise, LED-based UVC photo-
functionalization notably reduced the concentration of the carbon species, regardless of the
type of surface used, from 20.2 to 19.2 at. %. In addition, the decrease in carbon triggered a

considerable boost in the atomic concentration of O and Ti.

This study mainly concentrated on C, O, and Ti elements, namely, the major elements
detected on the surfaces of all the regimes and presented in the stoichiometrical decon-
volutions of Cls, Ols, and Ti2p of three surfaces, before and after the lighting treatment

(Figures 2—4).
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Figure 2. XPS analyses of THD surface: XPS full-range spectra and deconvoluted XPS, with lines analysis and binding

energies of Cls, Ols, and Ti2p; before (a,c,e) and after (b,d,f) LED-based UVC photofunctionalization.
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Figure 3. XPS analyses of TiUnite surface: XPS full-range spectra and deconvoluted XPS, with lines analysis and binding

energies of Cls, Ols and Ti2p; before (a,c,e) and after (b,d,f) LED-based UVC photofunctionalization.
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Figure 4. XPS analyses of SLA surface: XPS full-range spectra and deconvoluted XPS, with lines analysis and binding

energies of Cls, Ols, and Ti2p; before (a,c,e) and after (b,d,f) LED-based UVC photofunctionalization.

In the high-resolution spectral profile of the Cls deconvolution of the three different
surface regimes, three energy peaks were found: at 284.6, 286.2, and 288.3 eV. The pre-
dominant peak, at 284.6 eV, corresponded to the percentage of hydrocarbons, specifically,
C-H bonds. The second and third peaks, represented C-O and C=O bonds, respectively
(Figure 2a,b, Figure 3a,b and Figure 4a,b). In particular, TiUnite showed the greatest amount
of carbon content. Generally, the hydrocarbon concentration decreased significantly after
UVC light irradiation in all of the surfaces.

The O1s core lines consisted of two components (Figure 2c,d, Figure 3c,d and Figure 4c,d).
The main peaks close to 529.9-530.0 eV were related to TiO, bonds, whereas the second
component corresponded to a vast array of bonds, such as Ti-OH and C=0. Due to the low

significant peaks of these components, they could not be accurately identified.
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Regarding the Ti double-peak spectra assessment, one component was obtained
(Figure 2e/f, Figure 3e,f, and Figure 4e,f). The binding energies at 458.4-458.6 eV were
ascribed to TiO,; compounds. Furthermore, the metallic form of Ti was also observed at
453.8-453.9 eV in THD and SLA samples.

3. Discussion

In the present study, the successful decontamination of hydrocarbons of three different
surfaces by using a UVC-LED-based photofunctionalization device was assessed. After
24 h of irradiation, all titanium dental implants showed a significant drop in hydrocarbon
indices, associated with a sharp increase in O and Ti concentration. Therefore, UVC LED-
based technology is an effective method to overcome the biological aging of titanium,
modifying its chemical structure, regardless of the type of surface used and, thereby,
reactivating the implant surface.

In this investigation, some of the most common titanium surfaces widely used (acid-
etched, anodized, and sandblasting), were chosen, but there is a wide range of possibilities
available on the market. In this context, SEM characterization revealed morphological
differences at macro- and micro-scopic levels. In addition, in the XPS measurements, it is
evident that the major elements, i.e., C, O, and Ti, were always the same in each sample,
irrespective of the kind of surface employed. Indeed, similar results are also reported in
the literature [16,30].

Several studies on the surface chemistry underline more complicated compositions
involving other organic species, such as fluoride (F), nitrogen (N), or phosphorus (P),
correlated to the surface treatment methods applied [16], e.g., the use of strong acids for
etching, such as hydrochloric or nitric acids. The presence of aluminum (Al) and vanadium
(V) is associated with the most common titanium alloy (Ti-6Al-4V) employed in dental
implant production [31]. Additionally, silicon (Si) and sulphur (S) contents, organosilicon
and sulphur compounds, would be produced during the cleaning techniques or lubricant
residues in the manufacturing process [16].

Unfortunately, Ti surfaces unavoidably attract ubiquitous hydrocarbons from the
atmosphere, which justifies the high presence of carbon content in all the samples. Although
the hydrocarbons’ percentage of all specimens was notably reduced after LED-based UVC
irradiation, the TiUnite surface obtained considerably more effective results. Indeed,
it resulted in a reduction from 28.93 to 17.81 at. %, as the Cls spectra deconvolution at
BE = 284.6 eV shows. Likewise, it was observed that anodically oxidized surfaces contained
notably more hydrocarbons than the others before the lighting treatment [32].

Generally, acid-etched implants present lower hydrocarbon concentrations than ma-
chined surfaces [30]. Furthermore, compared to 4-week-old acid-etched Ti surfaces,
the newly manufactured implants present lower carbon concentrations, showing high
rates of oxygen-containing hydrocarbons on old surfaces that are not observed in newly
manufactured surfaces [33]. In this regard, both the amount of adsorbed albumin and
the number of attached osteoblasts show significant linear inverse correlations to carbon
content percentage. Thus, the higher the percentages of carbon compounds, the lower the
amounts of albumin and the number of cells attached to the titanium surface [26]. Moreover,
the hydrocarbon-contaminated surfaces exhibit rounded osteoblasts, with a suppression in
the cytoskeleton formation and a late cellular proliferation [34]. Decontaminated surfaces
have proven a considerable promotion of cellular phenotype [20,35]. Indeed, an important
aspect to consider is the way in which the interactions occurred and how organic molecules,
such as proteins or peptides, bind to the TiO, surface. Specifically, these interactions might
occur at an electrostatic level by two different mechanisms. One way may be between
bonds formed by positively charged amino acid groups (e.g., -NH>*) and the TiO, surface,
which is negatively charged. The alternative way may be between positively charged Ca**
bridges, which have been previously bonded to a negatively charged TiO; surface and
negatively charged amino acid groups (-COO™) [9].
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It must be highlighted that it was not the purpose of this investigation to provide sur-
face composition data of commercially available titanium dental implants. This information
is already reported in the scientific literature [16].

UV irradiation can be subdivided into three categories based on its wavelengths: UVC
or short wave (A = 200-280 nm), UVB or medium wave (A = 280-320 nm), and UVA or
large wave (A = 320400 nm). Although the three wavelengths have been analyzed [36-38],
by far the most studied have employed UVA and UVC light sources. Nevertheless, given
that both UVA and UVC trigger wettability changes (i.e., from hydrophobic to super-
hydrophilic surfaces), only UVC shows better decontamination rates of hydrocarbons,
bacteria, and biological effects. Therefore, UVC light is likely an efficient method of photo-
functionalization [12,15,20,24,36]. Moreover, neither UVA nor UVC light irradiation cause
topographic or morphologic changes on Ti implant surfaces [10,39].

Previous in vitro and in vivo studies employed custom-photofunctionalized disks and
cylinders [10,11,15,40]. Notwithstanding, little research has been conducted to determine
the effects of UVC photofunctionalization on commercially available Ti dental implants,
specifically, to clarify the chemical modifications of Ti implants and the possible influences
on the osseointegration process. Therefore, we conducted the present study with high
clinical implications to understand the photo-induced mechanism on implant surfaces.

Our findings show a successful response to remove hydrocarbons from a vast array
of marketed implant surfaces. Roy et al. obtained similar outcomes [41]. Addition-
ally, an in vitro implant study suggested the influences of photofunctionalization on the
modulation of the early inflammatory human response, which positively enhance the
osseointegration [42]. Meanwhile, the retrospective clinical studies report an increase in
ISQ and marginal bone level rates after UV photofunctionalization, increasing the success
rates up to 97.6% for 2.5 years of loading [22,43,44]. However, long-term clinical research
needs to be conducted.

Nonetheless, the main limitation of the present research is that it is an in vitro char-
acterization. In light of such encouraging and positive results, in vivo implications must
be confirmed in further clinical studies to determine the photofunctionalization influence
on osseointegration.

4. Materials and Methods
4.1. Sample Selection

Three original screw-type, commercially available Ti dental implants with different
surfaces were investigated in this descriptive in vitro study: THD (16 x 3.8 mm, Sterioss,
Anaheim, CA, USA), TiUnite (5 x 10 mm, Nobel Biocare, Gothenburg, Sweden), and SLA
(12 x 4.1 mm, Institut Straumann AG, Basel, Switzerland). The length and diameter of the
implants were established according to the description of the manufacturers.

The purpose was to constitute a good share of the worldwide marketed titanium
dental implant surfaces. Therefore, for each group, commonly sold surfaces were selected,
divided into 3 groups, according to their surface finish: acid-etched and sandblasted (THD);
anodically oxidized (TiUnite); or acid-etched, large-grit, and sandblasted (SLA).

4.2. Ultraviolet Irradiation Treatment

The specimens were UVC-irradiated under ambient conditions for 24 h in a custom-
designed LED-based device (A = 278 nm) (LEDs: LEUVA66BO0HFO00; LG Innotek, Seoul,
South Korea) with a light power source of 2 mW [25]. The samples rotated vertically in the
device, which had aluminum walls, which ensured the UVC light illuminated uniformly
on all sample surfaces. The 24 h-period was measured by a digital timer, and the distance
between the LEDs and the implants was 2 cm.
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4.3. Surface Analysis

Scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS)
were used to characterize the surface topography, morphology, and chemical composition
of the samples.

4.3.1. Scanning Electron Microscopy (SEM)

The surface topography and morphology of the three Ti implants were acquired
by scanning electron microscopy (SEM; S-3400N, Hitachi, Tokyo, Japan) under vacuum.
Sterile forceps were used to locate them in a SEM and avoid contamination. Implants
were analyzed without the addition of a conductive coating, with acceleration voltage
of 15 kV. To verify that the surfaces were different at the macro- and micro-scopic levels,
magnifications of 7-10x and 1000 x, respectively, were used.

4.3.2. X-ray Photoelectron Spectroscopy (XPS)

For chemical composition assessment, after being removed from their original pack-
aging, all samples were placed on the metal deck of the XPS chamber equipment and
introduced into it in order to analyze the surface chemistry prior to the UV treatment.
For each sample, three different evaluation points on the implant surface were analysed to
ensure homogeneity:

e THD: between threads 4 and 5, 6 and 7, and 19 and 20 of the implant;
e  TiUnite: between threads 2 and 3, 4 and 5, and 9 and 10 of the implant;
SLA: between threads 2 and 3, 4 and 5, and 7 and 8 of the implant.

The measurements of the XPS were conducted in equipment (SPECS System, Berlin,
Germany) with a Phoibos analyzer 150 1D-DLD and monochromatic Al K« (1486.7 eV)
X-ray source. Vacuum pressure of 5 x 107> mbar was used to analyze the spectral data
at a 90° exit angle and 1 x 3 mm of the measured area. First, a wide scan was carried
out to determine the elements present on the surface (step energy 1 eV, dwell time 0.1 s,
pass energy 80 eV). A detailed narrow scan was performed next, concentrating on the
major elements detected (step energy 0.1 eV, dwell time 0.1 s, pass energy 30 eV). The Cls
peak (hydrocarbons C-C and C-H) was used to calibrate the binding energies.

As described in Section 4.2, the specimens were then UVC-treated, i.e., photofunc-
tionalized, and the XPS analyses were repeated exactly as described above, so the same
information was available for the before and after UVC light-treated samples for each
different surface.

4.4. Statistical Analyses

CasaXPS 2.3.16 software (Casa Software Ltd.; Teignmouth, Devon, UK) was employed
to adjust the XPS spectra, which models the Gauss-Lorentzian contributions, after a back-
ground subtraction (Shirley). Deconvolutions of the detected elements and a descriptive
assessment were made.

5. Conclusions

The outcomes of this descriptive study suggest that decontamination of titanium
surfaces occurs after LED-based UVC photofunctionalization (A = 278 nm), decreasing
carbon compounds regardless of the kind of surface used. Therefore, this may allow
improving the chemical characteristics of titanium dental implants, thereby reactivating
the surface features.

Author Contributions: N.A.-L. contributed to the conceptualization, design, methodology, and inves-
tigation of the work; collected and analyzed the data; and drafted, revised, and edited the manuscript.
LA. contributed to the data descriptive analysis, critically revised the manuscript, and was the project
and funding manager. U.U. contributed to data interpretation, critically revised the manuscript,
and designed the custom device. All authors have read and agreed to the published version of
the manuscript.



Int. . Mol. Sci. 2021, 22, 2597 10 of 11

Funding: This research was funded by University of the Basque Country UPV/EHU, PPGA18/5 Re-
search Group and, supported by the Department of Education of the Basque Government within the
fund for research groups of the Basque university system IT978-16.

Acknowledgments: The authors express their gratitude for the technical and human support pro-
vided by SGIker of the University of The Basque Country (UPV/EHU) and for European funding
(European Regional Development Fund (ERDF) and the European Social Fund (ESF)).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript,
or in the decision to publish the results.

References

1. Albrektsson, T. Principles of Osseointegration; Mosby-Wolfe: London, UK, 1995.

2. Albrektsson, T.; Branemark, PI.; Hansson, H.A ; Lindstrom, J. Osseointegrated titanium implants. Requirements for ensuring a
long-lasting, direct bone anchorage in man. Acta Orthop. Scand. 1981, 52, 155-170. [CrossRef] [PubMed]

3. Degidi, M.; Nardi, D.; Piattelli, A. 10-year follow-up of immediately loaded implants with TiUnite porous anodized surface. Clin.
Implant Dent. Relat. Res. 2012, 14, 828-838. [CrossRef]

4. Nicolau, P; Guerra, F; Reis, R.; Krafft, T.; Benz, K.; Jackowski, J. 10-year outcomes with immediate and early loaded implants
with a chemically modified SLA surface. Quintessence Int. 2018, 50, 114-124. [CrossRef] [PubMed]

5. Chrcanovic, B.R.; Albrektsson, T.; Wennerberg, A. Bone quality and quantity and dental implant failure: A systematic review and
meta-analysis. Int. . Prosthodont. 2017, 30, 219-237. [CrossRef]

6.  Berglundh, T.; Armitage, G.; Araujo, M.G.; Avila-Ortiz, G.; Blanco, J.; Camargo, PM.; Chen, S.; Cochran, D.; Derks, ].; Figuero, E.;
et al. Peri-implant diseases and conditions: Consensus report of workgroup 4 of the 2017 World Workshop on the Classification
of Periodontal and Peri-Implant Diseases and Conditions. J. Clin. Periodontol. 2018, 45 (Suppl. 520), S286-S291. [CrossRef]

7. Canullo, L.; Genova, T.; Tallarico, M.; Gautier, G.; Mussano, E; Botticelli, D. Plasma of argon affects the earliest biological response
of different implant surfaces: An in vitro comparative study. J. Dent. Res. 2016, 95, 566-573. [CrossRef]

8. Choi, S.H.; Jeong, WS.; Cha, ].Y.; Lee, ].H.; Lee, K.J; Yu, H.S.; Choi, E.H.; Kim, K.M.; Hwang, C.]. Effect of the ultraviolet
light treatment and storage methods on the biological activity of a titanium implant surface. Dent. Mater. 2017, 33, 1426-1435.
[CrossRef]

9. Buser, D.; Broggini, N.; Wieland, M.; Schenk, R.K.; Denzer, A.].; Cochran, D.L.; Hoffman, B.; Lussi, A.; Steinemann, S.G. Enhanced
bone apposition to a chemically modified SLA titanium surface. J. Dent. Res. 2004, 83, 529-533. [CrossRef] [PubMed]

10. Sugita, Y.; Saruta, J.; Taniyama, T.; Kitajima, H.; Hirota, M.; Ikeda, T.; Ogawa, T. UV-pre-treated and protein-adsorbed titanium
implants exhibit enhanced osteoconductivity. Int. J. Mol. Sci. 2020, 21, 4194. [CrossRef] [PubMed]

11.  Pacheco, V.N.; Nolde, J.; Silva de Quevedo, A.; Visioli, F; Ponzoni, D. Improvement in the chemical structure and biological
activity of surface titanium after exposure to UVC light. Odontology 2021, 109, 271-278. [CrossRef] [PubMed]

12.  Att, W,; Hori, N.; Iwasa, F; Yamada, M.; Ueno, T.; Ogawa, T. The effect of UV-photofunctionalization on the time-related
bioactivity of titanium and chromium-cobalt alloys. Biomaterials 2009, 30, 4268-4276. [CrossRef]

13.  Rupp, F; Scheideler, L.; Olshanska, N.; Wild, M.; Wieland, M.; Geis-Gerstorfer, . Enhancing surface free energy and hydrophilicity
through chemical modification of microstructured titanium implant surfaces. J. Biomed. Mater. Res. A 2006, 76, 323-334. [CrossRef]
[PubMed]

14. Hori, N.; Att, W.; Ueno, T,; Sato, N.; Yamada, M.; Saruwatari, L.; Suzuki, T.; Ogawa, T. Age-dependent degradation of the protein
adsorption capacity of titanium. J. Dent. Res. 2009, 88, 663—667. [CrossRef] [PubMed]

15. Dini, C.; Nagay, B.E.; Cordeiro, ].M.; Da Cruz, N.C.; Rangel, E.C.; Ricomini-Filho, A.P.; De Avila, E.D.; Barao, V.A.R. UV-
photofunctionalization of a biomimetic coating for dental implants application. Mater. Sci. Eng. C Mater. Biol. Appl. 2020,
110, 110657. [CrossRef] [PubMed]

16. Massaro, C.; Rotolo, P.; De Riccardis, F.; Milella, E.; Napoli, A.; Wieland, M.; Textor, M.; Spencer, N.D.; Brunette, D.M. Comparative
investigation of the surface properties of commercial titanium dental implants. Part I. Chemical composition. J. Mater. Sci. Med.
2002, 13, 535-548. [CrossRef] [PubMed]

17. Kang, B.S,; Sul, Y.T.; Oh, SJ.; Lee, H].; Albrektsson, T. XPS, AES and SEM analysis of recent dental implants. Acta Biomater. 2009,
5,2222-2229. [CrossRef] [PubMed]

18. Fujishima, A.; Rao, T.N.; Tryk, D.A. Titanium dioxide photocatalysis. J. Photochem. Photobiol. C Photochem. Rev. 2000, 1, 1-21.
[CrossRef]

19. Diebold, U. The surface science of titanium dioxide. Surf. Sci. Rep. 2003, 48, 5-8. [CrossRef]

20. Aita, H.; Att, W,; Ueno, T.; Yamada, M.; Hori, N.; Iwasa, F; Tsukimura, N.; Ogawa, T. Ultraviolet light-mediated photofunction-
alization of titanium to promote human mesenchymal stem cell migration, attachment, proliferation and differentiation. Acta
Biomater. 2009, 5, 3247-3257. [CrossRef]

21. Att, W,; Ogawa, T. Biological aging of implant surfaces and their restoration with ultraviolet light treatment: A novel understand-

ing of osseointegration. Int. J. Oral Maxillofac. Implants 2012, 27, 753-761. [PubMed]


http://doi.org/10.3109/17453678108991776
http://www.ncbi.nlm.nih.gov/pubmed/7246093
http://doi.org/10.1111/j.1708-8208.2012.00446.x
http://doi.org/10.3290/j.qi.a41664
http://www.ncbi.nlm.nih.gov/pubmed/30564806
http://doi.org/10.11607/ijp.5142
http://doi.org/10.1111/jcpe.12957
http://doi.org/10.1177/0022034516629119
http://doi.org/10.1016/j.dental.2017.09.017
http://doi.org/10.1177/154405910408300704
http://www.ncbi.nlm.nih.gov/pubmed/15218041
http://doi.org/10.3390/ijms21124194
http://www.ncbi.nlm.nih.gov/pubmed/32545509
http://doi.org/10.1007/s10266-020-00540-w
http://www.ncbi.nlm.nih.gov/pubmed/32978637
http://doi.org/10.1016/j.biomaterials.2009.04.048
http://doi.org/10.1002/jbm.a.30518
http://www.ncbi.nlm.nih.gov/pubmed/16270344
http://doi.org/10.1177/0022034509339567
http://www.ncbi.nlm.nih.gov/pubmed/19641155
http://doi.org/10.1016/j.msec.2020.110657
http://www.ncbi.nlm.nih.gov/pubmed/32204085
http://doi.org/10.1023/A:1015170625506
http://www.ncbi.nlm.nih.gov/pubmed/15348583
http://doi.org/10.1016/j.actbio.2009.01.049
http://www.ncbi.nlm.nih.gov/pubmed/19261554
http://doi.org/10.1016/S1389-5567(00)00002-2
http://doi.org/10.1016/S0167-5729(02)00100-0
http://doi.org/10.1016/j.actbio.2009.04.022
http://www.ncbi.nlm.nih.gov/pubmed/22848875

Int. . Mol. Sci. 2021, 22, 2597 11 of 11

22.  Funato, A.; Yamada, M.; Ogawa, T. Success rate, healing time, and implant stability of photofunctionalized dental implants. Int. ].
Oral Maxillofac. Implants 2013, 28, 1261-1271. [CrossRef]

23. Kim, M.Y;; Choi, H; Lee, ].H.; Kim, ].H.; Jung, H.S.; Kim, ].H.; Park, Y.B.; Moon, H.S. UV photofunctionalization effect on bone
graft in critical one-wall defect around implant: A pilot study in beagle dogs. Biomed. Res. Int. 2016, 2016, 4385279. [CrossRef]

24. Jain, S.; Williamson, R.S.; Marquart, M.; Janorkar, A.V.; Griggs, ].A.; Roach, M.D. Photofunctionalization of anodized titanium
surfaces using UVA or UVC light and its effects against Streptococcus sanguinis. . Biomed. Mater. Res. B Appl. Biomater. 2018,
106, 2284-2294. [CrossRef] [PubMed]

25.  Suzuki, T.; Hori, N.; Att, X.; Kubo, K.; Iwasa, F.; Ueno, T.; Maeda, H.; Ogawa, T. Ultraviolet treatment overcomes time-related
degrading bioactivity of titanium. Tissue Eng. Part A 2019, 15, 3679-3688. [CrossRef]

26. Aita, H.; Hori, N.; Takeuchi, M.; Suzuki, T.; Yamada, M.; Anpo, M.; Ogawa, T. The effect of ultraviolet functionalization of
titanium on integration with bone. Biomaterials 2009, 30, 1015-1025. [CrossRef] [PubMed]

27. Alvarez-Caicoya, J.; Cosme-Torres, A.].; Ortiz-Rivera, E.I. Compact fluorescent lamps, and anticipatory mind to mercury. IEEE
Potentials 2011, 30, 35-38. [CrossRef]

28. Minamata Convention on Mercury, United Nations (UN) Environment Program. Available online: http://www.mercuryconvention.
org (accessed on 4 January 2021).

29. Arroyo-Lamas, N.; Ugalde, U.; Arteagoitia, I. Decontamination of Ti oxide surfaces by using ultraviolet light: Hg-vapor vs.
LED-based irradiation. Antibiotics 2020, 9, 724. [CrossRef] [PubMed]

30. Morra, M.; Cassinelli, C.; Bruzzone, G.; Carpi, A.; Di Santi, G.; Giardino, R.; Fini, M. Surface chemistry effects of topographic
modification of titanium dental implant surfaces: 1. Surface analysis. Int. |. Oral Maxillofac. Implants 2003, 18, 40-45. [PubMed]

31. Sidambe, A.T. Biocompatibility of advanced manufactured titanium implants-a review. Materials 2014, 7, 8168-8188. [CrossRef]

32. Kolafova, M.; Stovicek, J.; Strnad, J.; Zemek, J.; Dybal, J. In vitro bioactivity test of real dental implants according to ISO 23317.
Int. . Oral Maxillofac. Implants 2017, 32, 1221-1230. [CrossRef]

33. Att, W,; Hori, N.; Takeuchi, M.; Ouyang, J.; Yang, Y.; Anpo, M.; Ogawa, T. Time-dependent degradation of titanium osteoconduc-
tivity: An implication of biological aging of implant materials. Biomaterials 2009, 30, 5352-5363. [CrossRef] [PubMed]

34. Hayashi, R.; Ueno, T.; Migita, S.; Tsutsumi, Y.; Doi, H.; Ogawa, T.; Hanawa, T.; Wakabayashi, N. Hydrocarbon deposition
attenuates osteoblast activity on titanium. J. Dent. Res. 2014, 93, 698-703. [CrossRef]

35. Iwasaki, C.; Hirota, M.; Tanaka, M.; Kitajima, H.; Tabuchi, M.; Ishijima, M.; Park, W.; Sugita, Y.; Miyazawa, K.; Goto, S.; et al.
Tuning of titanium microfiber scaffold with UV-photofunctionalization for enhanced osteoblast affinity and function. Int. J. Mol.
Sci. 2020, 21, 738. [CrossRef]

36. Hayashi, M,; Jimbo, R.; Xue, Y.; Mustafa, K.; Andersson, M.; Wennerberg, A. Photocatalytically induced hydrophilicity influences
bone remodelling at longer healing periods: A rabbit study. Clin. Oral Implants Res. 2014, 25, 749-754. [CrossRef]

37. Lorenzetti, M.; Dakischew, O.; Trinkaus, K.; Lips, K.S.; Schnettler, R.; Kobe, S.; Noval, S. Enhanced osteogenesis on titanium
implants by UVB photofunctionalization of hydrothermally grown TiO2 coatings. J. Biomater. Appl. 2015, 30, 71-84. [CrossRef]

38. Lee, J.B;Jo, YH,; Choi, ].Y,; Seol, Y.J.; Lee, YM.; Ku, Y.; Rhyu, I.C.; Yeo, I.S.L. The effect of ultraviolet photofunctionalization on a
titanium dental implant with machined surface: An in vitro and in vivo study. Materials 2019, 12, 2078. [CrossRef] [PubMed]

39. Ogawa, T. Ultraviolet photofunctionalization of titanium implants. Int. J. Oral Maxillofac. Implants 2014, 29, e95-e102. [CrossRef]
[PubMed]

40. Taniyama, T.; Saruta, J.; Reazi, N.M.; Nakhaei, K.; Ghassemi, A.; Hirota, M.; Okubo, T.; Ikeda, T.; Sugita, Y.; Hasegawa, M.; et al.
UV-photofunctionalization of titanium promotes mechanical anchorage in a rat osteoporosis model. Int. J. Mol. Sci. 2020, 21, 1235.
[CrossRef] [PubMed]

41. Roy, M.; Pompella, A.; Kubacki, J.; Szade, J.; Roy, R.A.; Hedzelek, W. Photofunctionalization of titanium: An alternative
explanation of its chemical-physical mechanism. PLoS ONE 2016, 11, e0157481. [CrossRef]

42. Harder, S.; Quabius, E.S.; Meinke, F.; Mehl, C.; Kern, M. Changes in proinflammatory gene expression in human whole blood
after contact with UV-conditioned implant surfaces. Clin. Oral Investig. 2019, 23, 3731-3738. [CrossRef]

43. Suzuki, S.; Kobayashi, H.; Ogawa, T. Implant stability change and osseointegration speed of immediately loaded photofunctional-
ized implants. Implant Dent. 2013, 22, 481-490. [CrossRef] [PubMed]

44. Hirota, M.; Ozawa, T.; Iwai, T.; Ogawa, T.; Tohnai, I. Effect of photofunctionalization on early implant failure. Int. ]. Oral Maxillofac.
Implants 2018, 33, 1098-1102. [CrossRef] [PubMed]


http://doi.org/10.11607/jomi.3263
http://doi.org/10.1155/2016/4385279
http://doi.org/10.1002/jbm.b.34033
http://www.ncbi.nlm.nih.gov/pubmed/29098762
http://doi.org/10.1089/ten.tea.2008.0568
http://doi.org/10.1016/j.biomaterials.2008.11.004
http://www.ncbi.nlm.nih.gov/pubmed/19042016
http://doi.org/10.1109/MPOT.2010.939762
http://www.mercuryconvention.org
http://www.mercuryconvention.org
http://doi.org/10.3390/antibiotics9110724
http://www.ncbi.nlm.nih.gov/pubmed/33105704
http://www.ncbi.nlm.nih.gov/pubmed/12608667
http://doi.org/10.3390/ma7128168
http://doi.org/10.11607/jomi.5132
http://doi.org/10.1016/j.biomaterials.2009.06.040
http://www.ncbi.nlm.nih.gov/pubmed/19595450
http://doi.org/10.1177/0022034514536578
http://doi.org/10.3390/ijms21030738
http://doi.org/10.1111/clr.12138
http://doi.org/10.1177/0885328215569091
http://doi.org/10.3390/ma12132078
http://www.ncbi.nlm.nih.gov/pubmed/31261627
http://doi.org/10.11607/jomi.te47
http://www.ncbi.nlm.nih.gov/pubmed/24451893
http://doi.org/10.3390/ijms21041235
http://www.ncbi.nlm.nih.gov/pubmed/32059603
http://doi.org/10.1371/journal.pone.0157481
http://doi.org/10.1007/s00784-019-02801-7
http://doi.org/10.1097/ID.0b013e31829deb62
http://www.ncbi.nlm.nih.gov/pubmed/24021973
http://doi.org/10.11607/jomi.6541
http://www.ncbi.nlm.nih.gov/pubmed/30231097

	Introduction 
	Results 
	Scanning Electron Microscopy (SEM) Analysis 
	X-ray Photoelectron Spectroscopy (XPS) Analysis 

	Discussion 
	Materials and Methods 
	Sample Selection 
	Ultraviolet Irradiation Treatment 
	Surface Analysis 
	Scanning Electron Microscopy (SEM) 
	X-ray Photoelectron Spectroscopy (XPS) 

	Statistical Analyses 

	Conclusions 
	References

