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Abstract: The aim of this study is to investigate the antibacterial capabilities of different coating
durations of three nanoparticle (NP) coatings: molybdenum (Mo), tantalum (Ta), and zinc oxide
(Zn0), and their effects on the surface characteristics of 316L stainless steel (SS). The coated substrates
underwent characterization utilizing field emission scanning electron microscopy (FE-SEM), energy
dispersive X-ray spectrometry (EDX), and X-ray diffractometer (XRD) techniques. The antibacterial
efficacy of NPs was evaluated using the agar diffusion method. The FE-SEM and EDX images
confirmed the presence of nano-sized particles of Mo, Ta, and ZnO on the surface of the substrates
with perfectly symmetrical spheres and a uniform distribution of the NPs. All groups demonstrated
antibacterial activity, and the ability to inhibit the growth of Streptococcus mutans and Lactobacillus
acidophilus bacteria. The ZnO group had the most potent antibacterial effect, followed by the Mo
group, while the Ta group had the least effect. A direct-current (DC) plasma sputtering system
was used to produce nano-coatings of high purity that were homogeneous, crack-free and showed
no sign of delamination. Bacterial strains exposed to Mo, Ta, and ZnO coated surfaces exhibited a
significant loss of viability in a time-dependent manner. The optimum sputtering time to ensure the
best antibacterial properties and preserve the resources was 1 hour (h) for Mo, 3 h for Ta and 6 h
for ZnO.

Keywords: coating; nanomaterial; archwire; molybdenum; tantalum; zinc oxide

1. Introduction

It has been postulated that fixed orthodontic appliances might serve as a potential
site for plaque accumulation [1]. S. mutans and L. acidophilus are the main pathogens
responsible for dental caries, resulting in a decrease in oral pH levels. The confluence of
these factors, forceful contact, irregular tooth enamel surface, and insufficient oral hygiene
during orthodontic treatment leads to the demineralization of tooth enamel [2].

In an attempt to control dental biofilm, fluoridated mouth rinse is often prescribed;
however, the available mouth rinses may have a high concentration of fluoride, which has
the potential to corrode orthodontic devices [3]. Alternatively, nanoparticles (NPs) have
been used in the dental field to coat orthodontic archwires, and they have the potential to
decrease the number of microbes and thus ultimately reduce the occurrence of caries and
periodontal problems in individuals receiving orthodontic treatment [4].

Antibacterial NPs provide effective strategies to address the challenges encountered
by conventional antibacterial drugs, such as antibiotic resistance [5]. The unique physio-
chemical features of NPs, along with their ability to kill microorganisms, have resulted in a
significant increase in research on NPs as possible antibacterial agents [6]. The nanoscale
antimicrobials are effectively utilized to manage dental infections due to their bactericidal
impact, antiadhesive properties, and prospective capabilities [7].
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There are two primary methods for integrating antibacterial NPs into dentistry. One is
to directly combine them with materials such as composites, glass ionomers, and topically
applied agents. The other is to use them as coatings on surfaces [8,9].

The antibacterial NPs possess a substantial surface area and a high charge density,
allowing them to effectively interact with negatively charged bacterial cells. This interaction
greatly enhances their antibacterial activity [10]. In addition, the inclusion of antibacterial
NPs in polymers or their application as a coating on biomaterial surfaces has been shown
to possess exceptional antibacterial properties in the oral cavity [11].

The antibacterial properties of Mo NPs have been documented in previous studies [12,13].
Mo possesses the capacity to impede the growth of several harmful microorganisms, rendering
it a potent and durable antibacterial agent for inanimate surfaces; therefore, it has been
deemed appropriate for hospital settings [14]. Huang et al. found that Ta alloys exhibit
remarkable biocompatibility, making them very efficient as protective coatings in biomedical
applications [15]. The utilization of Ta NPs as a protective coating inhibits the growth of Gram-
negative bacteria and kills Gram-positive bacteria [16]. Finally, ZnO NPs have demonstrated
antibacterial characteristics when used as a coating [17].

Unlike other coating techniques, direct current (DC) plasma sputtering is known
to develop a strongly adherent coating on the substrate [18]. The coating thickness is
directly proportional to the sputtering duration [19]. Thicker coatings could offer a better
antibacterial efficacy, but will consume more resources. To the best of our knowledge, this
is the first study to determine the optimum sputtering time to achieve the best antibacterial
effect and, at the same time, preserve resources.

This study aimed to investigate the antibacterial and surface characteristics of SS
after coating with three different NPs using DC sputtering at three different durations (i.e.,
coating thicknesses). Moreover, our objective was to identify the coating time that would
provide the best antibacterial activity. The current study adopted the null hypothesis that
there is no significant difference in antibacterial and surface characteristics between coated
and uncoated SS substrates, regardless of the type of NP and sputtering durations used.

2. Materials and Methods
2.1. Study Design

This study involved two steps: first, the surfaces of 316L stainless steel (SS) (316L NO4
ASTM A240 [20], China) substrates were coated and characterized with three different NPs;
second, the antibacterial effects of these coatings were tested, and the optimum coating
time was identified. The study sample for the test of antibacterial properties consisted of
a total of 252 samples, including 216 samples coated with NPs and 36 as control samples
(uncoated), as shown in Figure 1. This study included a total of 40 groups, with 20 groups
allocated for each test category (biofilm inhibition and inhibition zone); within each test
category, 10 groups were designated for each type of bacteria, which were further divided
into three subgroups, each representing different NP coatings (Mo, Ta, and ZnO NPs)
(Good Fellow Metals Com., London, UK). These subgroups denoted different coating times
designated as T1, T2, and T3 for the Mo and Ta groups, and represented 1, 2, and 3 h,
respectively. For the ZnO groups, the coating times were 2, 4, and 6 h. Each subgroup
included six disks of 316L SS. A control group with three uncoated disks was used for
comparison with the respective experimental subgroup.
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Figure 1. Distribution of the study samples. * The samples used for X-ray diffraction (XRD), field
emission scanning electron microscopy (FE-SEM), and energy dispersive X-ray spectrometry (EDX)
tests were also used for antibacterial tests.

2.2. Specimen Preparation

This study was carried out on a disk-shaped substrate made of 316L SS. The substrate
had a diameter of 10 mm and a thickness of 2 mm. A wire-cutting machine was used to
accurately separate and reshape the substrate. To verify that the plate used in this study
was made of 316L SS, an analysis of the chemical composition of the 316L SS plate was
conducted [21] using spark atomic emission vacuum spectrometry. Mo, Ta, and Zn sheets
with high purity (99.9%) were utilized as targets in the sputtering process to produce the
NPs. To improve the adhesion between the deposited layer and the surface of the 316L
SS material, the substrate samples were sequentially polished using different SiC emery
sheets with grit sizes of 120, 400, 600, 800, and 1200 um [22]. The polishing process was
carried out to provide a smooth and highly reflective surface. Immediately before the
application of the coating, the samples underwent a cleaning operation to remove any
debris and contamination. This was achieved using ultrasonic cleaning (25 kHz, 100%
sweep; Elma, Fisher Bioblock Scientific, Scotland, UK) equipment with 99.8% ethanol
(Scharlau, Gato Perez, Barcelona, Spain). Subsequently, the samples were allowed to dry at
room temperature [23].
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2.3. Nanocoating Procedure

Surface modification was achieved by utilizing altered reactive plasma. The sputtering
method utilizes a DC reactive plasma device (custom made) to carry out both chemical
and physical reactions. Argon gas is classified as an inert gas and was used exclusively as
a bombardment agent for the target materials Ta and Mo with the purpose of forming a
coating on the substrate material. In addition, argon gas was used in combination with
oxygen to make ZnO. A DC power supply with a voltage of 3.5 kilovolts (KV) was utilized
to ensure the necessary voltage for the sputtering process.

The polished and immaculate samples were placed in the middle area of the anode
electrode’s foundation, and the sputtering procedure was started by employing a power
supply with a negative voltage of 3.5 kV. After the sputtering technique was complete, the
samples were kept in the vacuum chamber until the surrounding temperature was reached.
The processed samples were placed in a container to protect them from the surrounding
conditions until analysis was performed.

2.4. Characterization of Nanocoated Surfaces

The X-ray diffraction (XRD) investigations were conducted using an X-ray diffractome-
ter (SHIMADZU XRD-6000-Japan, Kyoto, Japan) equipped with a Cu normal focus (NF)
X-ray tube with a scanning radius of 185 mm. The X-ray emissions were below 2.5 micro
Sieverts per hour at their highest level. The morphological and chemical features of the
biomaterials and layers were analyzed using field emission scanning electron microscopy
(FE-SEM) (FEI INSPECT F50, Zaragoza, Spain). A software tool for image analysis was
utilized to measure the diameters of nanoparticles present on the surface of the coated plate.
The elemental distribution of specific spots or sections in the FE-SEM image was analyzed
using an energy dispersive X-ray spectrometry (EDX) detector included with the FE-SEM.

2.5. Antibacterial Procedure

The isolated strains underwent analysis utilizing the VITEK 2 compact system
(BioMérieux, Inc., Durham, NC, USA). The circular specimens were positioned on top
of a freshly cultivated bacterium, specifically S. mutans and L. acidophilus. Mitis Salivarius
Agar (MSA) was employed for S. mutans, while deMan Rogosa Sharpe Agar (MRSA) was
employed for L. acidophilus. After the incubation period, the specimens were taken out of
the assay, washed three times by submerging them in Ringer solution, and then placed in a
10 mL tube with 10 mL of PBS. A suspension was created by vortexing the tubes for 15s. A
volume of 100 microliters was spread onto agar plates and then incubated for a period of
48 to 96 h. Subsequently, the inhibitory effectiveness was assessed by detecting microbial
cultivation, as described by Morgan et al. [24]. To calculate the microbial cell reduction
percentage (R, %), the following equation was used [25]:

CFEU control — CFU sample
CFU control

R% = x 100%
* CFU control represents the quantity of viable bacteria present on the uncoated surface.
* CFU sample represents the quantity of viable bacteria present on the coated surface.

For the zone of inhibition test, the specimens were selected from each group according
to the parameters established by the CLSI standard [26]. The procedure involved creating
solutions of the separated microorganisms with a concentration of 0.5 McFarland standard
(1 x 10® bacteria per mL). Four wells, each with a diameter of 10 mm, were made using a
sterile cork borer. The specimens with coatings as well as the control were placed in the
culture at certain millimeter intervals. Subsequently, the plates were transferred into a
candle jar and subjected to incubation at a temperature of 37 °C for 24 h, while maintaining
anaerobic conditions. The Vernier caliper was used to measure the diameter of the zone
of inhibition surrounding the wells. The test provided an indication of the nanoparticles’
antibacterial activities [27].



Metals 2024, 14, 853

50f18

2.6. Statistical Analyses

The statistical analyses were conducted using SPSS version 26. The Shapiro-Wilk
test showed a normal distribution of the data. For inferential statistics, a 95% confidence
interval was used with a significance level set to a p-value of 0.05, and ANOVA with the
Tukey HSD test was used for the comparison of the study groups.

3. Results
3.1. Surface Morphology and Chemical Composition
3.1.1. Characterization Using FE-SEM

The FE-SEM at various magnifications revealed that the coated material was of
nanoscale size; the particle size of the NPs varied from 46 to —74 nm for Mo, 16 to —44 nm
for Ta, and 16 to —57 nm for ZnO. The NPs took the form of almost perfectly symmetrical
spheres with a uniform distribution, as shown in Figure 2.

Figure 2. FE-SEM images for the coated stainless steel plate at low- and high-magnification powers:
(A,B) Mo nanoparticles (NPs); (C,D) Ta NPs; and (E,F) ZnO NPs.

3.1.2. Characterization via EDX Spectroscopy

The EDX characterization micrographs displayed the chemical elemental analysis
and ionic distribution of SS plates coated with Mo, Ta, and ZnO NPs. These findings are
shown in Table 1. The deposition of the coating elements was highest in the Ta group,
followed by the ZnO group, and lowest in the Mo group. Furthermore, the subgroup with
the highest weight percentage (wt%) of the coating material was Ta T3, with a value of
63.0%. Moreover, the subgroup with the lowest wt% was Mo T1, with a value of 6.6%. It
should be noted that a reduction was detected in the presence of Fe, which is the main
component of the 316L SS alloy.
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Table 1. Weight percentages (wt.%) of the elemental composition of molybdenum (Mo), tantalum
(Ta), and zinc oxide (ZnO) nanocoatings relative to the amount of Fe on the surface of the 316L SS
substrate for various sputtering durations: T1, T2, and T3.

Nanomaterial Elements (wt.%) T1 T2 T3
Mo 6.6 8.0 8.3

Mo
Fe 56.3 53.0 52.7
Ta 28.5 53.5 63.0

Ta

Fe 37.0 14.2 8.3
ZnO 10.6 25.6 30.2

ZnO
Fe 50.8 36.8 33.1

T1, T2, and T3 represent 1, 2, and 3 h, respectively, for Mo and Ta, and 2, 4, and 6 h, respectively, for ZnO.

Furthermore, EDX examination revealed the existence of Mo (Figures 3 and 4), Ta
(Figures 5 and 6), and ZnO NPs (Figures 7 and 8) on the surfaces of the coated SS samples.

Figure 3. The EDX for the examined SS plate showing the presence of Mo.

1 Fe
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Figure 4. The EDX plot for the examined SS plate coated with Mo.
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Figure 5. The EDX for the examined SS plate showing the presence of Ta.
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Figure 6. The EDX plot for the examined SS plate coated with Ta.

Figure 7. The EDX for the examined SS plate showing the presence of ZnO.
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Figure 8. The EDX plot for the examined SS plate coated with ZnO.

3.2. X-ray Diffraction

Zn

T i |
T

10 keV

Figure 9 shows the XRD pattern of 316L SS coated with Ta using plasma sputtering
under different sputtering time conditions. It can be observed that the untreated SS exhibits
a highly crystalline reflection at 26 43.7°, 50.85°, 74.7°, and 90.7°, which can be assigned
to (111), (200), (220), and (311) face-centered cubic austenite phases (PDF # ICDD14-0529).
Moreover, a (110) body-centered cubic ferrite phase can be observed at 26 44.6° (PDF #

ICDD 006-0696).
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Figure 9. X-ray diffraction pattern of the Ta NPs sputtering coating on the 316L SS substrate at
different sputtering times.

The patterns of the Ta-coated specimens (T1, T2, and T3 of sputtering time) clearly
show a prominent plateau profile in the range of 26 20° to 40°. This profile is a mix of the
single-phase Ta (110) at 26 38.47°. The deposition of a coating layer of Ta was confirmed
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and identified according to the standard Joint Committee on Powder Diffraction Standards
(PDF# ICDD 04-0788) and its oxide (110) and (200) TayOs (PDF# ICDD 04-0788).

The pattern indicated that the surface of the specimen is well covered with a ZnO
layer, and the strongest lines in the pattern of the coated specimen are (100), (002), and (101)
at 20 31.50, 33.95, and 36.30, respectively (Figure 10). The deposition of a coating layer of
ZnO was confirmed and identified (JCPDS-ICDD files # 36-1451). The XRD pattern shows
the domination of ZnO in the coated layer, and this is very clear from the (100), (002), and
(101) planes.

XRD Patterns of 316L Stainless Steel
Coated with ZnO by Plasma Sputtering
for Different Sputtering Time.

ZnO(002)

1200 — ———— Untreated
—— Zn oxide 2hrs

Zn oxide 4hrs

Zn oxide 6hrs

220)

800 —

Auslenite(

111)

Intensity (a.u)

Austenits(

— Ferrite(110)

Auslenile(200)

Zno10m)
Zno101)

400 —
fa
| |||=
- \l
me/\/l l
~W~.M«*€"’j %‘W
0 phect,
U | | | |
20 30 40 50 60 70 80

20(degree)

Figure 10. X-ray diffraction pattern of ZnO NPs sputtering coating on the 316L SS substrate at
different sputtering times.

Figure 11 shows the XRD pattern of 316L stainless steel Mo coated using plasma sput-
tering under different sputtering time conditions. A shift in the position of the reflections
(Figure 12) of the substrate toward the high 20 can be observed as the sputtering time
increases, forming a Molybdenum oxide (013, 1002, and 202 Mo4O11) (PDF # ICDD13-0142).
The peak shifts identified using XRD diffraction in Figure 12 are located toward the right
side of the figure, revealing the lattice strain. The shift is also related to the crystalline
size via contraction due to the changes in lattice parameters, which also show an increase
in FWHM (Scherrer’s formula), corresponding to the higher crystallinity caused by the
reduced width and the crystallization process.



Metals 2024, 14, 853 10 of 18

XRD Patterns of 316L Stainless Steel
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Figure 11. XRD pattern of 316L stainless steel Mo coated using plasma sputtering under different
sputtering time conditions.
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Figure 12. Shift in the peak position of the Mo XRD pattern.
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3.3. Microbiological Tests
3.3.1. Antimicrobial Effect of the NP Coating

The Mo, Ta, and ZnO groups have antibacterial activity, including the ability to inhibit
the growth of S. mutans and L. acidophilus bacteria (Table 2). In general, all the tested material
demonstrated a stronger antibacterial effect against S. mutans rather than L. acidophilus.
The ZnO group had the most powerful antibacterial effect, followed by the Mo group, and
the least was seen in the Ta group. The comparison of mean percentage change across
time for S. mutans and L. acidophilus for ZnO was significant (p < 0.05). The antibacterial
effect increased with increasing coating duration, indicating that T3 had the most powerful
effect for ZnO, as well as for Ta. Conversely, there was no significant difference in the
antibacterial effect of Mo for the three sputtering durations.

Table 2. The mean biofilm inhibition percentage (%) of Mo, Ta, and ZnO NP coatings.

Time ANOVA Tukey HSD
Type Bacteria (p Value)
T1 T2 T3 T1, T2 T1, T3 T2, T3
Streptococcus 246439 243444 247 +81 0.99 0.99 0.99 0.99
mutans
Mo Lactobacill
ACtobactziiLs 1324504 134+46  142+48 0.9 0.9 0.9 0.9
acidophilus
Streptococcus 82+612 106+56  198+52 0.8 0.8 0.008 0.03
mutans
Ta Lactobacill
actobaciziis 27476  103+47 157453 0.09 0.09 0.005 03
acidophilus
S”Zf;‘;g‘:s"”s 274+71 464452 7214108  0.0001 0.0003 0.00001 0.00003
Zn0 Lactobacill
actovacizius 2595469 394+85 679466 0.0001 0.05 0.0001 0.0001
acidophilus

T1, T2 and T3 represent 1, 2, and 3 h for Mo and Ta. T1, T2 and T3 represent 2, 4, and 6 h for ZnO.

3.3.2. Zone of Inhibition Test

The Mo, Ta, and ZnO groups showed an evident zone of inhibition effect when
compared with the control group (Figure 13). In general, all the tested materials showed
a stronger inhibition zone effect against S. mutans compared to L. acidophilus. However,
the ZnO group had the strongest inhibition zone effect, followed by the Ta and Mo groups
which showed similar effects.

The comparison of the inhibition zone for S. mutans with Mo showed no significant
difference, while for L. acidophilus it was significantly lower in T1 than in T2 and T3
(Figure 14). The comparison of the inhibition zone for S. mutans with Ta was significantly
lower in T1 than in T2 and T3, while for L. acidophilus it was significantly lower in T1
compared to T3 only (Figure 15). The comparison of the inhibition zone with ZnO according
to the type of bacteria was significant for T1, T2 and T3 (p < 0.05). The comparison of the
inhibition zone for S. mutans and L. acidophilus with ZnO was significantly higher for T3
than for T1 and T2. The inhibition zone was shown to increase with increasing sputtering
time (Figure 16).
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Figure 13. The inhibition zones of three different timing of Zinc oxide nanoparticles coatings against
S. mutans: T1 (2h): 1.4 cm, T2 (4 h): 1.6 cm, and T3 (6 h): 1.8 cm.
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Figure 14. The mean inhibition zones in the antibacterial test for Mo nanoparticles. T1, T2, and T3
represent 1, 2, and 3 hours of coating time.
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Figure 15. The mean inhibition zones in the antibacterial test for Ta nanoparticles. T1, T2, and T3
represent 1, 2, and 3 hours of coating time.



Metals 2024, 14, 853

13 of 18

Zn0O

20

18 I

B
E % I I
g 14 I I
R 1 I
c
g 1 18
2 8 16 15
= 14 14
< 6 12
c
s 4
= 2

0

T1 T2 T3

S.Mutans L.Bacilli

Figure 16. The mean inhibition zones in the antibacterial test for ZnO nanoparticles. T1, T2 and T3
represent 2, 4, and 6 hours of coating time.

4. Discussion

The current study demonstrated the significant effect of different nanomaterials on
antibacterial properties, and this effect mostly increases with a longer DC sputtering time
(i.e., coating thickness). The S. mutans bacterium chosen for this investigation is considered
a cariogenic pathogen that plays a primary role in the formation of human dental caries,
primarily due to its robust ability to produce biofilms [28]. L. acidophilus has been found to
be the second most cariogenic bacterium in the oral cavity flora and plays a major role in
the advanced stages of caries. After the initiation of demineralization, there is an elevation
of L. acidophilus bacteria and a reduction in S. mutans bacteria [29].

Due to progress in nanotechnology, nanocoatings have emerged as a possible remedy
for addressing therapeutic challenges [30]. Therefore, the use of surface coating technology
is highly important in clinical applications [31]. Magnetron sputtering is a widely employed
process for depositing thin films onto SS surfaces, enabling the coating of surfaces with
various geometries. Magnetron-sputtered films frequently outperform films formed using
alternative physical vapor deposition (PVD) technologies and can offer functionality com-
parable to that of much thicker films produced using different surface coating procedures.
Furthermore, a diverse selection of metals and metal alloys can serve as a source material
to generate NPs to produce thin micrometer (um) coating layers suitable for a variety of
applications [32,33]. The properties of the coating can be modified by altering the duration
of the sputtering or the prevailing circumstances [33,34].

The selection of Mo, Ta, and ZnO NPs depends on their potential to form a robust
layer and enhance the sustained release of NPs [14,16,35,36]. Several publications have
documented that Mo has antibacterial properties [12,13], and can inhibit the growth of many
perilous microorganisms, making it a potent and durable antibacterial agent for inanimate
surfaces [14]. Moreover, Ta coatings have exhibited excellent antibacterial properties [37];
Ta alloys have remarkable biocompatibility [15] and the ability to suppress the proliferation
of Gram-negative bacteria and kill Gram-positive bacteria [16]. ZnO is attractive due to its
good biocompatibility, minimal toxicity, and antimicrobial properties [36].

To improve the bond between the coated layer and the surface of the 316L SS material,
all the discs were successively abraded and finished to a mirror-polished surface [22].
Ultrasonication in deionized water was performed to remove any contaminants [23]. UV
light was used to sterilize the SS plates due to its efficacy; moreover, since UV light involves
no heat or chemicals, this method ensures that the samples maintain their properties [38].

The FE-SEM images confirmed the presence of NPs for all the tested materials, namely,
Mo, Ta, and ZnO. Furthermore, the FE-SEM and EDX analyses confirmed the high purity
of the coating, as well as its uniformity, compactness, and homogeneity. The existence
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of surface voids or gaps in the coating is a common cause of material failures [39]; these
were not detected in any of the tested groups. Therefore, it can be assumed that the DC
sputtering method made it possible to effectively obtain a tight and uniform coating.

The elemental analysis of the experimental groups, as compared to the control groups,
detected the presence of Mo, Ta, and ZnO atoms on the coated SS plates, with the highest
wt.% observed for Ta and the lowest ionic distribution concentration for Mo. The wt.% of
the Mo, Ta, and ZnO increased as the duration of sputtering progressed, with a decrease
in the amount of Fe (which makes up the majority of the 316L SS alloy); this result is in
agreement with the findings of Cao and Zhou [40]. The variation in the wt.%. can be
explained by the variable surface binding energy (SBE) of the different metals used. The
SBE refers to the minimum energy needed to separate a particle from a group of particles
or to break down a group of particles into their individual components [41]. Therefore,
the largest amount of coating was deposited using Ta, which has the lowest SBE (21.8 eV)
among the targets used [42].

The 316L SS substrate was characterized using an X-ray diffraction profile. The XRD
verified the lack of any phase transformation throughout the coating process. Furthermore,
the analysis revealed the absence of peaks associated with impurities in the X-ray diffraction
pattern, which verified the successful production of very pure Mo, Ta, and ZnO utilizing
the sputtering coating technique. Sputtering is a versatile and widely used thin film
deposition technique with several advantages, including high purity, precise control, and
uniformity [43]; moreover, this technique can produce thin films and super-lattices of
complex oxides, and usually at a lower cost than other methods [44].

The Molybdenum oxide formation may be due to the presence of oxygen traces in
the sputtering process and the tendency of Mo metal to oxidize in the atmosphere before
the diffraction analysis is complete. This shift can be attributed to different reasons. First,
the lattice parameter of the crystals causes a slight displacement in the peaks through
doping (introduction of Mo atoms into the Fe crystal), changes in stoichiometry, and the
composition of the surface. The shifts in the peaks are influenced by defects, stress, and
composition, which in turn are affected by changes in lattice parameters. The diffraction
shifts to the right or left are caused by the difference in ionic radii between the original
elements (Fe) and the dopant ions (Mo). This shift can lead to an increase or decrease in
the size of the crystal. The shifts can be attributed to the substitution of elements or the
presence of non-stoichiometric phases and structural transformations. Additionally, the
shifts to the left or right of the 20 angles can result in changes in the full width at half
maximum (FWHM), and the peak height has a direct impact on the qualities of the crystals,
either by enhancing or diminishing them.

The crystallite size is inversely proportional to the FWHM; therefore, the smaller
the FWHM (which means the sharper the peak), the greater the crystallite dimensions.
Third, the shift towards the right (with a higher 20 value) resulted in a contraction of the
concentration and enhanced the crystal characteristics (characterization) due to alterations
in the lattice parameters [45].

Recently, many methods have been devised to combat antimicrobial resistance. One of
these methods involves exploring the potential of nanomaterials as alternative antibacterial
agents. In vitro studies have shown that nanomaterials have harmful effects on several
types of bacteria, indicating their potential use in medical applications such as delivering
drugs and the creation of artificial tissues or organs [46—48].

The current study demonstrates that the application of Mo, Ta, and ZnO NP coatings
exhibits significant antibacterial effects against Gram-positive bacteria S. mutans and L.
acidophilus. The NPs have excellent characteristics and can improve interactions with cells
and optimize antibacterial activity due to increased contact surface area [49]. Studies on the
antibacterial effects of Mo NPs are significantly less extensive compared to other inorganic
substance NPs. One study found the antibacterial activity of Mo NPs to be active against
P. mirabilis and K. pneumonia, showing a clear zone of inhibition [50]. Moreover, MoOs
paint exhibited good antibacterial properties against pathogenic bacteria including E. coli,
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S. aureus, and K. pneumonia [35]. An antibacterial study suggested that the effectiveness of
Mo is due to the presence of hydroxonium ions, which is caused by the production of Mo
on the surface [12].

This study demonstrates the antibacterial activity of Ta NPs, and the results are
in agreement with a study showing that amorphous tantalum oxide coatings exhibited
excellent antibacterial properties [51,52]. The reactive oxygen species (ROS) may be the key
factor of Ta NPs regulation in the microenvironment. These findings indicate that Ta NPs
have the potential to be used in tissue engineering and inflammation therapy [53].

It is crucial to emphasize that the antimicrobial impact of the ZnO NP coating on S.
mutans and L. acidophilus was notably greater compared with the coating of Ta and Mo
NPs, and was more potent in suppressing the formation of biofilms in the T3 coating time
group. Kasraei et al. found that the inclusion of ZnO NP in the dental compound had
a substantial antibacterial effect on S. mutans [54]. The antibacterial action of ZnO NPs
is attributed to the physical disruption of the cell membrane and the generation of ROS
within the cell. ZnO NPs often have an isoelectric point above nine and display significant
positive surface charges in physiological settings. This facilitates electrostatic interactions
with the negatively charged surface of bacteria [55,56].

In this study, the efficiency of biofilm suppression was assessed by comparing the
different time durations of the Mo, Ta, and ZnO NP coatings with a control standard.
Furthermore, we observed that, with an increase in sputtering time, the bacterial viability
exhibited a significant drop and the biofilm inhibition size increased similarly for the Ta
and ZnO groups; with the best antibacterial effect being for the T3 duration for both of
them, this clearly illustrates the time-dependency of the antibacterial activity. However, the
increase in the duration of sputtering had a limited impact on the suppression of the Mo
group biofilm; this effect may be due to the higher SBE of Mo, limiting the thickness of the
coating, hence resulting in limited biofilm inhibition.

In summary, based on the findings of this study, the ideal sputtering coating times are
T1 for Mo, and T3 for Ta and ZnO.

5. Conclusions

(1) The DC plasma sputtering system can be used to produce high purity, homogeneous,
crack-free nano-coatings of Mo, Ta, and ZnO on 316L SS, with no sign of delamination.

(2) The amount of nanocoating deposited on the substrate is dependent on two factors:
coating duration and the type of NP used.

(3) Bacterial strains exposed to surfaces that have been coated with Mo, Ta, and ZnO
show a noticeable decrease in their ability to sustain life in a time-dependent manner.

(4) The antibacterial impact of the ZnO NP coating on S. mutans and L. acidophilus is
notably greater than that of Ta and Mo NP coatings.

(5) The optimum sputtering coating times to ensure the best antibacterial effect and
preserve resources are T1(1) hour for Mo, T3 for Ta (3 h), and T3 (6 h) for ZnO.
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