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Abstract

The development of dental adhesive resins with long-lasting antibacterial properties is a possible 

solution to overcome the problem of secondary caries in modern adhesive dentistry.

Objectives: Synthesis and characterization of nitrogen-doped titanium dioxide nanoparticles 

(N_TiO2), (ii) topographical, compositional and wettability characterization of thin-films 

(unaltered and experimental) and, (iii) antibacterial efficacy of N_TiO2-containing dental 

adhesives against Streptococcus mutans biofilms.

Materials and methods: Nanoparticles were synthesized and characterized using different 

techniques. Specimens (diameter= 12 mm, thickness ≅ 15 μm) of OptiBond Solo Plus (Kerr Corp., 

USA) and experimental adhesives [50, 67 and 80% (v/v)] were fabricated, photopolymerized 

(1000 mW/cm2, 1 min) and UV-sterilized (254 nm, 800,000 μJ/cm2) for microscopy, spectroscopy, 

wettability and antibacterial testing. Wettability was assessed with a contact angle goniometer by 

dispensing water droplets (2 μL) onto four random locations of each specimen (16 drops/group). 

Drop profiles were recorded (1 min, 25 frames/sec, 37°C) and contact angles were calculated at 

time=0s (θINITIAL) and time=59s (θFINAL). Antibacterial testing was performed by growing S. 
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mutans (UA159-ldh, JM10) biofilms for either 3 or 24 hours (anaerobic conditions, 37°C) with or 

without continuous light irradiation (410 ± 10 nm, 3h= 38.75 J/cm2, 24h= 310.07 J/cm2) against 

the surfaces of sterile specimens.

Results: N_TiO2 was successfully prepared using solvothermal methods. Doped-nanoparticles 

displayed higher light absorption levels when compared to undoped titania. Experimental 

adhesives demonstrated superior antibacterial efficacy in dark conditions.

Conclusions: The findings presented herein suggest that N_TiO2 is a feasible antibacterial agent 

against cariogenic biofilms.
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1. Introduction

Dental caries is one of the most common and costly bacterial infections affecting human 

beings [1–3]. It is estimated that the treatment of oral biofilm-related diseases costs 

approximately $81 billion in the U.S. alone [4, 5]. Secondary or recurrent caries is defined 

as the development of carious lesions at the interface between the adhesive resin and tooth 

structure [6, 7]. Several studies have shown that secondary caries is the most common cause 

of failure of dental restorations [8–13]. According to Melo et al. (2013) [3], “the 
replacement of failed restorations accounts for around 60% of all restorations performed in 
the USA each year at an annual cost of over $5 billion”.

The problem of failed restorations is exacerbated on composite resins because these 

materials have shorter service lives and tend to accumulate more biofilms when compared to 

enamel [14] and other restorative materials [15]. Hansel et al. [16] while studying the effects 

of extractable components of composite resins over the growth of oral microorganisms, 

demonstrated that some co-monomers, such as EGDMA (ethylene glycol dimethacrylate) 

and TEGDMA (triethylene glycol dimethacrylate), upregulate the growth of acidogenic 

microorganisms such as Streptococcus mutans. It is believed that material-driven artificial 

selection of acidogenic and aciduric microorganisms [17–20] play important roles in the 

degradation of a material’s surface, adhesive layer deterioration and pulpal irritation. In this 

context, it becomes critically relevant to develop novel restorative dental biomaterials. 

Ideally, these novel materials should display superior levels of biocompatibility, promote the 

deposition of a hydroxyapatite-like layer at the adhesive interface, be acid resistant and 

should have self-healing, self-cleaning and antibacterial properties.

Previous studies have investigated the antibacterial properties of experimental resin-based 

restorative materials containing antibacterial agents such as fluoride (F-) [21], chlorhexidine 

[22–25], quaternary ammonium dimethacrylate (QADM) [26], 12-

methacryloyloxydodecylpyridinium bromide (MDPB) [27], silver nanoparticles (nAg) [28, 

29], zinc oxide (ZnO) [30–32] and titanium dioxide nanoparticles (nTiO2) [33–36] against 

several oral microorganisms. In 1985, Matsunaga et al. [37] published the first description of 

the photochemical sterilization of Lactobacillus acidophilus, Saccharomyces cerevisiae and 
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Escherichia coli using titanium dioxide (TiO2) powders with halide lamp irradiation (60–120 

min). The fundamental mechanism of TiO2 photocatalysis is based on the interaction of 

light, at appropriate wavelength and photon energy with the surface of the photocatalyst. If 

such electronic requirement is satisfied (i.e. 385 nm and 3.2204 eV for anatase), then 

electrons pertaining to the valence band (fundamental state) will be promoted into the 

conduction band (excited state) leaving a positively charged electron vacancy in the valence 

band.

The resulting free electrons of the conduction band (e−
CB) and the positively charged holes 

(h+
VB) of the valence band (Equation 1) [38] may recombine to release the excess energy in 

the form of heat or light [39]. If recombination doesn’t occur, newly generated e−
CB and h

+
VB migrate to the photocatalyst’s surface to participate in numerous oxidation and 

reduction reactions. These reactions will then generate reactive oxygen species (ROS), as 

described in equations 2 and 3. Follow-on reactions (Equations 4–7) can generate hydrogen 

peroxide (H2O2) or hydroperoxyl radicals (•OOH) [38].

TiO2 + hv eCB
− + hVB

+ (1)

H2O +   h VB
+     ⋅ OH +   H+ (2)

OH− +   h VB
+     ⋅ OH (3)

2   O2
⋅ − + 2H+ H2O2 + O2 (4)

⋅ OH +   ⋅ OH     H2O2 (5)

O2
⋅ − +   H2O2   ⋅ OH + OH− + O2 (6)

  O2
⋅ − + H+ ⋅ OOH (7)

Despite its proven efficacy against microorganisms relevant to public health, the underlying 

antibacterial mechanism of TiO2 photocatalysis remains to be fully elucidated. It is believed 
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that ROS generated due to TiO2 irradiation will preferentially attack polyunsaturated 

phospholipids of the microorganisms’ membranes by a lipid peroxidation process [40, 41]. 

This process causes a chain reaction that promotes the denaturation of proteins and electron 

mediators. The progression of this process leads to complete membrane disruption, 

cytoplasm leakage and cell death. However, even though TiO2 photocatalysis is a 

conceptually feasible technology [42], its efficacy is dependent on the use of UV irradiation 

at energy levels extremely dangerous to human cells and tissues [43]. Nevertheless, Cai et al. 

[33–36, 44] have demonstrated the successful incorporation of 5–30% of nTiO2 in dental 

adhesive resins. Their findings demonstrated that experimental adhesive resins displayed 

antibacterial and bioactive properties when irradiated with UVA (371 nm) along with energy 

doses that ranged from 3 to 43 J/cm2 which, in dermatological applications are considered as 

moderate-to-high energy doses [45].

Recent advancements have focused on strategies to narrow the TiO2 band gap to facilitate 

visible light absorption and overcome the necessity to use UV wavelengths (100–400 nm). 

In this direction, Asahi et al. (2001) [46] using the full-potential linearized augmented plane 

wave (FLAPW), have calculated the density of states (DOSs) of substitutional doping with 

non-metal ions (N, C, F, P and S) for oxygen (O) in the anatase crystalline structure. Their 

findings demonstrated that doping with nitrogen produced materials with superior visible 

photocatalytic activity because nitrogen introduces a midgap state (N 2p, ≈ 2.47 eV) located 

above the regular valence band of TiO2 (O 2p, ≈ 3.2 eV for anatase) [47]. As a result, the 

band-gap narrows and allows for the photo-excitation of electrons with the use of visible 

wavelengths (400–700 nm).

Therefore, the objectives of the present study were: (i) Synthesis and characterization of 

nitrogen-doped titanium dioxide nanoparticles (N_TiO2) in a form compatible with dental 

adhesive resins, (ii) topographical, compositional and wettability analyses of thin-films 

fabricated with unaltered or N_TiO2-containing dental adhesive resins and (iii) 

determination of the antibacterial efficacy of N_TiO2 immobilized in experimental dental 

adhesive resins against Streptococcus mutans biofilms.

2. Materials and Methods

2.1 Synthesis of N_TiO2

Nitrogen-doped TiO2 nanoparticles were synthesized via a 2-step process. The first step was 

the solvothermal synthesis of pure TiO2 in a manner similar to Dinh et al. [48]. The second 

step was nitrogen-doping of the TiO2 in a manner similar to Huo et al. [49]. In a typical 

reaction, a solution comprised of 1.7 g of Ti(IV)-butoxide (Aldrich, 97 %), 4.6 g ethanol 

(Decon Labs, 200 proof), 6.8 g oleylamine (Aldrich, 70 %), and 7.1 g oleic acid (Aldrich, 

90%) was prepared, then mixed with 20 mL of 4% H2O in ethanol (18-MΩ Milli-Q; Decon 

Labs). Each solution was clear before mixing, but the final mixture immediately clouded due 

to formation of micelles and likely some hydrolysis. This solution was then split into two 

portions (around 20 mL/portion), and each portion was placed into a high-pressure reaction 

vessel (Paar Series 5000 Multiple Reactor System) and reacted at 180°C for 24 hours. The 

vessels were stirred via external magnetic field and Teflon-coated stir bars. The reaction 

vessels were Teflon-lined. Upon cooling, the solutions were decanted and rinsed 3 times 
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with anhydrous ethanol to remove extraneous surfactants. The pure TiO2 nanoparticles were 

readily dispersible into 20–30 mL ethanol, but did not form clear solutions. The TiO2 

nanoparticles were stored in ethanol.

For the second step, a portion of the TiO2 nanoparticles in ethanol were then reacted with an 

equal volume of triethylamine (Aldrich, 99.5 %), also using the high-pressure reaction 

vessel, at 140°C for 12 hours. The exact concentration of TiO2 in ethanol/triethylamine 

varied, but in every instance, there was a large excess of triethylamine. Upon cooling, the 

now-doped N_TiO2 particles were rinsed 3 times with anhydrous ethanol. The final N_TiO2 

nanoparticle solution was in ethanol, and the concentration of particles was determined 

gravimetrically and was approximately 35 mg/mL.

2.2 Characterization of N_TiO2

2.2.1 UV-VIS spectroscopy—TiO2 (P25, Evonik Degussa GmbH, Germany) and 

N_TiO2 (Oak Ridge National Laboratory, USA) nanoparticles in ethanol suspension were 

individually characterized in terms of optical absorbance with a Cary®50 (Agilent 

Technologies, Santa Clara, CA) spectrophotometer using the transmittance method. Aliquots 

(20 μL) of each material (either P25 or N_TiO2, 40 mg/mL in ethanol) were individually 

placed in a quartz microcell. Each sample was then placed inside the spectrophotometer’s 

chamber between the light source and the photodetector, and the intensity of light that 

reached the photodetector was measured from 190–900 nm in 2 nm increments.

2.2.2 Scanning Electron Microscopy (SEM)—Aliquots (5 μL) of N_TiO2 suspended 

in ethanol in the as-synthesized concentration (200 proof, 40 mg/mL, Oak Ridge National 

Laboratory, USA) were placed onto a polished silicon wafer. N_TiO2 samples were air-dried 

in room temperature until all the solvent had been evaporated. Individual N_TiO2 samples 

were then mounted onto standard aluminum SEM pin stubs (diameter 1/8”) and were sputter 

coated with a thin-layer (~4 nm) of iridium using a sputter coater (K575D, Emitech Sample 

Preparation, UK) prior to the imaging process. Adhesive specimens containing 50, 67 and 

80 % (v/v) were mounted directly onto standard aluminum SEM pin stubs using double-

sided carbon tape and silver paste for electrical grounding to the stub. The adhesive samples 

were sputter coated using the same procedures described for the N_TiO2 in suspension. 

Both, N_TiO2 in suspension and immobilized in dental adhesive resins were imaged using a 

Zeiss Neon 40 EsB SEM at 5 kV. Energy dispersive X-ray spectroscopy (EDS) and EDS 

compositional mapping was performed using an Oxford INCA 250 microanalysis system 

with an analytical drift detector at 15 kV.

2.2.3 Transmission electron microscopy (TEM)—Nitrogen-doped TiO2 

nanoparticles suspended in ethanol (200 proof, 0.032 mg/mL, Oak Ridge National 

Laboratory, USA) were dispersed by brief sonication in an ultrasound bath (Bransonic 220, 

Branson Ultrasonics, USA). A drop of suspended TiO2 nanoparticles was placed on holey 

carbon coated copper grids. The drop was allowed to adsorb for 1–2 min, then wicked with 

filter paper to remove excess fluid, and dried before viewing in a JEOL 2000FX 

transmission electron microscope. Images were made on Carestream® Kodak® electron 

image film SO-163 (Eastman Kodak Company, USA) and digitized with an Epson 
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Perfection V750-M Pro scanner (Epson America, Inc. USA). X-ray spectra were collected 

using a Kevex thin window detector and EDS software (IXRF Systems Inc., USA)

2.3 Specimen fabrication

Disk shaped specimens (diameter= 12.00 mm, thickness≅ 15 μm) of OptiBond Solo Plus 

adhesive resin (Kerr Corp., USA) and experimental adhesive resins containing 50, 67 and 

80 % (v/v) of N_TiO2, were manually fabricated by individually dispensing 10 μL of each 

material onto the surfaces of separated glass coverslips (No.2, VWR International, LLC). 

Both the unaltered and experimental adhesive resins were then uniformly spread over glass 

coverslips using disposable flexible applicators (Kerr Corp., USA) and were polymerized 

using blue light irradiation (1000 mW/cm2, 1 min) emitted from a broadband LED light-

curing unit (VALO, Ultradent Products, Inc., USA). Specimens of both unaltered and 

experimental adhesive resins were then UV-sterilized (254 nm, 800,000 μJ/cm2, UVP 

Crosslinker, model CL-1000, UVP, USA).

2.4 Bacterial Strain

Streptococcus mutans strain UA159 (JM10 : : pJM1-ldh, luc+, SpcR, luc under the control of 

the ldh promoter) was utilized for this project. The selection of antibiotic-resistant colonies 

was performed on TH plates (Todd-Hewitt, BD Difco, USA) supplemented with 0.3 % yeast 

extract (EMB, Germany) and 800 μg/mL of spectinomycin (MP Biomedicals, USA). The 

plates were incubated under anaerobic conditions at 37°C for 48 h.

2.5 Antibacterial behavior of N_TiO2 immobilized in dental adhesive resins

In order to assess the antibacterial efficacy of experimental adhesive resins containing 50, 67 

and 80 % (v/v) of N_TiO2 (Oak Ridge National Laboratory, USA), S. mutans biofilms were 

grown against the surfaces of sterile specimens of both unaltered and experimental adhesive 

resins. Planktonic cultures of S. mutans (UA159-ldh, JM10) were grown in THY culture 

medium at 37°C for 16 hours. Planktonic cultures having optical density (OD600) levels ≥ 

0.900 were used as inoculum to grow the biofilms. A 1:500 dilution of the inoculum was 

added to 0.65× THY + 0.1 % (w/v) sucrose biofilm growth medium. Aliquots of inoculated 

biofilm growth media (2.5 mL) were dispensed into the wells of sterile 24-well microtiter 

plates (Falcon, Corning, USA) containing sterile specimens. Biofilms were grown for either 

3 or 24 hours (static cultures, anaerobic conditions, 37°C) with or without continuous light 

irradiation provided by a prototype LED device (410 ± 10 nm, 3h irradiation= 38.75 J/cm2, 

24h irradiation= 310.07 J/cm2).

After the growth period, biofilms were replenished with 2.5 mL of fresh 1× THY + 1 % 

(w/v) glucose culture medium and were incubated at 37°C for 1 hour. Replenished biofilms 

were transferred into individual sterile polypropylene tubes (3.0 mL, ConSert Vials, Thermo 

Fisher Scientific, USA) containing 1.0 mL of fresh 0.65× THY + 0.1 % (w/v) sucrose 

medium. Vials containing the specimens were sonicated to facilitate the removal of the 

adherent biomass using a sonicator (Q700 sonicator, QSonica, USA) connected to a water 

bath (4°C; 4 cycles of 1 minute, 15 second interval between cycles; power 230 ± 10 W, total 

energy≈ 78 kJ).
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2.6 Viable colony counts

Biofilms grown on the surfaces of both unaltered and experimental dental adhesive resins 

(section 2.5) were sonicated to allow the antibacterial efficacy assessment using the colony-

forming units method (CFU). The procedures involved in the viable colony counts 

(CFU/mL) measured in the present study have been described in detail in our previous 

publication [50], and will be summarized here. Immediately after sonication procedures, 

inoculum aliquots (10 μL) from each specimen were diluted in 90 μL of 0.65x THY + 0.1 % 

(w/v) sucrose sterile culture medium. Serial dilutions (10−6) were then carried out in that 

culture medium for all samples using a multi-channel pipette (5–50 μL, VWR, USA). 

Aliquots (10 μL) of each dilution were then plated in triplicate (total: 30 μL/sample/dilution) 

using THY plates supplemented with 800 μg of spectinomycin.

2.7 Staining and Confocal Laser Scanning Microscopy

A separate set of specimens was fabricated as described in section 2.3. Biofilms were then 

grown on the surfaces of unaltered and experimental adhesive resins, using the same 

conditions described in section 2.5 in preparation for staining and confocal microscopy. The 

biofilms on all specimens were stained using BacLight™ LIVE/DEAD fluorescent stains 

(1.67 μM each of Syto 9 to stain live cells and propidium iodide to stain dead/damaged cells, 

Molecular Probes, USA) and kept hydrated prior to confocal microscopy. The confocal 

microscopy procedure has been described in detail in our previous publication [51], and will 

be summarized here. The full thickness of biofilms on all specimens was imaged at three 

randomly selected locations per specimen, in order to gain a representative sample for each 

specimen, using a Leica TCS SP2 MP confocal laser scanning microscope (CLSM) with Ar 

(488 nm) and He/Ne (543 nm) lasers for excitation of the fluorescent stains. A 63x water 

immersion microscope objective lens was used and serial optical sections were recorded 

from the top of the specimen to the top of the biofilm at 0.6 μM intervals in the z-direction. 

Representative 3-D reconstruction images of live and dead/damaged cells in the 24-hour 

biofilms grown on adhesive resins were generated using Volocity software (Version 4.4.0, 

Velocity Software solutions Pvt. Ltd., India) to facilitate visualization of biofilm distribution 

in all groups investigated.

2.8 Contact angle goniometry

A separate set of specimens (n= 4/group/concentration) was fabricated as described before 

(section 2.3 above) in preparation for the contact angle goniometry at oral temperature 

(37°C). Immediately after fabrication, specimens of each group were left undisturbed (10 

min) inside the environmental chamber of a contact angle goniometer (OCA15-Plus, 

Dataphysics Instruments, Germany) for thermal equilibration prior to testing. The wettability 

of water was tested at oral temperature by displacing a 2 μL drop of ultrapure water onto 

four random locations of each specimen (16 drops/group). The profiles of the axisymmetric 

drops were recorded using a high-speed and high-definition CCD camera (1 min, 25 frames/

sec). The evolution of drop profiles over time was analyzed using SCA20 software 

(Dataphysics Instruments, Germany) and the Laplace-Young equation was used to calculate 

the contact angles at time= 0s (θINITIAL) and time= 59s (θFINAL).
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2.9 Statistical Analysis

The statistical analyses were performed using the SAS software (version 9.2; SAS Institute, 

USA). The viable colony counts (CFU/mL) for biofilms grown with or without light 

irradiation, and the wettability of dental adhesive resins containing varying concentrations of 

N_TiO2 (10–80%) were analyzed using General Linear Models (GLM) and Student-

Newman-Keuls post hoc tests (α= 0.05).

3. Results

3.1 UV-vis spectroscopy

Figure 1 represents the UV-vis spectroscopy results for both the undoped and nitrogen-

doped titanium dioxide nanoparticles. It is possible to observe that doped samples displayed 

higher absorption levels throughout the range of wavelengths considered, which confirms 

that nitrogen was successfully incorporated into the crystal lattice of titania.

3.2 SEM, EDS and TEM characterization of non-immobilized N_TiO2

Figure 2 represents the SEM pictures of N_TiO2 nanoparticles at different magnifications 

(500x to 50,000x). Even though it is possible to observe a strong behavior of nanoparticles 

agglomeration in the as-synthesized concentration (40 mg/mL in ethanol 200 proof), these 

pictures suggest that nanoparticles fabricated by the solvothermal method (described in 

section 2.1) have an approximate spherical shape, smooth surfaces and most of the 

nanoparticles exhibit some faceting. Figure 3 represents the EDS pictures of the 

compositional analysis of the N_TiO2 nanoparticles in the as-synthesized concentration (40 

mg/mL). The mapping of elements indicates large quantities of titanium (Ti), oxygen (O), 

carbon (C) and silicon (Si). The visible peaks present in the EDS compositional spectrum 

confirm the presence and the relative amounts (in wt %) of the elements in the samples 

investigated. Figure 4 shows TEM images (500,000x magnification) and compositional 

analysis of N_TiO2. The TEM images presented confirm the SEM findings regarding the 

nanoparticles’ morphologies and demonstrated that synthesized nanoparticles had sizes 

varying around 10 nm. In addition, it is also possible to observe that even for a very diluted 

sample (1:1250 in absolute ethanol) the nanoparticles still display a tendency to 

agglomerate.

3.3 SEM and EDS characterization of N_TiO2 immobilized in dental adhesive resins

Figure 5 represents the SEM pictures images [500x (A, C, E, G) and 5,000x (B, D, F, H) 

magnifications] of thin-films of both unaltered and experimental dental adhesive resins 

containing 50, 67 or 80 % (v/v) of N_TiO2. It is possible to observe (images 5C-5H) that 

adhesive resins containing higher N_TiO2 concentrations resulted in materials with rougher 

surfaces due to the higher presence of particles at the surface level. In addition, it is possible 

to observe that materials containing 67 and 80 % (v/v) presented particles (images 5E-5H) 

that were not covered by the adhesive matrix when compared to the remaining groups. This 

finding can be observed by the presence of circular-shaped particulates of very intense 

brightness. Figure 6 represents the results of the compositional analysis of both unaltered 

and experimental dental adhesive resins. It is possible to observe in image 6A that the 
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elements composing the unaltered adhesive resins were mainly barium, silicon, oxygen and 

carbon, which is in agreement with the composition expected for the unaltered dental 

adhesive resin. Images 6B to 6D demonstrate increasing amounts of titanium and oxygen, 

which can be observed in the images by the presence of increasing amounts of pink (Ti) and 

yellow dots (O).

3.4 Contact angle goniometry

The results obtained from the assessment of the wettability of water at times 0s (θINITIAL) 

and 59s (θFINAL) on both unaltered and experimental dental adhesive resins are presented in 

a self-explanatory graph of mean and standard deviation values (Figure 7). The results 

demonstrate that, independent of the group considered, initial contact angles (t= 0s) had 

values that were consistently higher than the values of the final contact angles (t= 59s). The 

SNK post hoc test demonstrates that similar initial contact angle values were obtained in all 

groups tested. Although final contact angles were smaller in value than initial contact angles, 

a similar trend of wettability behavior could still be noticed, where no significant differences 

could be observed among the groups tested.

3.5 Antibacterial behavior of N_TiO2 immobilized in dental adhesive resins

The results of the antibacterial efficacy of N_TiO2 immobilized in dental adhesive resins 

against 3 or 24-hour S. mutans biofilms grown against the surfaces of specimens of both 

unaltered and experimental dental adhesive resins (section 2.5) under dark or continuous 

light irradiation conditions were determined using viable colony counts (section 2.6) and are 

presented in self-explanatory graphs (Figures 8 and 9) of mean and standard deviation values 

(CFU/mL). The results presented indicate that independently of the experimental groups 

tested or periods of time considered (either 3 or 24-hour), biofilms grown under continuous 

light irradiation conditions (410 ±10 nm, 3h irradiation= 38.75 J/cm2, 24h irradiation= 

310.07 J/cm2) displayed lower viability levels when compared to biofilms pertaining to 

either the control group or to experimental groups where biofilms were grown without light 

irradiation. It is also possible to observe that biofilms grown under continuous light 

irradiation displayed similar viability levels independent of the material investigated. In 

addition, the results of the viability levels of biofilms grown in dark conditions suggest that 

experimental adhesive resins may also have antibacterial properties that are not dependent 

on light irradiation.

3.6 Confocal Laser Scanning Microscopy

The CLSM analysis of 24-hour S. mutans biofilms grown on the surfaces of both unaltered 

and experimental dental adhesive resins are presented in figure 10 (images 10A-10H). The 

3D renderings revealed that the morphology, biovolume and viability of the cells within the 

investigated biofilms were significantly altered based on N_TiO2 concentrations (50, 67 and 

80 % [v/v]) and light irradiation conditions (with or without). The results presented have 

clearly demonstrated that independent of the experimental group considered, all biofilms 

grown under continuous light irradiation conditions (images 10B, 10D, 10F and 10H) 

expressed higher instances of red fluorescence, which denotes that these biofilms had lower 

viability levels than the biofilms grown in dark conditions, which predominantly fluoresced 

green (images 10A, 10C, 10E and 10G).
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These findings demonstrate that the wavelength and dose of energy used (410 ±10 nm, 3h 

irradiation= 38.75 J/cm2, 24h irradiation= 310.07 J/cm2) during the growth of biofilms 

significantly impacted the ability of S. mutans to sustain viable biofilms. It is also noticeable 

in the CLSM results that the combination of continuous-light irradiation and experimental 

materials with higher nanoparticles concentrations (67 and 80 %) supported biofilms 

displaying the least amount of biovolume and viability, which can be noted on the images by 

the presence of extremely sparse micro colonies displaying intense red colors (images 10F 

and 10H). The results obtained for biofilms pertaining to non-irradiated groups indicate that 

experimental materials containing 50, 67 and 80 % (v/v) of N_TiO2 in dark conditions 

displayed antibacterial properties that were not dependent on light irradiation and further 

confirm the CFU/mL results. This finding can be observed specially on the images 10E and 

10G as colonies displaying colors that are a mix of red, green and yellow. In addition, it is 

also possible to observe that biofilms grown under dark conditions produced biofilms of 

similar biovolume and thickness, as noted by the large chained amorphous colonies (images 

10A, 10C, 10E and 10G) regardless of group parameters. This finding indicates that the 

amounts of dead colonies present on the images are directly proportional to increasing 

amounts of the N_TiO2 in the materials investigated.

3. Discussion

TiO2 has proven to be the most widely used semiconductor metal-oxide photocatalyst due to 

its strong oxidizing effect, biocompatibility, long-term photostability and low cost. In 

addition, pure TiO2 photocatalyst are widely known to be effective agents against Gram-

positive and Gram-negative bacteria upon UV irradiation [33–36, 38]. However, the UV 

energy doses required to promote adequate sterilization are at levels extremely dangerous to 

human cells and tissues [43], thus restraining the use of this disinfection technology in the 

oral cavity. In this direction, it becomes of critical importance to develop visible-light-driven 

antibacterial properties of nTiO2.

Several approaches have been tested to re-engineer the TiO2 band gap in order to extend the 

photocatalyst’s light absorption into the visible range. Typically, these electronic alterations 

are based on chemical modifications of titania’s crystal lattice by doping, ion implantation, 

sensitization or coupling with plasmonic noble metal nanoparticles. The doping approach, 

using either transition metals or non-metal ions, such as nitrogen, has attracted the majority 

of the scientific community’s attention due to its promising results and potent antibacterial 

potential. The present study has offered to the field the development of an antibacterial 

dental adhesive resin based on the incorporation of N_TiO2 into OptiBond Solo Plus.

The nanoparticles presented herein were obtained via a two-step fabrication process. In the 

first step, undoped TiO2 nanoparticles were synthesized according to the method described 

by Dinh et al. [48]. Then, the second step of the fabrication process involved nitrogen-

doping procedures that were carried out similarly to the methods previously published by 

Huo et al. [49]. After the nitrogen-doping process, the obtained nanoparticles had their 

initial visual aspect altered from a bright white into a yellow-pale suspension, which 

according to Di Valentin et al. [52] is a good indication that the doping process was carried 

out successfully. The results of the UV-vis spectroscopy of both undoped and N_TiO2 are 
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presented in Figure 1, where it is possible to observe that N_TiO2 samples presented higher 

levels of light absorption when compared to the behavior observed for undoped samples. 

Our findings are in agreement with the results previously reported by Peng et al. [53], who 

demonstrated that the modification of Titania by nitrogen, under hydrothermal conditions, 

resulted in the manufacturing of nanoparticles with a significant absorption behavior in the 

visible region (between 400 and 600 nm).

The SEM analysis of nanoparticles is presented in Figure 2. The results obtained have 

revealed important aspects related to nanoparticles’ morphologies and agglomeration levels. 

The layered and amorphous structures visible in the images suggest that N_TiO2 have 

spherical shapes, smooth surfaces and display a strong agglomeration behavior in ethanol 

(40 mg/mL). The use of surfactants is one approach that could be used in the present study 

to improve the dispersibility behavior of N_TiO2. However, the use of surfactants could 

significantly decrease the possibility of oxidation reactions taking place on the surface of 

N_TiO2 due to the creation of a physical barrier, thereby diminishing their antibacterial 

behavior. In this direction, our fabrication strategy was designed to maximize the 

photocatalytic behavior of N_TiO2. It is also important to underscore that the agglomeration 

levels observed are not associated with the establishment of irreversible chemical bonds 

among nanoparticles. The SEM images simply demonstrate a physical association of 

nanoparticles due to the drying process that is required for SEM imaging. Kairyte et al. 

(2013) [54] while investigating the antibacterial behavior of water suspensions of ZnO 

nanoparticles (nZnO) against Escherichia coli and Listeria monocytogenes, reported 

remarkable antifungal activity for photoactivated nZnO and agglomeration behaviors that 

were similar to the behaviors observed for N_TiO2 in the present study.

The results of the nanoparticles’ compositional characterization using EDS are presented in 

Figure 3. The analysis revealed that Ti (40.9 %), O (39.3 %), C (13.3 %) and Si (6.5 %) were 

the major components found in N_TiO2 samples. However, under the conditions of the 

present study, the doping element (nitrogen) could not be mapped. We believe that the 

combination of factors like the low atomic number of nitrogen (Z= 7), and the complete 

overlap between the Ti Lλ (0.395 keV) and the N Kα (0.392 KeV) peaks have obscured the 

mapping of nitrogen in our N_TiO2 samples. According to Goldstein et al. [55], the 

characterization of light elements such as Be, B, N and F is also difficult due to their low 

photon energies, low yield of x-rays and low energy to noise ratio.

The results of the nanoparticles’ characterization using TEM are presented in Figure 4. The 

images clearly demonstrated that N_TiO2 have mostly spherical shapes, smooth surfaces and 

a homogeneous distribution of sizes, with individual nanoparticles sizes ranging around 10 

nm. It is also possible to observe that N_TiO2 still tend to have strong agglomeration 

behaviors even in very diluted samples (1:1250 or 0.032 mg/mL). Our findings related to the 

nanoparticles’ sizes, morphologies and agglomeration behavior are further corroborated by a 

recent study published by Huang et al. (2015) [56], who have synthesized co-doped 

nitrogen-and-platinum TiO2 through a sol-gel process at low hydrolysis temperatures (20–

40°C). The nanoparticles characterized in their study were spherical in shape with sizes that 

varied around 10 nm. In addition, the authors observed a correlation between the levels of 

nanoparticles’ agglomeration with the hydrolysis temperature at which the nanoparticles 
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were synthesized, and concluded that nanoparticles synthesized at lower hydrolysis 

temperatures displayed fewer agglomerates and higher photocatalytic activities, as measured 

by the production of H2. In our opinion, the control of the nanoparticles’ agglomeration 

levels is a key factor in the optimization of photocatalytic reactions because agglomeration 

can decrease the nanoparticles’ surface to volume ratio, decrease the amount of free surface 

area that is actually available for oxidative reactions to take place and, most importantly, 

increase the amount of recombination centers present in the bulk of the photocatalyst. We 

believe that the combination of these factors adversely impacts the overall photocatalytic 

behavior of light responsive materials.

SEM and EDS analyses were used to characterize the surface properties and compositions of 

specimens fabricated with both unaltered and experimental dental adhesive resins. The SEM 

results have clearly demonstrated the successful incorporation of nanoparticles in the 

polymer matrix, which can be observed by the presence of increasing amounts of 

particulates on the surfaces of specimens that were fabricated with higher nanoparticle 

concentrations. In addition, specimens fabricated with higher nanoparticle content displayed 

rougher surfaces when compared to specimens of OptiBond Solo Plus resin due to the strong 

presence of exposed particulates.

The compositional analysis performed using EDS further corroborates our SEM findings 

regarding the successful incorporation of nanoparticles into OptiBond Solo Plus. It is 

possible to observe on the EDS images, that specimens of OptiBond Solo Plus displayed 

barium (Ba), silicon (Si), oxygen (O) and carbon (C) as its major chemical components, 

which is an expected composition for OptiBond Solo Plus. The compositional mapping of 

specimens fabricated with experimental dental adhesive resins containing 50, 67 or 80 % 

(v/v) of N_TiO2 clearly demonstrated higher concentrations of Ti and O, which can be 

noticed by observing increasing amounts of pink (Ti) and yellow (O) dots on the images. 

These results seem to be in good agreement with the compositions expected for samples 

fabricated with experimental materials.

The measurement of contact angles was performed to investigate the impact of the 

incorporation of nanoparticles on the wettability characteristics of OptiBond Solo Plus. 

According to Namen et al. [57], the measurement of contact angles at the solid-liquid-vapor 

interface is considered to be the most widely known technique used to investigate the 

wettability of solid surfaces. They also stated that the hydrophobicity behavior of dental 

composites is a factor of critical importance for resin-based materials because it affects the 

initial absorption of water, which regulates the attachment of oral bacteria. The wettability 

findings reported in the present study demonstrated that the incorporation of N_TiO2 into 

OptiBond Solo Plus promoted the attainment of experimental materials with wettability 

properties that were not significantly different when compared to the control group. From 

the clinical perspective, the fact that there were no statistically significant differences among 

the groups is of critical clinical importance because dental adhesive resins have to compete 

with water from the dentine substrate to wet the collagen fibrils in order to promote the 

establishment of an adequate adhesive layer. Furthermore, Prado et al. [58] stated that 

adhesive materials must come into intimate contact with the dentine substrate to allow for 

adequate micromechanical attachment.
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The antibacterial assays performed with experimental adhesive resins containing 50, 67 or 

80 % (v/v) of N_TiO2 against S. mutans biofilms grown for either 3 or 24 hours, with or 

without continuous light irradiation, are presented in Figures 8 and 9, respectively. These 

results have demonstrated that, independent of growth time (either 3 or 24 hours) or light 

irradiation conditions (with or without light), experimental groups containing higher N_TiO2 

concentrations were more antibacterial in nature when compared to the control group, which 

indicates the establishment of a concentration-dependent antibacterial mechanism. In 

addition, it is possible to observe that specimens containing 50, 67 or 80 % (v/v) of N_TiO2 

have displayed interesting dark cytotoxicity behaviors, wherein specimens fabricated with 

67% of N_TiO2 promoted bacterial reductions in the order of 2.4 log10 when compared to 

unaltered dental adhesive resins. Such promising antibacterial behavior could be translated 

into novel restorative dental biomaterials with improved service lives, less incidence of 

failure by secondary caries and a significant decrease in oral health care costs, which are 

current objectives of the U.S. National Institutes of Health.

The CLSM images presented in Figure 10 illustrate and further corroborates the results of 

the antibacterial assays performed on dental adhesive resins. These results confirm a 

decrease in cells viability and biovolume when specimens were fabricated with higher 

concentrations of nanoparticles while also being irradiated with continuous visible light 

irradiation, and therefore align the expected results with the representative CLSM images. It 

is interesting to note, that while it was expected that the N_TiO2 nanoparticles would affect 

the viability of S. mutans biofilms when exposed to visible light, it is apparent that there is a 

dark toxicity effect. Although many photocatalysts are able to increase bactericidal effects, 

they usually require an irradiation light source in order to elicit reduced viability [59]. 

However, the dark toxicity experienced in this study is shown to be statistically significant 

due to decrease in viability between the OptiBond Solo Plus control and the adhesives 

containing 50, 67 and 80 % of N_TiO2 nanoparticles in dark conditions in both the 3 and 24-

hour biofilms. It is also supported by the 24-hour CLSM images that qualitatively have 

shown a significant change in viability, but not necessarily the structure of the biofilm.

There are many reports on how blue light exposure reduces viability of already established 

biofilms [60–62]. However, de Sousa et al. [63] conducted a series of experiments to 

determine how blue light affects the growth of biofilms over time. They concluded that 

treating biofilms twice daily with blue light irradiation inhibited the extracellular polymeric 

substances (EPS), which prevented a stable scaffold of the extracellular biofilm matrix. Even 

though their CLSM images confirm that blue light prevented biofilm development, 

surprisingly there is still a minimal antimicrobial effect when compared to the control. Both 

our CLSM images as well as our CFU/mL results show not only a decrease in biovolume, 

but also a highly toxic effect when biofilms are grown on an adhesive containing N_TiO2 

nanoparticles in the presence of blue light. Since it has been previously established that the 

nanoparticles do have some degree of dark toxicity, it is acceptable to entertain the 

possibility that the high degree of bactericidal effects were due to a two-part mechanism; the 

restriction of EPS in the formation of the biofilm, as well as the toxicity of the nanoparticles 

themselves.
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Conclusions:

In the present study, a titanium dioxide-based photocatalyst has been successfully prepared 

by doping TiO2 nanoparticles with nitrogen using a simple solvothermal method. This 

method was demonstrated to have superior visible light absorption levels when compared to 

pure TiO2 due to the contribution of substitutional nitrogen in the crystal lattice of titanium. 

The visible light-driven antibacterial efficacy of N_TiO2 was investigated for nanoparticles 

incorporated in a commercially available dental adhesive resin. The present study has shown 

for the first time that specimens fabricated with experimental dental adhesive resins 

containing either 50, 67 or 80 % (v/v) of N_TiO2 were shown to have strong antibacterial 

behavior in both, dark and light irradiated conditions, when compared to the antibacterial 

behavior of unaltered dental adhesive resins. This suggests that N_TiO2 is a feasible 

antibacterial agent against oral cariogenic biofilms. The present study has also demonstrated 

that experimental materials had similar wettability behaviors when compared to the 

unaltered adhesive resins, which is extremely important from the clinical perspective. It is 

clear that further optimization of nanoparticles and materials are made necessary in order to 

produce dental materials capable of preventing the occurrence of secondary caries.
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Figure 1. 
Optical absorption spectrum of (a) Nitrogen-doped titanium dioxide (N_TiO2) and (b) 

titanium dioxide (P25, Degussa) nanoparticles investigated. The graphs displayed have 

clearly illustrated that N_TiO2 displayed higher optical absorption behavior for the range of 

wavelengths considered.
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Figure 2. 
SEM images demonstrating intense agglomeration of N_TiO2 nanoparticles (40mg/mL, Oak 

Ridge National Laboratory, USA). Images A-F show magnifications of 500x, 2.50Kx, 

5.00Kx, 10.00Kx, 25.00Kx and 50.00Kx, respectively. It is possible to observe on the 

images of higher magnification (D-F) that the strong agglomeration pattern promoted the 

formation of layered structures potentially several hundred microns thick (Z direction).
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Figure 3. 
Energy Dispersive X-rays Spectroscopy images. (A) Representative image of N_TiO2 using 

X-Rays. (B) Mapping image of the titanium (Ti) presence in the investigated sample. (C) 

Mapping image of the oxygen (O) presence in the investigated sample. (D) EDS layered 

image demonstrating the Ti and O mapping. In the layered image, it is also possible to 

observe the presence of carbon and silicon. (E) Compositional analysis of the investigated 

sample. Visible peaks confirming the presence of elements and relative amounts in the 

sample investigated.
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Figure 4. 
TEM images (500Kx) of N_TiO2 samples diluted in ethanol (1:1250, 200 proof). (A-B) 

Representative images confirming the nanoparticles’ spherical shape, smooth surface and 

sizes around 10nm. It is also possible to observe that nanoparticles tend to aggregate even in 

a very diluted sample. TEM images also display the presence of the copper grid used during 

the images acquisition. (C) Compositional analysis performed during the TEM 

characterization.
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Figure 5. 
SEM pictures (500x and 5,000x magnification) of thin-films (thickness≅15μm) fabricated 

using unaltered and experimental dental adhesive resins containing N_TiO2 concentrations 

of 50, 67 and 80% (v/v). The SEM analysis confirmed the successful incorporation of 

N_TiO2 in the polymer matrix by revealing the presence of increasing amounts of particles 

at the surface level.
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Figure 6. 
EDS layered images of the elemental compositional analysis for barium (Ba), silicon (Si), 

oxygen (O), carbon (C), titanium (Ti) and aluminum (Al). (A) OptiBond Solo Plus, (B) 

Experimental adhesive resin with 50% (v/v) of N_TiO2, (C) Experimental adhesive resin 

with 67% (v/v) of N_TiO2 and (D) Experimental adhesive resins with 80% (v/v) of N_TiO2.
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Figure 7. 
Initial (θINITIAL, Blue bars) and final (θFINAL, Red Bars) water wettability on dental 

adhesive resins at oral temperature (37°C). Different letters denote groups that present 

differences that were statically significant.
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Figure 8. 
Antibacterial efficacy of the groups tested. Individual columns represent mean and standard 

deviation values. Lower CFU/mL values indicate groups having higher antibacterial 

behavior.
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Figure 9. 
S. mutans survival rate and antibacterial efficacy of the groups investigated. The survival rate 

(Sr) and Treatment efficacy (Te) were calculated using the following equations: Sr=(Nf/

N0)100% and Ae=(N0-Nf/N0)100%, where N0 is the initial population and Nf is the viable 

population after the treatments.
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Figure 10. 
Antibacterial efficacy of unaltered and experimental dental adhesive resins containing 50, 67 

and 80% (v/v) of N_TiO2 against 3-hour S. mutans biofilms. Individual columns represent 

mean and standard deviation values. Lower CFU/mL values indicate groups having higher 

antibacterial behavior. Distinct letters indicate groups having statistical significant 

differences according to the SNK post-hoc test.
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