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Abstract: The aim of the present study was to investigate the photoinduced properties of nitrogen-
doped titanium dioxide (N-TiOy) against the Salmonella ser. Typhimurium bacterial biofilm, under
visible-light irradiation. The capability of N-TiO, nanoparticles working as multipurpose materials
with antimicrobial applications, as well as environmental ones, was therefore investigated. The sol-gel
method was used to synthesize N-TiO, particles, which were then characterized by Fourier-transform
infrared (FTIR) spectroscopy, dynamic light scattering (DLS), Brunauer-Emmett-Teller (BET) analysis
of surface area, scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM/EDS),
and transmission electron microscopy (TEM). The results showed that the particles formed were
nano-sized and had the expected Ti-O bonds and the presence of elemental N. The as-produced N-
TiO, nanoparticles (NPs) were tested for their antimicrobial activity. The antibacterial photocatalytic
testing was performed under visible-light irradiation, on Salmonella Typhimurium biofilm. To form
the biofilm, stainless steel (ss) coupons were incubated with three different strains of Salmonella
Typhimurium bacteria for 48 h at 15 °C in tryptone soy broth (TSB). After the biofilm’s formation,
the coupons were placed on a horizontal, rectangular, batch, equipped with a vis-LED irradiation
source reactor in the presence of N-TiO, NPs. After 1, 2, and 3 h of irradiation, sampling of the
bacterial population was assessed. The results showed an evident inhibition of proliferation under
light irradiation when the N-TiO, was present, compared to the non-irradiated NPs. It is noteworthy
that, during the first 2 h, the TiO, NPs specimens tended to attract more bacteria on their surface
then the control specimens, due to their higher available surface area, which worked as a shelter.
There were ~6% viable (remaining) Salmonella cells after the first hour of visible-light irradiation with
N-TiO; NPs.

Keywords: TiO, nanoparticles; N-doped; sol-gel method; photocatalytic test; visible-light irradiation;
antimicrobial; antibacterial; Salmonella; biofilm

1. Introduction

In recent years, there has been increased scientific interest in how to control bacterial
infections in health as well as in the food industry, due to the outbreak of the recent COVID-
19 pandemic, along with the longstanding issue of antibiotic resistance in pathogens [1,2].
To achieve this, various organic and inorganic compounds have been evaluated in terms
of their antimicrobial properties—especially nanoparticles, as they are a low-cost and
effective solution to the problem of bacterial contamination [3]. These nanoparticles can be
carbon-based [4] or metal- and metal-oxide-based [5]. Among the latter, titanium dioxide
(TiO,) is a widely studied semiconductor with various antimicrobial and self-cleaning
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properties [6,7]. It is found in three crystalline phases that have differences in stability and
catalytic performance. Brookite is orthorhombic and more unstable, whereas rutile and
anatase are tetragonal and are more effective catalytically [8]. A TiO; catalyst can exhibit
different physicochemical properties, depending on the shape or size of the NPs and the
dominant crystalline phase present [9]. The energy gap between the valence and conduction
bands (Eg) is ~3.2 eV for anatase, which makes it easy to sensitize via ultraviolet (UV)
irradiation and, consequently, imparts it with self-cleaning and antibacterial behavior [10].
In order to extend these features under visible-light irradiation, TiO; can be chemically
modified or doped with non-metal or metal elements [11,12].

Regarding the antimicrobial properties of doped TiO,, there has been extensive sci-
entific research testing TiO, doped with metals such as Cu [13], Zn, Ag [14], Fe [15], and
Ni [16]. However, it has been observed that metal doping leads to biological and environ-
mental issues due to their toxicity and low biocompatibility [17]. Consequently, a more
eco-friendly choice needs to be found [18]. A low-cytotoxicity solution is the syncretism of
TiO, with carbon (quantum dots) [19] or other non-metal elements. The non-metal doping
approach, especially with elemental N, is an effective, low-cost, and environmentally safe
way to deal with bacterial spreading. Another biocompatible approach is the combination
of TiO, with organic polymers such as chitosan [20]. The antimicrobial properties of N-TiO,
have always attracted the interest of the scientific community due to its easy use, testing,
and low cost [21]. A recent study focused on the investigation of nitrogen and bismuth
co-doping for implant-biofilm-related diseases [22]. The form of N-TiO, tested is either
a film [23] or a powder [24]. However, most of these studies tested the antimicrobial
properties of TiO, on single-standing bacteria and not on biofilms, which are the natural
form of surface arrangement for microbes in nature [25,26].

Salmonella is recognized as one of the most significant enteric foodborne bacterial
pathogens. Salmonella is a Gram-negative bacterium that can form biofilms on many biotic
(e.g., human or animal tissues) and abiotic (e.g., glass or stainless steel) surfaces [27,28].
In recent years, the resistance of pathogens to biocides and other environmental stresses—
especially when they are embedded in biofilm structures—has led to the search for and
development of novel antimicrobial strategies capable of displaying both high efficiency
and high safety [29]. Different parameters affecting the biofilm formation—such as tem-
perature, pH, and quorum-sensing compounds—have been widely explored in previous
studies; thus, the optimal conditions for Salmonella biofilm formation are well known and
can be selected for testing [30,31]. In this direction, the aims of the present work were to
evaluate the antimicrobial activity of N-TiO, NPs under visible-light irradiation. It should
be noted that this research actually extends the findings of a recent publication form our
research group [32], in order to explore the capability of such particles to have end-use
biomedical applications, along with environmental ones, illustrating that they can work as
multifunctional materials.

To achieve this, N-TiO, nanoparticles were synthesized by the sol-gel method. Full
characterization of the particles followed, utilizing instrumental analysis techniques such as
Fourier-transform infrared (FTIR) spectroscopy, dynamic light scattering (DLS), Brunauer—
Emmett-Teller (BET) analysis of surface area, scanning electron microscopy with energy-
dispersive X-ray spectroscopy (SEM/EDS), and transmission electron microscopy (TEM).
All of the abovementioned techniques were applied to examine the physicochemical prop-
erties and morphology of the synthesized NPs, as well as to ensure that the particles were
nano-sized. Salmonella biofilms were then conveyed and developed, so that the antimicro-
bial activity of the NPs could be evaluated under visible-light irradiation. This is a strong
advantage in comparison with the established antimicrobial activity of TiO,, which is evi-
dent only under UV irradiation. Consequently, the novelty of this research is that this is the
first study to investigate the antimicrobial properties of N-TiO, NPs on biofilms—which are
the natural state of the microbes found in nature—under visible-light irradiation (i.e., close
to real-life conditions). These results can contribute to the problem of bacterial infection in
the food industry or in hospitals and other public places.
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2. Materials and Methods
2.1. Synthesis of N-Doped TiO, NPs

The preparation method followed for the N-TiO, nanoparticles has been previously
published by our research group [32,33], where the sol-gel preparation method was utilized.
Firstly, nitric acid (HNO3 65%, Penta, Prague, Czech Republic) was added to 100 x 1076 m3
of deionized water so that the pH became acidic and hydrolysis phenomena could evolve.
After that, 15 x 10~% m3 of the titanium butoxide alkoxide precursor (titanium(IV) butoxide,
Ci6H3604Ti, 97%, Sigma-Aldrich, Darmstadt, Germany) was added. The solution was sub-
white and was stirred vigorously for 5 h. Then, 30 x 10~® m? of 2-propanol (C3HgO 99.8%,
Sigma-Aldrich, Darmstadt, Germany) was added, and the solution became transparent.
This was the final titania sol-gel. For the doping, we added 30 x 1073 kg of urea (CH4;N,O
99%, Sigma-Aldrich, Darmstadt, Germany), under vigorous stirring. The solution was then
heated so that all of the solvents were volatilized, and the gel produced was calcined for
4 h at 450 °C. The produced powder was triturated and centrifuged so that the impurities
were removed, resulting in a yellow powder.

2.2. Characterization

The produced N-TiO, powder was physicochemically and structurally analyzed by
various techniques, including FTIR, DLS, BET, SEM/EDS, and TEM analysis. Each FTIR
(model Spectrum 100, U-ATR, ZnSe Ri 2.4 crystal, PerkinElmer, Waltham, MA, USA) spec-
trum was obtained by performing 16 scans, with a 4 cm™! resolution. The size distribution
and zeta potential of the NPs were estimated with a dynamic light scattering apparatus
(Zeta Sizer nano S, Malvern Inst., Malvern, UK). All of the measurements were performed
at 25 °C and pH 6, on aqueous suspensions of the powder. The Brunauer—-Emmett-Teller
(BET) method (ChemBET 3000 Instrument, Yumpu, Diepoldsau, Switzerland) was ap-
plied to analyze the surface area, the average pore diameter, and the pore volume of the
N-TiO, NPs. The micropore surface area was calculated via t-plot analysis, according
to the Harkins—Jura model; the cumulative volume of pores between 1.7 and 300 nm
was calculated from Ny-sorption data and the BJH desorption method, and the average
pore diameter was calculated by the 4 V/o method, where V was set to be equal to the
maximum volume of N, adsorbed along the isotherm as P/Po—1.0. The morphological
characteristics and surface of the N-TiO, powder were examined using a scanning electron
microscope with energy-dispersive X-ray spectroscopy (SEM/EDS, JSM-6390, JEOL, Tokyo,
Japan), along with a transmission electron microscope (TEM, CM20, Philips, Amsterdam,
The Netherlands).

2.3. Antimicrobial Testing

In order to test the antibacterial properties of N-TiO;, Salmonella enterica subsp. enterica
serovar Typhimurium strains from three different origins (FMCC B-137, human isolate
epidemic; FMCC B-193, isolated from calf bowel—kindly provided by Prof. P. Skandamis;
FMCC B-194, mutant derived from B-193—kindly provided by Prof. P. Skandamis) were
used. The microorganisms were previously stored at —80 °C and were then resuscitated by
adding brain heart infusion (BHI) broth (BH broth; Merck, Darmstadt, Germany). These
pre-cultures were incubated for 24 h at 37 °C, and then an amount of them was added to
BHI broth and incubated for another 18 h. These final cultures were centrifuged (5000 rpm,
10 min, 4 °C), washed and, finally, all of the strains of different origins were suspended in
Ringer’s solution (Ringer’s tablets; Merck, Darmstadt, Germany). Stainless steel coupons
(3 x 1 x 0.1 cm) were soaked in acetone and autoclaved at 121 °C for 15 min so that they
were cleaned and sterilized. To achieve the formation of the biofilm on these coupons,
Ringer’s solution containing the inocula of previously prepared strains was incubated with
the ss coupons for 3 h at 15 °C, in order for the bacteria to attach to the ss surface [26].
The coupons were removed from the bacterial suspension with sterile forceps and were
transferred to a half-tube containing Ringer’s solution [26]. The test tube rack was shaken,
so that the loosely attached bacteria were removed, and the coupons were transferred into
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a half-tube with tryptone soy broth (TSB; LABM; International Diagnostics Group Plc, Bury,
Lancashire, UK). Then, they were incubated for 48 h at 15 °C [26].

After the biofilm formation, the coupons were placed into a batch, rectangular, and
horizontal photocatalytic reactor (dimensions 0.5 x 0.4 x 0.3 m), equipped on top with a
white LED light tape of 6 W/m, 870 Im/m, and 12 V, with and without N-TiO, NPs. The
photoreactor was built with reflective walls (Icytofr = 320 nm), and all of the experiments
were conducted under visible-light irradiation. After 1, 2, and 3 h of irradiation, the
coupons were removed from the reactor with sterile forceps, so that they were removed
aseptically, and then they were rinsed by pipetting twice with an 10 mL of quarter-strength
Ringer’s solution. Afterwards, the coupons were immersed for 5 min in a sterile Falcon
tube containing 5 mL of Ringer’s solution and 10 sterile glass beads, and they were shaken
so that the attached cells were removed via bead-vortexing for 2 min. These detached cells
were then enumerated by the agar plating method, after which they were serially diluted.
An appropriate amount of the bacterial Ringer’s solution was distributed on tryptone soy
agar (TSA, LAB M, Bury, Lancashire, UK) plates and then incubated at 37 °C for 24 h to
assess the remaining biofilm cells, with the help of a cell counting device [26].

Coupons with Salmonella biofilms without the presence of N-TiO,, under visible-light
irradiation and in the dark, as well as coupons with N-TiO; NPs in the dark for 0, 1, 2, and
3 h of irradiation, were used as controls, for a more holistic approach to the study.

Every set of experiments was repeated twice (two independent experiments) and
included three replicate samples (coupons) to ensure repeatability (a total of six different
replicate samples).

3. Results and Discussion
3.1. FTIR Analysis

The FTIR spectrum of the N-TiO, NPs is presented in Figure 1.
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Figure 1. FTIR spectrum of N-TiO, powder, at 25 °C.

As shown in Figure 1, four major peaks were found, with the two broad bands at
3242 cm~! and 1633 cm ! being assigned to the O-H stretching and bending vibrations,
respectively. The presence of these hydroxyl groups was due to water that was absorbed
on the N-TiO, NPs’ surface. The vibrational peak at 2050 cm~! was a result of using
organic solvents during the synthesis process and was attributed to C-residuals. The peak
at 665 cm~! was related to the Ti-O stretching mode of Ti-O-Ti bonds [34].
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3.2. DLS Analysis

The size distribution of the as-prepared powder in aqueous colloidal dispersion was
measured via DLS. Figure 2 presents the experimental size results.

Size Distribution by Intensity
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Figure 2. Size distribution for N-TiO, powder dispersed in water.

After the analysis, two different diffusing species with a distinct hydrodynamic radius
distribution were revealed. The average hydrodynamic radius was estimated at ~237 nm,
with two main peaks at 275.7 nm and 5076 nm being present. The first peak was attributed
to nanoscale N-TiO; particles, whereas the second was attributed to nanoparticles tending
to agglomerate. The intensities of these peaks were 96.1% and 3.9%, respectively, while
the polydispersity index (PDI) was 0.327. It is noteworthy that the size measured via
this technique was that of the hydrodynamic radius in an aquatic environment; therefore,
the particles tended to form colloids, aggregate into larger particles, and exhibit a larger
average size than when in dry powder form [35].

Figure 3 depicts the zeta potential distribution measured for the N-TiO, particles
dispersed in an aquatic environment.

Zeta Potential Distribution
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Figure 3. Zeta potential distribution for N-TiO, particles in water dispersion.

Through the zeta potential measurement, the electronic charge of the particles was
estimated. When TiO, or metal oxides in general are dispersed in water, there is a negative
surface charge. The higher the zeta potential value, the grater the stability of the dispersion
will be, so these measurements are of critical importance in the field of toxicology and
related applications. The exact charge on the particle is dependent on the isoelectric
point (IEP) in the aqueous suspension [36,37]. Here, the zeta potential result for the N-
TiO, powder was —20 mV, with a zeta deviation of 4.07 mV—a result considered to be
moderately stable in literature [38]. All of the DLS experiments were repeated three times
to ensure the reproducibility of the results.
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3.3. BET Analysis

The isotherms obtained via the BET method on N-TiO, powder, together with the pore
size distribution, are given in Figure 4. The properties of the N-TiO, powder as extracted
from the BET analysis are presented in Table 1.
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Figure 4. Ny-sorption diagram for the N-TiO, nanoparticles. The black line represents adsorption
and the red line represents desorption. The inset shows the pore size distribution as determined by
the BJH method.

Table 1. BET analysis and properties of N-TiO, powder.

BET Surf. Area o (m* g~1)
(Micropore Surf. Area)

N-TiO, 82 (6) 0.3 13

Sample V17-300nm (cm® g=1)  Av. Pore Diam. (nm).

As we are investigating a catalyst (TiO;), surface area and adsorption—desorption
phenomena are of great importance. In more detail, the smaller the particles, the more
the surface area increases, leading to more active sites being available, as well as to higher
photoactivity [39]. The surface area of the as-prepared N-TiO, powder was 82 m? g1,
which is higher than that of the Degussa P25 commercial powder (plain TiO,, 53 m? g~!
surface area) [40]. The space between the adsorption and desorption isotherms in Figure 4
is linked to the porosity of the specimen and is expected for materials with pores ranging
from 1.5 to 100 nm in size [41]. The estimated average pore diameter was 13 nm, and the
powder was porous, with a 0.3 cm® g~! pore volume. All of the abovementioned results
are in accordance with the relevant literature [40].

3.4. SEM/EDS and TEM Analysis

The N-TiO; nanoparticles were morphologically tested by SEM/EDS. The images and
elementary analysis are presented in Figure 5.

The SEM images reveal a microstructural morphology, with particles of spherical
shape. The EDS analysis (Figure 5d) revealed that the N dopant was present at 3.26 wt.%,
with the expected Ti percentage being 54.07 wt.%. Oxygen and carbon were also found
at 39.99 and 2.68 wt.%, respectively. This was due to the oxygen present in TiO,, and to
carbon residuals from the final annealing step of the powder.
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Figure 5. SEM/EDS analysis for the N-TiO, NPs: (a) X100 magnification image of the powder,
(b) x1500 magnification image of the powder, (¢) EDS spectrum of the powder, and (d) EDS analysis
results of the powder.

As the distinctive ability of the SEM apparatus is of a certain level, further examina-
tion of the powder via TEM analysis followed. Figure 6 shows the TEM images for the
N-TiO, NPs.

The TiO,-based particles exhibited a size ranging between 5 and 15 nm, and they had a
spherical shape with different crystalline orientations. The color difference in these particles
was due to the different shade effects created by the electrons when hitting the surface of
the variably oriented particles. These size results differed from those obtained by the DLS
technique, as nanoparticles in solution tend to aggregate into larger particles and, therefore,
their size in solution is larger than that in the dry powder form [35]. This overestimation
of the DLS size compared to the TEM size is commonly found in the literature [42]. Light-
scattering techniques provide information regarding the hydrodynamic diameter, whereas
TEM measures the particles” dense core [43].

All of the abovementioned results are in accordance with a recent similar study
conducted by our research group, where the N-TiO, particles were fully characterized
by applying various techniques, including X-ray powder diffraction (XRD) (see Figure 1
in [32]), micro-Raman analysis (see Figure 2 in [32]), X-ray photoelectron spectroscopy
(XPS) (see Figure 3 in [32]), ultraviolet—visible (UV-Vis) spectroscopy (see Figures 4 and 5
in [32]), and transmission electron microscopy (TEM) (see Figure 7 in [32]). This research is
an extension of the findings of our recent publication, aimed at exploring the capability of
such particles to have end-use biomedical applications, along with environmental ones.
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Figure 6. TEM images at (a) x58,000, (b) x190,000, and (c) x500,000 magnification for the

N-TiO, NPs.
Il N-TiO, vis
6 - I control vis
[ N-TiO, dark
Il control dark
5
4 -
5
S 3
L
o
g
=2 24
14
0
0 1 2 3
Time (h)

Figure 7. Salmonella Typhimurium biofilm population (log CFU/cm?) with the presence of N-TiO,
NPs under visible-light irradiation and in the dark for 0, 1,2, and 3 h of irradiation. Control specimens
are included (no N-TiO, presence), and the reported data are the mean values of two replicates with
three samples each, £standard deviation.
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3.5. Antimicrobial Assessment

The results of the antimicrobial testing for the N-TiO, NPs under visible-light irradia-
tion are presented in Figure 7.

An effect of the presence of N-TiO; on the Salmonella Typhimurium strains was ob-
served. In detail, under visible-light irradiation, the N-TiO, NPs led to a one-logarithm
decrease in the biofilm population. The inhibition of proliferation was more obvious after 1
and 2 h of irradiation, whereas after 3 h the populations gradually started to increase again.
This was the case for all of the biofilm specimens, as Salmonella Typhimurium shows great
resistance as a bacterium. When compared to the biofilm in a dispersion of N-TiO, under
no irradiation, the NPs’ photoactivity was always evident, for all three different times of
irradiation.

It is noteworthy that, in some cases, there was a tendency for the N-TiO, NPs to attract
greater biofilm populations. This occurred both under visible-light radiation and under no
irradiation. For example, in the first hour of irradiation, the biofilm population was slightly
higher when N-TiO, was present, compared with the control specimen in the photoreactor.
Similar results were obtained for the biofilms left in the dark for 1 h. The reason for this
was that the NPs, due to their morphology and small size (i.e., higher surface area), offered
a wider space for the biofilms to grow on. Moreover, they created “trapping” sites that
worked as shelters for the cells.

The abovementioned results contrast somewhat with the recently published litera-
ture [17,24,44], since all of the published studies included testing in free-standing bacterial
strains. This is a preliminary attempt to test the antimicrobial properties of N-TiO, NPs
under visible-light irradiation in biofilms. The need to further investigate N-TiO, NPs is of
high importance in the biomedical and dental fields [45,46], and previous research from
our study group has already investigated the effects of nanoparticles on the formation and
surface modification of Salmonella biofilms [47].

Consequently, the morphology of the N-TiO, photocatalyst needed to be further
investigated so that the biofilm testing protocol could be optimized. This was due to
the existence of antimicrobial properties of N-TiO,—even in that form—when the visible
light source was present, compared to when it was missing. The percentage of remaining
Salmonella Typhimurium biofilm cells for every irradiation time is shown in Figure 8.

N

Irradiation Time (h)

- T T
0 20 40 60 80 100

Viable (remaining) % Salmonella biofilm cells

Figure 8. Percentage of remaining viable Salmonella Typhimurium biofilm cells after 1, 2, and 3 h of
visible-light irradiation, with the presence of N-TiOp NPs.

The results presented in Figure 8 were derived from comparing the viable cells on the
biofilms with N-TiO, NPs irradiated with visible light to the biofilms with N-TiO, NPs in
dark. After 1 h of visible-light irradiation, the percentage of viable (remaining) biofilm cells
was 6%, which means that there was a 94% killing of Salmonella Typhimurium biofilm cells
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by the N-TiO, NPs. As the Salmonella Typhimurium biofilm manifested its resistance to cell
death, the percentage of remaining cells after two hours of irradiation decreased to 61%,
or 39% killing. After three hours of irradiation, 42% of cells remained, i.e., 58% killing of
biofilm cells.

4. Conclusions

In the present study, the antimicrobial properties of N-TiO, nanoparticles under
visible-light irradiation on Salmonella Typhimurium biofilms were investigated. To achieve
that, N-TiO, particles were synthesized via the sol-gel method. The particles were fully
characterized by FTIR, DLS, BET, SEM/EDS, and TEM, before assessing their antibacterial
behavior. It was revealed that the particles formed were nanoscale (5-15 nm), and the
expected Ti-O bonds and elemental N were present. When in water dispersion, the particles
tended to form agglomerates and had a zeta potential of —20 mV, making the suspensions
moderately stable. They had a high surface area, making them more photoactive, and they
were porous, with a 0.3 cm® g~! pore volume and 13 nm average pore diameter.

The antimicrobial photocatalytic testing was conducted under visible-light irradiation,
on Salmonella Typhimurium biofilms that were formed on stainless steel coupons. After the
biofilm development, the coupons were placed on a horizontal, batch, rectangular reactor
equipped with a vis-LED irradiation source, in the presence of N-TiO, NPs. After 1,2, and
3 h of irradiation, the biofilm population was assessed. An inhibition of proliferation under
visible-light irradiation was noticed when the N-TiO, was present, compared to when the
light source was missing. It should be noted that the TiO, NPs tend to attract bacteria
on their surface, so in some cases the biofilm population was increased compared to the
control coupons. This was due to the morphology of the NPs, which created “trapping” sites
working as shelters, along with their higher surface area available for the bacteria. However,
the antibacterial activity of the N-TiO, NPs was noticeable, as only 6% of Salmonella biofilm
cells remained viable after the first hour of visible-light irradiation. Therefore, N-TiO; can
be considered to be a promising multipurpose material with biomedical and environmental
photoinduced properties, able to reduce biofilm formation under visible-light irradiation.
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