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Bacteria Adherence Properties of Nitrogen-Doped TiO2 
Coatings by Plasma Surface Alloying Technique
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Abstract: In order to obtain a high-performance surface on 316L stainless steel (S. S) that can meet the 
requirements in medical material fi eld environment, nitrogen-doped titanium dioxide (TiO2-xNx) was synthesized 
by oxidative annealing the resulted TiNx coatings in air. Titanium nitride coatings on 316L S. S were obtained 
by plasma surface alloying technique. The as-prepared coatings were characterized by X-ray diffraction, glow 
discharge optical emission spectrometer (GDOES), scanning electron microscopy and X-ray photoelectron 
spectroscopy, respectively. The bacteria adherence property of the TiO2-xNx coatings on S. S on the oral bacteria 
Streptococcus Mutans was investigated and compared with that of S. S by fluorescence microscopy. The 
mechanism of the bacteria adherence was discussed. The results show that the TiO2-xNx coatings are composed of 
anatase crystalline structure. SEM measurement indicates a rough surface morphology with three-dimensional 
homogenous protuberances after annealing treatment. Because of the photocatalysis and positive adhesion free 
energy, the TiO2-xNx coatings inhibit the bacteria adherence.
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1   Introduction

AISI 316L austenitic S. S is a technologically 
important material, which has been widely used in 
various sectors of industry due to its excellent corrosion 
resistance in a variety of engineering environments[1,2]. 
It has also been found to have applications in the 
biomedical sectors for the fabrication of medical 
devices and body implants owing to its good corrosion 
resistance and biocompatibility[3,4]. However, bacterial 
infection after implant placement is a signifi cant rising 
complication. The bacteria adherence is the first-line 
factor that leads to infections. It is crucial to improve 
the antibacterial adherence property of S. S. Titanium 
nitride coatings have become universally accepted 
coatings due to their mechanical properties, such as 
hardness and wear resistance and biocompatibility. 

The major applications of the coatings are protective 
coatings on steels, diffusion barriers in integrated 
circuit industry, and decorative coatings. Recently, 
it has been reported that TiN oxidation is one way 
to synthesize nitrogen-doped TiO2. Morikawa et al 
synthesized N-doped rutile TiO2 by oxidation of TiN[5]. 
Cui et al also reported the synthesis of Nitrogen-
doped titanium dioxide by oxidative annealing the 
resulted TiN thin fi lm in air[6], but they did not study its 
antibacterial adherence properties applied to S. S.

The plasma surface alloying technique is a 
very promising surface engineering technique[7]. Its 
greatest advantage lies in no element mutation between 
surface alloying layer and substrate interface. The 
surface alloying layers are duplex layers, composed of 
diffusion layer and surface coatings. The component of 
elements in the diffusing layer changes gradually which 
can enhance the load-bearing capacity to the coatings 
and ensure the durability of the coatings.

In principle, N-doped TiO2 coatings could be 
obtained on metal substrate with Ti target in Ar/O2/N2, 
but two technologically important questions arise: 
i) Oxygen would lead to "target poisoning", which 
will affect the stability of process parameters and the 
deposition rate and ii) In glow discharge sputtering, 
the temperature of the substrate is higher than 800 ℃. 
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Experiment results show that rutile TiO2 coatings will 
be formed on the substrate at this temperature, rather 
than the anatase TiO2 coatings with good photocatalytic 
properties. 

Based on these analyses, the N-doped TiO2 
coatings were prepared by two steps. Firstly, the 
TiNx coatings were deposited by plasma surface 
alloying technique. All the resulted TiNx coatings 
were subsequently annealed in air at 450 ℃ for 2 h to 
oxidize. The antibacterial adherence properties of the 
N-doped TiO2 coatings in AISI316L on the oral bacteria 
Streptococcus Mutans was investigated and compared 
with that of AISI316L S. S.

2  Experimental

2.1   Sample preparation
The 316L S. S samples (Ф20 mm×5 mm) were 

grounded with No. 80-1500 emery papers, and then 
polished with 0.3 and 0.05 μm alumina powder. Finally, 
the surfaces of samples were cleaned by ethanol and 
acetone.

The N-doped TiO2 coatings were prepared by 
two steps. Firstly, the TiNx coatings were deposited 
by plasma surface alloying technique (double glow 
LS-750 plasma alloying equipment) using 99.99% Ti 
as target in the Ar/N2. The principle of double glow 
discharge is employed to ionize argon ions bombarding 
the source electrode and sputtering titanium ions, atoms 
or particles, which deposit on S. S surface and diffuse 
into the specimen at a high temperature, obtaining a 
gradient alloying layer on S. S surface[8]. The process 
parameters were as follows: the Ar/N2 mixture gas 
pressure was 30-40 Pa (N2:Ar = 1:2), the source voltage 
for supplying Ti elements was −1 100 to −1 150 V, the 
cathode (specimen) voltage was −500 to −550 V, the 
distance from the source target to the substrate sample 
was 15 mm, the process temperature was 950 ℃ and 
the process duration was 3 h. All the resulted TiNx 
coatings were subsequently annealed in air at 450 ℃  
for 2 h to oxidize and crystallize the samples.
2.2  Characterization 

The crystal structure of the as-prepared samples 
was analyzed by D/max 2500 X-ray diffraction (XRD) 
with the 1.54 Å Cu Kα line as the excitation source. 
Chemical states of the coatings were obtained by X-ray 
photoelectron spectroscopy (XPS) using ESCALAB 
250 spectrometer with Al Kα as the radiation source. 
The binding energies obtained in XPS analysis were 
corrected by referencing the C1s line to 284.6 eV. 

The component distribution of the elements across 
the coatings was analyzed using GDA750 glow-
discharge optical emission spectroscope (GDOES). 
Surface morphology was studied by scanning electron 
microscope (SEM). The surface roughness (Ra) of 
the N-doped TiO2 coatings and S. S substrate were 
investigated by TR 240 rough-meter.
2.3  Bacteria adherence 

The bacteria adherence properties of the N-doped 
TiO2 coatings on S. S and S. S substrate were tested 
using Streptococcus Mutans strain ATCC#25175. 
Bacteria were pre-cultured in nutrient broth at 37 ℃ for 
24 h, and then the Tris–HCl suspension was diluted to 
approximately 1.5×107 bacteria per mL with sterilized 
distilled water. S. S substrate and surface modified 
specimens were put into sterilized glass bottles with 5 
mL of bacterial suspension and were incubated at 37 ℃ 
for 1 h. After incubation, the samples were rinsed with 
distilled water six times, fi xed in 3% glutaraldehyde at 
4 ℃ for 30 min and stained with a 1% Acridine Orange 
solution for 30 min. Bacteria number and bacteria 
morphology on each sample were analyzed using a 
fluorescence microscope (OLYMPUS-BX51T-32000) 
at 400× magnifi cation.
2.4  Antibacterial test

The antibacterial activity of the coatings obtained 
against S.aureus was studied using the antibacterial 
drop-test. Microorganisms were cultured on the culture 
medium at 37 ℃ for 24 h. Cultured bacteria were added 
in 10 mL saline solution to reach approximately the 
concentration of bacteria corresponding to 108 colony 
forming units per milliliter (CFU/mL). A portion of 
the saline solution containing the bacteria was diluted 
to 106 CFU/mL for the drop-method antibacterial 
experiments. An N-TiO2 coated S. S sample and an 
untreated SS Sample were used as blanks. The samples 
were placed into sterilized 80 mm Petri dishes. Then 
100 μL saline solutions with S.aureus at a concentration 
of 106 CFU/mL were added onto the surface of each 
specimen. The samples were illuminated with a 
fluorescent lamp (80 W) at room temperature and 
cultured for 4 hours. The lamp was perpendicular to the 
surface at a distance of 50 cm. After time period, the 
bacteria containing drops were washed from the sample 
surface using 5 mL saline solution in the sterilized Petri 
dishes. Then 10 μL of each bacteria suspension was 
dispersed on the Brain Heart Infusion Agar medium 
and incubated for 24 h at 37 ℃. The numbers of 
surviving bacteria on the mediums were counted after 
incubation.
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3   Results and discussion

3.1  Structural characterization

There are two distinct steps in the experimental 
preparation of nitrogen-doped TiO2 coatings. Initially, 
TiN coatings were deposited on the surface of S. 
S substrate. The second stage of the preparation 
process was a simple conversion of the resulted TiN 
coatings to the oxide by heat treatment in air. The 
oxidation was performed at 450 ℃ in an attempt to 
produce anatase TiO2. Fig.1 shows the XRD patterns 
of the TiN coatings deposited on S. S (a) and after 
annealing (b). It can be seen from Fig.1 (a) that the as-
deposited coatings sputtered under Ar and N2 mixture 
are composed of TiN. The sample is of homogeneous 
anatase phase after annealing and no specific peaks 
of TiN are detected, which indicates that the TiNx 

coatings have been converted into TiO2 after annealing 
at 450 ℃ in air for 2 h. The anatase phase of TiO2 
coatings is usually formed at about 300 ℃ calcination 
temperature. In our experiment, N-doped TiO2 coatings 
are anatase structure at 450 ℃. These results suggest 
that the doped-N particles in the TiO2 coatings hinder 
to form the anatase phase. As for the N-doped TiO2 

coated sample, there appear a series of peaks located at 
25.20, 38.60, 48.05, 62.1 and 74.8. The XRD peaks of 
the N-doped samples have obvious shift toward lower 
or higher angular side compared with standard peaks of 
anatase titanium dioxide (JCPDS: 84-1285). This may 
be due to the effect of N-doping.

The XPS spectra of N-TiO2 coatings deposited 
are shown in Fig.2 for N 1s, Ti 2p and O 1s peaks. 
Fig.2(a) shows the chemical binding state of N 1s of 
the sample. The peak is observed at 399.9 eV. Dong 
et al[9] observed three peaks of N 1s at 397.8, 399.9 
and 401.9 eV and has attributed to N-Ti-N, O-Ti-N 
and Ti-N-O linkage respectively. Sakthivel et al[10] 
observed an intense peak at 400.1 eV that was assigned 
to hyponitrite species and concluded that the higher 
binding energy is due to the lower valence state of N in 
N doped TiO2. Many researches pointed out that intense 
peak at 400 eV are due to oxidized nitrogen like Ti-
O-N or Ti-N-O linkages. Recently, Gopinath observed 
N 1s binding energy at 401.3 eV and claimed the 
presence of Ti-N-O linkage on the surface of N doped 
TiO2 nano particles[11]. The peak at 399.9 eV is ascribed 
to O-Ti-N, Ti-N-O linkages in the TiO2 lattice.

Fig.2(b) presents that Ti 2p peaks appear at 458.0 
eV and 463.6 eV after heat treatment respectively 
which are attributed to O-Ti-O linkages in TiO2. 

Fig.2(c) shows that O 1s peaks appear at 529.3 
eV and 531.5 eV, respectively. The O 1s peak at 529.3 
eV is assigned to the lattice oxygen atom of TiO2, and 
the peak at 531.5 eV is closely related to the hydroxyl 
groups (-OH) resulting mainly from chemisorbed 
water. The increase in surface hydroxyl content is 
advantageous for trapping more photogenerated holes 
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and thus preventing electron-hole recombination[8].
Fig.3 shows the SEM image for the resulted 

N-doped sample. Many three-dimensional homogenous 
protuberances can be seen for the doped TiO2 coatings, 
but no cracks or pinholes in the coatings. It is noted 
that the N-doped TiO2 coatings have entirely shielded 
the S. S substrate. 

Meantime, the surface roughness of the coatings 
was also measured by rough-meter. The average 
roughness of N-doped TiO2 coatings is 0.20±0.01 μm, 
which is much higher than the roughness of substrate 
(0.08±0.01 μm).

F i g . 4  d e m o n s t r a t e s  t h a t  s o m e  g r a d i e n t 

distributions of Ti, N, O and Fe, Cr, Ni elements 
exist in the Ti-N-O coatings. After thermal oxidation 
treatment, Ti-N-O coatings are composed of deposition 
and diffusion layer. The layer reaches a thickness of 
approximately 4.5 μm. In internal diffusion region, 
mutual diffusion of Ti and substrate alloy elements 
occur, causing the mixing of the elements at the 
interface, which can significantly improve bonding 
strength of doped TiO2 coatings with S. S substrate.
3.2  Bacteria adherence property

In order to clarify the antibacterial adherence 
properties for the preparation N-doped TiO2 coatings 
under illumination of Vis-light, the bacteria adherence 
properties of the N-doped TiO2 coatings on S. S and 
S. S substrate were tested using Streptococcus Mutans 

strain.
Fluorescence microscope images of bacteria 

adherence on the S. S substrate and the N-doped 
TiO2 coatings are shown in Fig.5(a) and Fig.5(b) 
respectively. The rounded region is the effective 
observing f ield of vision of the f luorescence 
microscope, and the small circles are the individual 
bacteria adherence on the specimen surfaces. Fig.6 
shows the number of bacteria adherence on the S. S 
substrate and the N-doped TiO2 coatings. Fig.5 and 
Fig.6 show that the bacteria adherence on the N-doped 
TiO2 coatings is lesser than that on the S. S substrate.

Bacterial adherence to hard surfaces in the oral 
cavity is a complex of various mechanisms involving 
both the types of bacteria and the target surface. Non-
specific interactions between the surface and the 
bacteria account for the initial adhesion. The affinity 
of bacteria to the hard surfaces is also dependent on 
the surface properties of the material onto which the 
bacteria are adsorbed. It is considered that surface 
roughness and surface chemical composition of the 
materials are the principle factors infl uencing bacteria 
adherence[12]. 

Quirynen et al[13] considered that the total amount 
of adherent microorganism on the implant base 
had almost no distinct difference, when the surface 
roughness value (Ra) of the implant base was less than 
0.2 μm. In the present study, the surface roughness 
values of S. S and the N-doped TiO2 coated sample 
were less than 0.2 μm.

The distinction in bacterial adherence among 
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the tested samples can be explained from two aspects 
as follows: (1) N-doped TiO2 bactericidal activity 
starts its action by oxidative damage to the bacteria 
wall; a decrease in the interfacial energy of bacteria 
adhesion causes an increase in the chemical interaction 
between Streptococcus Mutans and the coatings, 
which is also an additional factor for the increasing 
anti-bacteria adherence activities. (2) Because of the 
positive adhesion free energy on N-doped TiO2 coated 
sample and the negative on S. S, the negative value 
of the adhesion energy suggests that Streptococcus 
Mutans strain is thermodynamically favourable on the 
hydrophobic S. S[14].
3.3  Antibacterial property

According to standard reduction of bacteria 
criterion, less than 0-20% reductions indicates no 
bactericidal effect; between 20-50% reduction indicates 
a low bactericidal effect; between 50-70% reduction 
indicates an expressive bactericide; greater than 70% 
reductions is considered a powerful bactericidal 
effect[15]. According to this criterion, S. S has no 
bactericidal effect. But, the N-TiO2 coating denotes 
powerful bactericidal effect (Fig.7), suggesting that 
severe damage has occurred to the bacterium. Attack 
on bacteria is caused by the exposure to reactive 
intermediates that transferred from the surface of 
N-TiO2 coatings to the outside of the bacteria, such as 
superoxide anions (O2

), hydrogen peroxide (H2O2), 
and hydroxyl radicals (•OH), which can damage 
proteins, nucleic acids, etc[16]. Initial attack takes place 
on the cell wall, where the bactericide makes first 
contact with an intact bacterium[17]. Damage on cell 
wall will lead to the perturbation of different cellular 
processes, and then the leakage of the cytoplasm, 
fi nally bacteria inactivation and death[18].

4  Conclusions

In summary, N-doped TiO2 coatings have been 
successfully prepared on S. S by oxidative annealing 
of sputtered TiNx coatings. Thermal oxidation of TiNx 

coatings on S. S results in the formation of a hybrid 

structure. These include a deposition layer at the 
surface and a gradient diffusion layer. Such a hybrid 
structured coatings system is proved to possess good 
adhesion strength with the substrate. Composition 
analysis shows that the coatings shield the substrates 
entirely. The N-doped TiO2 are anatase in structure as 
characterized by XRD. The bacterial adherence tests 
demonstrated that the N-doped TiO2 coatings could 
inhibit the Streptococcus Mutans adherence compared 
with S. S substrate. The photocatalysis and positive 
adhesion free energy of the N-doped TiO2 coatings 
affects the bacterial attachment characteristics.
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