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Abstract

Advanced technologies, such as antimicrobial coatings on food contact surfaces (FCSs),
are critical to prevent the occurrence of food-contaminating bacteria. Titanium dioxide
coatings were fabricated by the sol–gel method on stainless steel following an experiment
consisting of eight different combinations of these synthetic parameters: type of protocol
(method), amount of surfactant, aging time, spinning speed, and sintering temperature.
Hardness and elastic modulus values of the eight coating combinations were assessed by
nanoindentation, and their values were statistically analyzed to determine which protocol
and sintering temperature were significant influencing factors. Additional experimental
points were procured to obtain trends relating sintering temperature to hardness and
elastic modulus. Within the experimental range studied, hardness monotonically increased
with sintering temperature, reaching its maximum value at 595 ◦C, while elastic modulus
attained a maximum value at 640 ◦C. These maxima’s isotherms were overlapped on the
coating’s photocatalytic activity contour plot to explore which combinations of protocol,
aging time, and sintering temperature yielded optimal photocatalytic activity, hardness, and
elastic modulus. The optimized coating was tested against two representative foodborne
pathogens, Escherichia coli O157:H7 and Staphylococcus aureus cells and their biofilms, and
was characterized by nanoindentation, scanning electron microscopy, and X-ray diffraction.
The properties of the coating, as found in this study, present evidence for its potential
FCS applications.

Keywords: antimicrobial coating; titanium dioxide; hardness; elastic modulus; wear;
photocatalytic activity

1. Introduction
Foodborne pathogens, such as Salmonella, Escherichia coli, and Listeria monocytogenes,

as well as antibiotic-resistant strains, cause a significant global health burden, resulting in
approximately 600 million global foodborne illnesses and 420,000 deaths annually [1,2].
Contaminated food contact surfaces are a primary transmission vector, underscoring the
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need for effective and persistent sanitization methods beyond conventional cleaning, which
can fail to prevent recontamination and biofilm formation [3–9].

Antimicrobial coatings, particularly photocatalytic titanium dioxide, offer a promis-
ing solution by providing continuous surface disinfection through the generation of re-
active oxygen species (ROS), while avoiding issues of agent depletion and antibiotic
resistance [6,10,11]. TiO2 coatings have demonstrated robust efficacy against various
pathogens [12–14]. However, their practical application is critically limited by a lack of
durability, with documented failures, including delamination and mechanical wear, that
reduce functionality [6,15–17].

A fundamental conflict exists between the functional and structural properties of
these coatings. Durability, defined as resistance to mechanical stress, operational loads, or
degradation, depends heavily on deposition methods and processing parameters [18,19].
High photocatalytic activity, favored by a porous, anatase-rich structure, is often inversely
related to mechanical robustness, which is enhanced by denser, rutile-rich phases and
specific processing conditions [20–26]. This performance–durability trade-off represents a
key barrier to deployment.

This work addresses this problem by systematically investigating the synthesis pa-
rameters for sol–gel TiO2 coatings to identify conditions that co-optimize mechanical and
functional properties. The relationship between sintering temperature and the mechani-
cal properties of hardness and elastic modulus was established. These trends were then
integrated with a previously developed model for photocatalytic activity [26] to define a fab-
rication window that simultaneously enhances durability and antimicrobial performance.
Coatings prepared under these optimized conditions were characterized and evaluated for
efficacy against relevant foodborne pathogens.

The main aim of this study was to maximize durability, as measured by hardness and
elastic modulus, while maximizing the photocatalytic activity of an antimicrobial coating.
Effects of manufactured coatings on two important foodborne pathogens were tested to
demonstrate the functionality of the coatings for food industry applications.

2. Materials and Methods
2.1. Design of Experiments

The experimental methodology was conducted in two sequential phases. First, a pho-
tocatalytically optimized sample was established as the baseline, followed by systematic
adjustments to synthetic parameters to identify a local optimum for mechanical perfor-
mance. Seven distinct coatings were then fabricated by varying sintering temperatures and
other synthesis conditions, with their mechanical properties, hardness and elastic modulus
evaluated via nanoindentation.

The synthetic parameters for producing the AMCs, including their experimental
variation ranges, were selected based on our previous study that optimized the photocat-
alytic performance of sol–gel TiO2 coatings on food-grade stainless steel [25–27]. Extreme
values of these parameters were tested, encompassing two different synthesis protocols,
templating agent-to-precursor (Ti:EO) ratios of 0.5 and 1.2, aging durations of 1 h and
240 h, spin-coating speeds of 2000 and 6000 rpm, and sintering temperatures of 400 ◦C and
600 ◦C [25–27].

Variations in hardness and elastic modulus were analyzed in accordance with the
experimental design outlined in Table 1. Following Lazic’s (2004) methodology [28], this
approach facilitated the (1) identification of an optimal parameter combination for im-
proved mechanical properties, and (2) determination of statistically significant factors
influencing these properties. Nanoindentation measurements [25–27,29] provided the
necessary hardness and elastic modulus data, which were then processed using Minitab 18
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(Minitab, State College, PA, USA) via its design of experiment (DOE) statistical tools for a
full 2-factorial analysis.

Table 1. Full, 2-factorial design of experiment used for screening the significant synthetic factors, in
order to identify those that affect the hardness and elastic modulus of the resulting TiO2 coatings.

Run

Synthetic Factor
Coating

Thickness, nm

Response
Crystallite
Size, nmProtocol Ti:EO 1 taging,

h rpm Tsintering,
◦C

Hardness,
GPa

Elastic
Modulus,

GPa

1 1 1.2 1 6000 400 608 ± 33 0.527 ± 0.02 39.9 ± 2.8 15.54

2 1 1.2 1 2000 600 688 ± 51 1.28 ± 0.21 118 ± 7 18.32

3 1 0.5 240 6000 400 905 ± 82 0.394 ± 0.18 60.6 ± 7.9 18.32

4 1 0.5 240 2000 600 1103 ± 94 1.03 ± 0.26 171 ± 3 16.70

5 2 1.2 240 6000 600 1156 ± 122 4.27 ± 0.45 188 ± 23 24.15

6 2 1.2 240 2000 400 1750 ± 198 2.66 ± 0.21 168 ± 9 17.71

7 2 0.5 1 6000 600 825 ± 76 5.32 ± 0.61 221 ± 26 19.95

8 2 0.5 1 2000 400 854 ± 84 2.48 ± 0.21 153 ± 14 22.68
1 Surfactant micelle diagrams are expressed in terms of ratios (Ti:EO) of titanium atoms in solution to ethylene
oxide groups in solution; therefore, this parameter was chosen as a synthetic factor [25,27].

Upon identifying sintering temperature as the primary factor affecting mechanical
durability, additional experiments were performed to systematically investigate its cor-
relation with coating hardness and elastic modulus. These insights were subsequently
applied to develop coatings with enhanced mechanical properties while preserving photo-
catalytic efficiency.

Protocol 1, adapted from Andersson et al. (2016) [30] for porous anatase formation,
involved hydrolyzing 1.0 g titanium(IV) ethoxide (20% Ti in ethanol, Sigma-Aldrich, St.
Louis, MO, USA) with 0.8 g fuming HCl (37%, Honeywell Fluka, Morris Plains, NJ, USA)
in sealed glass vials. Concurrently, either 0.11 g or 0.25 g of Pluronic P123 (MW ~5800,
Sigma-Aldrich) was dissolved in 4.25 g anhydrous ethanol (≥99.5%, Decon Labs, King of
Prussia, PA, USA), under magnetic stirring at 1200 rpm, to achieve Ti:EO ratios of 1.2 or
0.5, respectively. The templating solution was then mixed with the hydrolyzed precursor
and aged for 1 h or 240 h at a tightly controlled temperature of 25 ◦C ± 0.1 ◦C using a
temperature-regulated stirring plate (RCT basic with ETS-D5, IKA, Wilmington, NC, USA).

Protocol 2, a modified non-porous anatase synthesis based on Collins (2012) [31],
involved a multi-step procedure. Initially, 1.0 g titanium(IV) ethoxide (20% Ti in ethanol,
Sigma-Aldrich) was hydrolyzed with 6.4 g deionized water under vigorous stirring
(1200 rpm, 5 min) in sealed glass vials. The resulting precipitate was vacuum-filtered,
washed repeatedly with DI water, and dried at ambient conditions. The dried powder
was then dispersed in 15 g chilled DI water, followed by the dropwise addition of 5.3 g
cold hydrogen peroxide (30 wt%, Sigma-Aldrich) while maintaining the reaction vessel in
an ice-water bath. The system was periodically vented to release evolved gases until gas
formation ceased, after which the sealed vial was stored at 4 ◦C for 96 h.

Simultaneously, templating solutions were prepared by dissolving either 0.11 g or
0.25 g Pluronic P123 (MW ~5800, Sigma-Aldrich) in 4.25 g anhydrous ethanol (≥99.5%,
Decon Labs, USA) under magnetic stirring (1200 rpm). The aged titanium precursor was
then brought to room temperature and combined with the templating solution, followed
by aging for 1 h or 240 h at 25.0 ◦C ± 0.1 ◦C using the RCT basic temperature-regulated
stirrer (IKA).
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The resulting gels from either protocol were deposited onto stainless-steel substrates
using a spin coater (WS-400BZ-6NPP/Lite, Laurell, Lansdale, PA, USA), with relative
humidity maintained at 60% via a custom humidification system. Coatings were applied
at spin speeds of 2000 rpm or 6000 rpm. Post-deposition, substrates were transferred to a
controlled-environment chamber and dried for 24 h at 90% relative humidity.

Sintering was performed using a controlled thermal profile: initial drying at 120 ◦C,
followed by a gradual temperature increase (1 ◦C/min) to either 400 ◦C or 600 ◦C, with a
4 h dwell time at the target temperature.

For the secondary experimental series, coatings were fabricated using Protocol 2 with
fixed parameters: a templating agent ratio (Ti:P123) of 1.2, aging duration of 1 h, and
spin speed of 2000 rpm. Sintering temperatures were varied across an extended range
(Table 2) to enable thorough analysis of temperature-dependent mechanical properties. The
resulting data were analyzed using Minitab 18 to establish empirical correlations between
sintering temperature and mechanical performance.

Table 2. A second-order, rotatable design of experiments with the sintering temperature of the AMCs
as the single factor affecting hardness and elastic modulus (the experimental responses).

Run

Synthetic Factor Response

Protocol Ti:EO 1 taging, h rpm Tsintering,
◦C

Coating
Thickness, nm Hardness, GPa Elastic

Modulus, GPa

1 2 1.2 1 2000 400 988 ± 11 2.52 ± 0.10 112 ± 8

2 2 1.2 1 2000 600 1005 ± 8 4.11 ± 0.38 155 ± 8

3 2 1.2 1 2000 360 1102 ± 10 2.22 ± 0.13 72 ± 5

4 2 1.2 1 2000 640 1021 ± 13 3.92 ± 0.30 159 ± 5

5 2 1.2 1 2000 500 895 ± 18 3.10 ± 0.08 154 ± 15

6 2 1.2 1 2000 500 1054 ± 14 3.16 ± 0.10 144 ± 10

7 2 1.2 1 2000 500 1073 ± 12 2.77 ± 0.06 153 ± 12
1 Surfactant micelle diagrams are expressed in terms of ratios (Ti:EO) of titanium atoms in solution to ethylene
oxide groups in solution; therefore, this parameter was chosen as a synthetic factor [25,27].

2.2. Optimized-Coating Fabrication

Upon identifying the synthetic parameters that optimally balanced photocatalytic
activity and mechanical durability, final coatings were prepared following Protocol 2
(Section 2.1) under modified conditions: a titanium-to-ethylene oxide ratio of 1.2, aging
duration of 1 h, spin-coating speed of 2000 rpm, and sintering temperature of 595 ◦C. Mirror-
finished substrates (No. 8) were used for nanoindentation, while 2B-finished substrates
were employed for antimicrobial evaluation, ensuring consistency with prior characteriza-
tion methods.

2.3. Characterization of the Coating

The mechanical and structural properties of all coating variants were systematically
evaluated using complementary analytical techniques. For both the initial parameter screen-
ing and subsequent trend analysis, coating performance was assessed via nanoindentation-
derived hardness and elastic modulus measurements, supplemented by cross-sectional
scanning electron microscopy (SEM) thickness analysis. The optimized coatings underwent
extended characterization, including thin-film X-ray diffraction (XRD) for crystallographic
evaluation, antimicrobial activity assessment, standard mechanical (nanoindentation) and
morphological (SEM) profiling.
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2.3.1. Structural and Quality Analysis

Optimized coatings were characterized using advanced analytical techniques. Phase
identification was conducted via thin-film XRD (Ultima IV, Rigaku, Tokyo, Japan) with Cu
K-α radiation (λ = 0.1541 nm) at 40 kV, scanning a 2θ range of 5–80◦ with a step size of
0.02◦ and a scan rate of 2◦/min. Microstructural evaluation and thickness measurements
were performed using field emission SEM (Quanta 600, ThermoFisher Scientific, Waltham,
MA, USA) at 30 kV with a 3 nm spot size and minimal aperture setting. Due to the coatings’
inherent conductivity, no additional sample preparation was required.

For precise thickness determination, focused ion beam milling (Scios DualBeam,
ThermoFisher Scientific, USA) with 30 kV Ga+ ions was used to create clean cross-sections
perpendicular to the coating surface. Three-dimensional surface topography was quantified
via vertical scanning interferometry (Wyko NT9100, Veeco Instruments, Plainview, NY,
USA) using high-resolution white light optical profilometry.

2.3.2. Mechanical Analysis

Mechanical properties were evaluated using a nanoindentation system (G200, Agilent
Technologies, Santa Clara, CA, USA) equipped with a calibrated Berkovich diamond
indenter (Micro Star Technologies, Huntsville, TX, USA). For each coating, 18 independent
indentations were performed under load control up to 200 mN, with continuous stiffness
measurements recorded at 10 discrete penetration depths per indentation.

Hardness values were calculated exclusively from data obtained at penetration
depths ≤ 10% of the total coating thickness, adhering to established protocols to mini-
mize substrate interference [32–34]. The reduced elastic modulus (Er) was determined
through unloading curve analysis using the Oliver–Pharr method.

2.3.3. Antimicrobial Activity
Coating Effects on Attached Bacteria

The optimized coating’s antimicrobial activity was assessed by exposing it to two
pathogenic bacterial strains, Escherichia coli O157:H7 strain 505B and Staphylococcus aureus
strain FRI, from the University of Missouri Food Microbiology Lab culture collection and
determining bacterial reduction via agar plating methods. Two sterilized coating samples
and one sterilized uncoated stainless-steel substrate were placed inside a sterile plastic Petri
dish lined with a sterile moist Whatman filter paper (No 4), as shown in Supplementary
Figure S2. Samples were inoculated by evenly spreading 100 µL of freshly grown bacterial
culture (108 CFU/mL), followed by air-drying until completely dried (~40 min). The control
substrate and the photocatalytic coatings (named sample 1 and sample 2, respectively)
were placed facing upwards on a sterile glass slide (to avoid direct contact with the moist
paper). The Petri dish was covered with its lid, and a 365 nm UV-A lamp (365 nm, 6 Watts,
UVP UVL-56, Analytikjena, Upland, CA, USA) was turned on and placed over the Petri
dish, 10 cm above the coatings’ surfaces, as shown in Supplementary Figure S2. The entire
set was incubated at 37 ◦C for different periods of time, viz., 0, 3, 6, 12, and 24 h. Another
set of samples was identically prepared but incubated in the dark at 37 ◦C, covering the
entire Petri dishes with aluminum foil to protect the samples from light. At each sampling
time, samples were suspended in 10 mL sterile peptone water and vortexed on high for
2 min to detach the bacteria from the samples and to re-disperse them in solution. The
bacterial solutions were serially diluted and pour-plated in Tryptic Soy agar (TSA) (Bacto,
Becton, Dickinson and Co., Franklin Lakes, NJ, USA). Plates were incubated for 24 h at
37 ◦C, and bacterial counts were recorded as CFU/mL.
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Coating Effects on Bacterial Biofilms

The effects of the coatings on E. coli O157:H7 505B and S. aureus FRI biofilms were also
assessed. Each strain was separately pre-enriched in TSB for 20 h at 37 ◦C. Autoclaved
coatings and bare stainless-steel substrates with a 2B finishing were placed in individual
wells of a sterile 6-well microplate. Each freshly grown bacterial suspension (1 mL) was
added to individual wells in triplicate, and 2 mL of TSB was added to each well to ensure
that the bacterial suspension completely covered the surface of the coupons. The TSB was
refreshed every 12 h to remove planktonic cells in the suspensions. Plates were incubated
for 48 h at 37 ◦C, and unattached cells on both sides of the coupons were gently removed
by rinsing with sterile 1 mL peptone water using a micropipette. All coupons were gently
transferred to glass slides in Petri dishes lined with Whatman filter paper moistened with
5 mL DI water to prevent drying out during incubation. UV-A treatment and dark treatment
were separately conducted, as described above (Figure S2), and sampling was performed
at 0 h, 3 h, 6 h, 12 h and 24 h. For sampling, 1 mL sterile peptone water was pipetted over
each coupon four times to gently rinse off loosely attached cells. Ultrasonication (5 min,
120 V, 50 kHz) was then performed to dislodge all biofilm structures from the stainless-
steel coupons. Then, each coupon was vortexed at medium speed for 2 min. Bacterial
suspensions were serially diluted in peptone water and pour-plated in TSA in duplicate.
Plates were incubated for 24 h at 37 ◦C.

3. Results
3.1. Synthetic Factors Screening Experiment
3.1.1. Microstructure and Crystal Phase

Figure 1 presents characteristic microstructural features of TiO2 coatings fabricated
under diverse processing conditions (as specified in Table 1) derived from synthetic factor
screening experiments. The observed variations in porosity demonstrate that extended
gel aging durations and elevated sintering temperatures facilitate the densification of
porous architectures, resulting in the development of TiO2 aggregates. Of particular
relevance are the microstructural characteristics of Run 2 and Run 7 coatings, which
merit special attention due to their exceptional hardness values under Protocol 1 and
Protocol 2, respectively.

Thin-film XRD analysis of the crystalline phases produced under eight distinct treat-
ment conditions (Table 1) revealed phase composition dependencies on synthesis parame-
ters (Figure 2). The coatings comprised either pure anatase or mixed anatase-rutile phases,
with Protocol 1 (Runs 1–4) predominantly yielding anatase and Protocol 2 (Runs 5–8) gen-
erating mixed-phase systems. The emergence of a minor rutile [101] reflection in Protocol
1 coatings sintered at 600 ◦C, absent at 400 ◦C, demonstrates the temperature-dependent
phase transformation. A parallel phenomenon occurs in Protocol 2 coatings, where the
rutile [110] peak attenuates at 400 ◦C (disappearing completely in Run 6) but intensifies at
higher temperatures (becoming dominant in Run 7).

Notably, diffraction pattern variations persist among coatings processed under identi-
cal protocols and temperatures. For instance, the anatase [215] reflection differs between
Run 1 and Run 3 (both sintered at 400 ◦C), while anatase ([101], [004], [211]) and rutile
([110], [101]) peak intensities vary between Run 5 and Run 7 (both sintered at 600 ◦C).
These inconsistencies imply that additional parameters, including gel aging duration and
precursor composition, influence phase evolution and crystallinity. These inconsistencies
imply that additional parameters, including gel aging duration and precursor composition,
influence phase evolution and crystallinity.
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Run 1       Run 2      Run 3       Run 4 

Run 5       Run 6      Run 7       Run 8 

Figure 1. Representative coatings’ microstructure after treatments corresponding to the eight different runs of the screening of factors experiment. All scale bars are
200 nm [25,27].
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Figure 2. X-ray diffraction patterns comparison between coatings from the eight runs’ treatments.
The patterns follow trends that can be related to the type of protocol and the sintering temperature
used to prepare them [25,27].

Crystallite dimensions, calculated from the [101] peak’s FWHM using the Scherrer
equation (Table 1), exhibit dependence on synthesis protocol, sintering temperature, and
surfactant concentration. Protocol 2 consistently produced larger crystallites than Protocol 1,
attributable to fundamental differences in sol–gel chemistry: Protocol 1’s acid-catalyzed
conditions (pH < 2, low H2O:Ti ratio) yield weakly branched linear polymers, while Pro-
tocol 2’s peroxo-catalyzed system (pH > 2, high H2O:Ti ratio) forms densely branched
compact networks. These structural distinctions manifest during thermal processing, viz.,
weakly branched precursors favor densification with limited crystallite growth, whereas
highly branched systems promote simultaneous sintering and crystallite coarsening [35].
Furthermore, increased Ti/surfactant ratios (1.2 vs. 0.5) coupled with 600 ◦C sintering en-
hanced crystallite enlargement. As reported in [36], 1.2:1 precursor/surfactant molar ratios
generate cubic nanostructures with concave pore architectures. At elevated temperatures,
accelerated material redistribution into these pores drives both pore collapse and crystallite
growth [36].

3.1.2. Nanoindentation Hardness and Elastic Modulus

The mechanical behavior of the synthesized TiO2 coatings was evaluated through
nanoindentation analysis, with Figures 3A and 3B presenting the hardness–displacement
and elastic modulus–displacement ratio curves, respectively, for all eight coating variants,
as defined by Equation (1). Both mechanical properties demonstrated significant depen-
dence on contact penetration depth, necessitating normalization through the displacement
ratio (hc/t) to enable direct comparison across samples with varying thicknesses, a standard
practice in thin-film characterization [32].

The observed depth-dependent mechanical response originates from the progressive
development of strain fields during indentation. At minimal penetration depths, hc, the
measured properties reflect the intrinsic characteristics of the coating material. As indenta-
tion progresses, the expanding strain field increasingly incorporates contributions from
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the substrate, resulting in a composite mechanical response that blends both coating and
substrate behaviors.

h =
contact penetration depth, nm

coating thickness, nm
= (hc/t) (1)

To accurately represent these measurements, the terms effective hardness and effective
modulus were adopted, acknowledging the composite nature of the data while accounting
for the substantial porosity inherent to these coatings, as detailed in Section 3.4.2. This
terminology explicitly recognizes that the measured properties represent an integrated
response from the porous TiO2 matrix rather than solely the dense material phase.

0

1

2

3

4

5

6

7

0 0.2 0.4 0.6 0.8 1

H
ar

dn
es

s H
, G

Pa

Penetration depth/thickness, h/t, dimensionless

Run 1

Run 2

Run 3

Run 4

Run 5

Run 6

Run 7

Run 8

Control

A

0

50

100

150

200

250

300

0 0.2 0.4 0.6 0.8 1

El
as

tic
 m

od
ul

us
 E

, G
Pa

Penetration depth/thickness, h/t, dimensionless

Run 1

Run 2

Run 3

Run 4

Run 5

Run 6

Run 7

Run 8

Control

B 

Figure 3. Overall hardness values (A) and nanoindentation elastic moduli at different displacement
ratios (h/t) (B) from the screening of synthetic factors experiment. The displacement ratio (h/t) was
used as a basis for comparison between samples [25,27].

Comparative analysis revealed systematic differences between coating protocols. Coat-
ings produced via Protocol 1 consistently demonstrated lower effective hardness values
than their Protocol 2 counterparts. All hardness profiles asymptomatically approached
the substrate baseline with increasing indentation depth, establishing a critical measure-
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ment constraint. Data acquired beyond 10% of the coating thickness became progressively
influenced by substrate effects [32], prompting restriction of quantitative analysis to the
hc/t ≤ 0.1 regime to ensure coating-dominated responses. The analysis yielded several
important findings. Protocol 2 uniformly produced coatings with enhanced mechanical
resistance, although the hardness disparity between protocols diminished at shallow pene-
tration depths, suggesting potential divergence between surface and bulk properties. Run 7
emerged as the hardest coating, while Run 3 exhibited the lowest hardness, a particularly
noteworthy contrast given their crystallite size relationship. As discussed in Section 3.1.1,
Run 7 featured marginally larger crystallites than Run 3, yet demonstrated an order-of-
magnitude greater hardness. Considering Equation (2), an explanation for the difference in
the observed hardness values could be given:

σ = kG−1/2 (2)

where σ is the strength (yield stress) (Pa), k is the material-specific Hall–Petch constant
(Pa m1/2), and G is the grain size (m).

For ceramic materials, tensile strength exhibits an approximate linear correlation
with indentation hardness [19]. As expressed in Equation (1), this relationship predicts
that reduced grain size typically enhances hardness. While grain size was not explicitly
characterized in this study (where a grain may comprise single or multiple crystallites),
the observed crystallite size data reveal an apparent anomaly: Run 3 exhibited marginally
larger crystallites than Run 7 yet demonstrated a tenfold lower hardness.

This apparent contradiction to conventional Hall–Petch behavior underscores the
dominant role of microstructural porosity over crystallite size in these systems. The
substantial porosity difference between Run 3 (38%) and Run 7 (0%) fundamentally altered
their mechanical response, demonstrating that porosity outweighs crystallite size effects in
governing hardness for these TiO2 coatings. The results further reveal that microstructural
integrity dictates mechanical performance, with dense coatings achieving superior hardness
despite slightly larger crystallites, while simultaneously influencing both photocatalytic
activity and mechanical robustness through dual structure–property relationships.

Parallel trends emerged in elastic modulus measurements, with Protocol 2 coatings
again outperforming Protocol 1 specimens. While modulus values showed less distinct
convergence toward the substrate baseline compared to hardness, the relative ranking
remained consistent, with Run 7 exhibiting the highest modulus and Run 1 the lowest.
Intermediate samples followed the same hierarchy observed in hardness testing.

The nanoindentation characterization faced multiple challenges, including inherent
material brittleness, high porosity, sub-micron thickness effects, and increasing substrate
influence at greater penetration depths. To ensure data validity, analysis was strictly limited
to the regime where coating properties dominate. While absolute values require cautious
interpretation due to these constraints, the dataset enables reliable comparative assessment
across coatings.

Table 1 summarizes average hardness and modulus values derived from the appropri-
ate measurement regime, revealing consistent trends. Protocol 2 coatings demonstrated
superior mechanical performance, with Run 7 exhibiting significantly greater stiffness than
Run 1. The modulus trends mirrored hardness behavior, reinforcing their mechanistic
linkage, while the results align with established structure–property relationships for oxide
coatings where density governs mechanical performance [25–27,29].

3.2. Trends Determination Experiment

Response surface analysis (Lazic [28]) applied to the mechanical properties data (Ta-
ble 1) established protocol type and sintering temperature as statistically significant factors.
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Given its demonstrated mechanical superiority, Protocol 2 was chosen for more detailed
investigation. Subsequent experiments systematically varied sintering temperature accord-
ing to Lazic’s [28] rotatable design while holding other parameters constant, including
aging time (48 h), spinning speed (3000 rpm), and surfactant ratio (0.5 Ti:EO), as outlined
in Table 2.

The evolution of elastic modulus across different displacement ratios for coatings
sintered between 360 and 640 ◦C is presented in Figure 4A. Several consistent patterns were
observed. Modulus values exhibited a monotonic increase with rising sintering tempera-
ture, though all coatings remained less stiff than the stainless-steel substrate (~200 GPa).
Notably, samples processed at higher temperatures (≥600 ◦C) approached but did not
exceed 75% of the substrate’s stiffness.
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Figure 4. Trend determination experiment showing increasing coatings’ elastic modulus values (A)
and hardness values (B) with increasing sintering temperature [25,27].

A parallel relationship emerged in hardness measurements, as shown in Figure 4B.
The enhancement of hardness strongly correlated with thermal treatment intensity. As
previously discussed in Section 3.1, elevated temperatures promoted both grain growth



Materials 2025, 18, 5640 12 of 23

and porosity reduction, resulting in denser microstructures. The maximum hardness values
(~4 GPa at 595 ◦C) reached approximately 80% of the substrate’s intrinsic hardness.

These relationships are quantitatively summarized in Figure 5, demonstrating consis-
tent improvements in both modulus and hardness across the experimental temperature
range. The optimal performance conditions were achieved at different temperatures—
maximum modulus (~150 GPa) occurred at 640 ◦C, while peak hardness (~4 GPa) was
observed at 595 ◦C. This divergence suggests distinct structural dependencies: elastic mod-
ulus appears more strongly influenced by complete pore elimination, while hardness may
benefit from preserving nanocrystalline structure before excessive grain growth occurs.
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Figure 5. For the trend determination experiments, the coatings’ hardness (A) and elastic modulus
(B) values increased as sintering temperature increased [25,27].

The temperature-dependent behavior underscores the complex interplay between
microstructural evolution and mechanical properties in these coating systems. Higher
sintering temperatures generally improved mechanical performance through densifica-
tion and structural refinement, although the specific optimal conditions varied between
modulus and hardness measurements. This difference highlights the need for balanced
processing conditions when designing coatings for applications requiring both stiffness
and hardness.
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3.3. Optimization of Hardness, Elastic Modulus, and Photocatalytic Activity

By combining our previously established mathematical model for photocatalytic activ-
ity [26] with the mechanical property trends from Section 3.2, Figure 6 was developed to
identify the optimal sintering temperature that balances photocatalytic efficiency, hardness,
and elastic modulus. This comprehensive visualization integrates three critical datasets:
(1) the photocatalytic activity response surface, (2) the maximum hardness observed at
595 ◦C, and (3) the elastic modulus peak at 640 ◦C.

 

Figure 6. The contour plot of the fading speed (a descriptor of photocatalytic activity) as a function of
aging time and sintering temperature was used to locate the sintering temperature and the aging time
needed to fabricate a coating with balanced values of fading speed, elastic modulus, and hardness.
The optimal region is highlighted by the dashed area [25,27].

The analysis uncovered a fundamental materials optimization challenge across the
investigated temperature range (360–640 ◦C). Photocatalytic activity reached its maximum
at 525 ◦C before decreasing with further heating, while mechanical properties exhibited con-
trasting behavior. Hardness showed continuous improvement with increasing temperature,
and elastic modulus approached its maximum near 600 ◦C. This inverse relationship be-
tween functional and mechanical performance required a carefully considered compromise
in our optimization strategy, where photocatalytic activity was most heavily prioritized,
followed by hardness, with elastic modulus receiving relatively lower consideration.

These temperature-dependent trade-offs originate from fundamental material phe-
nomena. Elevated sintering temperatures enhance density and mechanical properties
through pore elimination and grain growth but simultaneously diminish photocatalytic
activity by reducing surface area and modifying phase composition. This intrinsic inter-
dependence highlights the critical need for application-specific parameter selection when
engineering photocatalytic coatings that must maintain mechanical durability.

Photocatalytic activity was accorded the highest priority in our optimization scheme
as it directly governs the coatings’ antimicrobial properties, their primary functional char-
acteristic. Hardness was selected as the secondary priority over elastic modulus due to its
greater practical significance in resisting localized plastic deformation when the coatings
are subjected to external stressors during cleaning and sanitation procedures of FCSs. These
stresses may include various mechanical cleaning methods, such as blasting, ice pigging,
and scrubbing [6].

The optimization process revealed that the ideal sintering temperature represents a
careful balance between competing material properties, where maximizing one character-
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istic often comes at the expense of another. This finding emphasizes the complex nature
of multifunctional coating design and the importance of establishing clear performance
hierarchies based on intended application requirements. The methodology developed here
provides a framework for tailoring coating properties to specific operational needs while
maintaining acceptable levels of all critical performance characteristics.

3.4. Optimized Coating’s Structural and Quality Analysis
3.4.1. X-Ray Diffraction (XRD)

The XRD analysis of the optimized coating (Figure 7) verified the simultaneous pres-
ence of both anatase and rutile TiO2 polymorphs, with rutile demonstrating substantially
greater diffraction intensity. Quantitative phase analysis indicated a rutile predominance of
60%, reflecting the synthesis conditions that emphasized mechanical performance. This spe-
cific phase distribution carries considerable importance as it directly governs two essential
coating characteristics: photocatalytic functionality and mechanical durability.
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Figure 7. The optimized coating’s XRD pattern showing anatase and rutile phases, the latter giving
higher intensity peaks [25,27].

The measured phase composition corresponds with well-documented structure–
property relationships in TiO2 systems. The prevalence of rutile phase results from the
thermal optimization process, where elevated sintering temperatures promoted formation
of the thermodynamically stable rutile polymorph while concurrently improving mechan-
ical properties through microstructural densification. This phase evolution, however,
presents a fundamental trade-off, as the enhanced mechanical characteristics come at the
cost of reduced photocatalytic efficiency, given rutile’s typically lower activity compared
to anatase.

Notably, the retained 40% anatase content preserves adequate photocatalytic func-
tionality, demonstrating that our optimization methodology effectively reconciled these
competing material requirements. The successful retention of the anatase phase, despite
the high-temperature processing conditions, suggests careful control of thermal parameters
during sintering, achieving sufficient phase stability to maintain photocatalytic activity while
still obtaining the mechanical benefits associated with rutile formation and densification.

3.4.2. Scanning Electron Microscopy

Figure 8 presents representative micrographs at varying magnifications, revealing the
characteristic microstructural features of the optimized coating. At the nanoscale level,
the images display sintered, flattened particles with rounded morphology arranged in a
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close-packed configuration. Top-view imaging clearly revealed numerous pores distributed
throughout the surface, along with the formation of interparticle necks, morphological fea-
tures indicating the concurrent occurrence of both coarsening (neck growth without particle
movement) and sintering (particle rearrangement) processes during thermal treatment.

A 

B 

C 

Protective layer 
Coating 

Substrate 

Figure 8. SEM micrographs of optimized coating structure: nanostructure (A), scale bar is 500 nm;
235 nm coating thickness (B), scale bar is 400 nm; and macroscopic coating’s surface (C), scale bar is
100 µm [25,27].

The application of combined SEM and ion beam milling techniques enabled cross-
sectional examination, demonstrating that the observed surface porosity extended through-
out the coating thickness. The coating exhibited remarkably few macroscopic defects, with
the exception of localized cracking patterns that followed the striation lines inherent to the
industrial-grade stainless-steel substrate. This minimal defect formation can be explained
by two key factors: first, the presence of an interconnected porous network within the
coating structure facilitated stress dissipation during drying by accommodating capil-
lary pressure-induced stresses; second, the controlled coating thickness of approximately
235 nm minimized solvent concentration gradients between the coating’s inner layers and
the surrounding environment during the spin-coating and drying stages [36].

3.4.3. Hardness and Elastic Modulus

The confirmatory experiment performed as the final stage of the response surface
optimization process yielded a strong correlation between predicted and experimentally
determined mechanical properties of the optimized coating. Hardness measurements of
3.8 ± 0.3 GPa closely approximated the model’s prediction of 4.2 ± 0.3 GPa based on the
trends identified in Section 3.2. Elastic modulus values showed comparable agreement, with
experimental results of 125 ± 20 GPa aligning reasonably with the anticipated 155 ± 5 GPa,
particularly when accounting for the characteristic variability associated with thin film
mechanical characterization. These findings substantiate sintering temperature as the
primary determinant of mechanical properties within the studied thermal processing range.

Figure 9 provides additional insight into the temperature-dependent mechanical
behavior, plotting both hardness and elastic modulus as functions of sintering tempera-
ture. In accordance with the standardized methodology implemented throughout this
investigation, all reported mechanical properties were measured at penetration depth-to-
thickness ratios ≤ 0.1 to guarantee characterization of intrinsic coating properties while
minimizing substrate effects. The data clearly demonstrate the progressive convergence of
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both mechanical parameters toward bulk stainless-steel substrate values with increasing
indentation depth, a consistent observation across all experimental conditions that empha-
sizes the critical need for controlled penetration depths when evaluating coating-specific
mechanical performance.
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Figure 9. The optimized coating’s hardness (A) observed was 4.0 GPa, while the elastic modulus
(B) observed was 125 GPa, fairly close to what was expected from the trends obtained during the
optimization process. The control’s values correspond to bare stainless [25,27].

The observed minor variations between predicted and experimental values likely
originate from several intrinsic aspects of the coating process. Potential contributing factors
include localized porosity distribution fluctuations, subtle variations in phase composition,
and nanoscale microstructural heterogeneity—all inherent characteristics of sol–gel derived
coatings that may lead to deviations from idealized model projections. Despite these minor
discrepancies, the strong overall agreement between theoretical predictions and empirical
measurements confirms the robustness of the response surface methodology for optimizing
these multifunctional photocatalytic coatings.
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3.5. Coating Effects on Pathogenic Bacteria
3.5.1. Effects of Protocol 1 and 2 Coatings on Attached Cells

Figure 10 presents the survival rates of Gram-negative E. coli O157:H7 505B (A,B) and
Gram-positive S. aureus FRI (C,D) following exposure to coatings prepared via Protocol 1
and Protocol 2, over increasing incubation periods. As anticipated, neither the C-NUV
nor the NC-NUV treatment inhibited either bacterial strain, regardless of the coating
protocol employed. No significant differences (p > 0.05) in bacterial viability between
these treatments were observed at any time point, confirming the absence of inherent
antibacterial activity in the optimized coatings under dark conditions.

In contrast, the C-UV and NC-UV treatments demonstrated significant reductions
(p ≤ 0.05) of both strains beginning at 3 h, when compared to the C-NUV and NC-NUV
treatments in Protocol 1 coatings. Notably, coatings produced via Protocol 2 did not exhibit
a statistically significant decline in E. coli O157:H7 populations over the exposure duration.
Long-wave UV irradiation exerted a progressive bactericidal effect, as evidenced by the
descending trend in the NC-UV curves for both bacteria. This aligns with the established
use of UV light as a mild antimicrobial intervention for food contact surfaces, owing to its
capacity to damage microbial DNA.

Examination of the C-UV curves for each bacterial strain revealed enhanced antimicro-
bial efficacy, with the data points consistently positioned below all other treatment curves,
particularly beneath the NC-UV trajectory. This observation confirms not only the com-
bined antimicrobial effect of the treatment but also the intrinsic antibacterial properties of
the coating itself. Specifically, Protocol 1 coatings subjected to 24 h of UV exposure (C-UV)
achieved approximately 7.5-log and 6.5-log reductions in E. coli O157:H7 and S. aureus FRI,
respectively, relative to the NC-NUV and C-NUV controls. Furthermore, after 12 h, the
C-UV treatment yielded an additional 1.0-log reduction compared to the NC-UV treatment,
indicating a synergistic interaction between the coating and UV light.

To isolate the coating’s specific contribution to bacterial inactivation, counts from
NC-UV treatments were subtracted from those of C-UV. Given that real-world applica-
tions necessitate combined coating-UV deployment, the total reduction of approximately
107 CFU/mL underscores the potential of this approach for controlling bacterial contami-
nation on stainless-steel FCSs.

The time-dependent inactivation kinetics depicted in Figure 10 also suggest practical
utility in industrial food processing environments, particularly for batch operations with
standard 8 h production cycles. During such intervals, one production line can remain
operational while another undergoes concurrent UV-coating sanitation. After 8 h of UV
exposure, Protocol 1 coatings reduced bacterial loads by roughly 1.0 × 103 CFU/mL for
both test organisms, while Protocol 2 coatings achieved comparable reductions only for
S. aureus, as illustrated in Figure 10A,C,D.

All data were derived from triplicate experiments and are presented as mean
values ± standard deviations. Statistical significance was assessed via one-way ANOVA
followed by Tukey’s post hoc test to differentiate treatment means.
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Figure 10. Antimicrobial effect of the antimicrobial coatings on attached E. coli O157:H7 ((A) [25,27], (B)) and S. aureus (C,D). Coatings were produced using
optimized Protocol 1 (A,C) and Protocol 2 (B,D). C-UV (coating with UV light), NC-UV (no coating with UV light), C-NUV (coating with no UV light), and NC-NUV
(no coating with no UV light). Error bars indicate standard deviations from three measurements. Different lowercase letters on each experimental point indicate
significant differences (p ≤ 0.05).
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3.5.2. Effects of Protocol 2 Coatings on Pathogenic Biofilms

After 3 h of treatment, the combination of UV irradiation and Protocol 2 coating
achieved a reduction exceeding 1 log CFU/mL in E. coli O157:H7 biofilm counts compared
to non-UV-treated groups, along with a 0.8 log reduction relative to UV-treated, uncoated
surfaces (p ≤ 0.05). However, no further statistically significant reductions (p > 0.05) were
observed in either coated or uncoated groups subjected to UV treatment at later time points
(Figure 11A). In contrast, a 1 log CFU reduction in S. aureus biofilm was observed after
6 h of UV exposure compared to uncoated controls (p ≤ 0.05) (Figure 11B). Extending the
treatment duration to 12 h resulted in a pronounced 5 log CFU decrease in S. aureus biofilm
when treated with Protocol 2 coating and UV light, relative to untreated controls, and a
1 log CFU reduction compared to UV treatment alone (p ≤ 0.05).

The observed variations in antibacterial efficacy were influenced by multiple factors,
including the coating protocol employed, bacterial classification (Gram-negative versus
Gram-positive), cellular morphology (rod-shaped versus spherical), cell wall structure,
and growth state (planktonic or biofilm). Notably, the Protocol 2 coating demonstrated
negligible activity against E. coli O157:H7, a Gram-negative, rod-shaped bacterium, ir-
respective of its planktonic or biofilm state. In contrast, both Protocol 1 and Protocol
2 coatings exhibited substantial antibacterial effects against S. aureus, a Gram-positive,
spherical bacterium, whether in planktonic or biofilm form. These findings suggest that
the antimicrobial performance of the coatings is highly dependent on the structural and
physiological characteristics of the target microorganisms.
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Figure 11. Antimicrobial effect of the antimicrobial coatings on E. coli O157:H7 (A) and S. aureus (B) biofilms. Coatings were produced using optimized Protocol 2.
The results shown in the plot correspond to the following treatments: C-UV (coating with UV light), NC-UV (no coating with UV light), C-NUV (coating with
no UV light), and NC-NUV (no coating with no UV light). Error bars indicate standard deviations from three measurements. Different lowercase letters on each
experimental point indicate significant differences (p ≤ 0.05).
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4. Conclusions
This study employed a sequential response surface methodology incorporating syn-

thetic factor screening and empirical model development, complemented by an overlaying
contour plot analysis, to optimize the balance between photocatalytic activity, hardness,
and elastic modulus in a nanostructured antimicrobial coating. The optimal fabrication
parameters were determined to be a peroxo-catalyzed sol–gel-derived gel aged for 200 h,
spin-coated at 2000 rpm, and sintered at 595 ◦C. These conditions yielded a coating with
exceptional photocatalytic performance, mechanical durability, and antibacterial proper-
ties, positioning it as a promising sanitation strategy for food contact surfaces (FCS). This
approach could be synergistically integrated with existing sanitation protocols, particu-
larly in time-sensitive industrial processes, where rapid and effective microbial control
is paramount.

The antibacterial and antibiofilm performance of the coatings exhibited species- and
treatment-dependent variability. Specifically, the Protocol 1 TiO2 coating demonstrated sig-
nificant growth inhibition against both Gram-positive and Gram-negative bacteria within
six hours of application. Meanwhile, the Protocol 2 TiO2 coating showed pronounced
efficacy against Gram-positive S. aureus, effectively suppressing both planktonic cells and
biofilms after six hours of treatment. These findings underscore the tailored applicabil-
ity of each coating protocol based on microbial targets and operational requirements in
industrial settings.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ma18245640/s1. Figure S1: Surface roughness profiles of the
eight coatings prepared for the screening of factors experiments; Figure S2: A schematic of the
antimicrobial testing environment; Figure S3: Scanning electron micrographs of typical indents
made on samples prepared for the screening of factors experiment; Figure S4: Pareto chart from
the screening of factors experiment having coatings’ hardness as the experimental response; Figure
S5: Pareto chart from the screening of factors experiment having coatings’ elastic modulus as the
experimental response.

Author Contributions: Conceptualization, H.K.H. and A.M.; methodology, H.K.H., A.M., M.R.M.,
E.T.D., L.M., and F.C.; software, E.T.D.; validation, E.T.D., L.M. and F.C.; formal analysis, E.T.D. and
F.C.; investigation, E.T.D., L.M. and F.C.; resources, H.K.H. and A.M.; data curation, E.T.D., L.M. and
F.C.; writing—original draft preparation, E.T.D. and F.C.; writing—review and editing, H.K.H., A.M.,
E.T.D., F.C. and M.R.M.; visualization, E.T.D., L.M., and F.C.; supervision, H.K.H. and A.M.; project
administration, H.K.H. and A.M.; funding acquisition, H.K.H. and A.M. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the U.S. Department of State through the Fullbright Program
and the Comisión México-Estados Unidos para el Intercambio Educativo y Cultural (COMEXUS)
and the E.T.D. through its graduate fellowship program.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Material. Further inquiries can be directed to the corresponding authors.

Acknowledgments: The authors acknowledge Abigail Penfield, a biomedical engineering sophomore
student, and Miki Hodel, a biological science junior student from the University of Missouri, for
their assistance during the experimental portions of this research. The assistance of the University of
Missouri Electron Microscopy Core Facility is acknowledged for SEM work.

Conflicts of Interest: The authors declare no conflicts of interest.

https://www.mdpi.com/article/10.3390/ma18245640/s1
https://www.mdpi.com/article/10.3390/ma18245640/s1


Materials 2025, 18, 5640 22 of 23

References
1. WHO. World Health Organization, Food Safety, Key Facts. 2020. Available online: https://www.who.int/news-room/fact-

sheets/detail/food-safety (accessed on 4 October 2024).
2. CDC. Burden of Foodborne Illness: Findings. Available online: https://www.cdc.gov/foodborneburden/2011-foodborne-

estimates.html (accessed on 5 November 2024).
3. FDA. Food and Drug Administration, Report of the Occurrence of Foodborne Illness Risk Factors in Fast Food and Full-

Service Restaurants, 2013–2014. Available online: https://www.fda.gov/media/117509/download?attachment (accessed on
12 April 2023).

4. CDC. Food Safety. 2017. Available online: https://www.cdc.gov/food-safety/prevention/index.html (accessed on 29 April 2024).
5. Hussain, M.; Dawson, C. Economic impact of food safety outbreaks on food businesses. Foods 2013, 2, 585–589. [CrossRef]
6. Torres Dominguez, E.; Nguyen, P.H.; Hunt, H.K.; Mustapha, A. Antimicrobial coatings for food contact surfaces: Legal framework,

mechanical properties, and potential applications. Comp. Rev. Food Sci. Food Saf. 2019, 18, 1825–1858. [CrossRef]
7. Khamisse, E.; Firmesse, O.; Christieans, S.; Chassaing, D.; Carpentier, B. Impact of cleaning and disinfection on the non-culturable

and culturable bacterial loads of food-contact surfaces at a beef processing plant. Int. J. Food Microbiol. 2012, 158, 163–168.
[CrossRef]

8. Santos, A.L.; Pires, A.C.S.; Behaine, J.J.S.; Araújo, E.A.; de Andrade, N.J.; de Carvalho, A.F. Effect of cleaning treatment on
adhesion of Streptococcus agalactiae to milking machine surfaces. Food Bioprocess Technol. 2013, 6, 1868–1872. [CrossRef]

9. Yemmireddy, V.K.; Hung, Y.-C. Effect of binder on the physical stability and bactericidal property of titanium dioxide (TiO2)
nanocoatings on food contact surfaces. Food Control 2015, 57, 82–88. [CrossRef]

10. Yemmireddy, V.K.; Hung, Y.-C. Using photocatalyst metal oxides as antimicrobial surface coatings to ensure food safety-
opportunities and challenges. Comp. Rev. Food Sci. Food Saf. 2017, 16, 617–631. [CrossRef] [PubMed]

11. Li, Y.; Zhang, W.; Niu, J.; Chen, Y. Mechanism of photogenerated reactive oxygen species and correlation with the antibacterial
properties of engineered metal-oxide nanoparticles. ACS Nano 2012, 6, 5164–5173. [CrossRef]

12. Yemmireddy, V.K.; Hung, Y.-C. Photocatalytic TiO2 coating of plastic cutting board to prevent microbial cross-contamination.
Food Control 2017, 77, 88–95. [CrossRef]

13. Nakano, R.; Ishiguro, H.; Yao, Y.; Kajioka, J.; Fujishima, A.; Sunada, K.; Minoshima, M.; Hashimoto, K.; Kubota, Y. Photocatalytic
inactivation of influenza virus by titanium dioxide thin film. Photochem. Photobiol. Sci. 2012, 11, 1293. [CrossRef] [PubMed]

14. Lilja, M.; Forsgren, J.; Welch, K.; Åstrand, M.; Engqvist, H.; Strømme, M. Photocatalytic and antimicrobial properties of surgical
implant coatings of titanium dioxide deposited through cathodic arc evaporation. Biotechnol. Lett. 2012, 34, 2299–2305. [CrossRef]

15. Bideau, M.; Claudel, B.; Dubien, C.; Faure, L.; Kazouan, H. On the “Immobilization” of titanium dioxide in the photocatalytic
oxidation of spent waters. J. Photochem. Photobiol. A Chem. 1995, 91, 137–144. [CrossRef]

16. La Torre, G.C.; Espinosa-Medina, M.A.; Martinez-Villafane, A.; Gonzalez-Rodriguez, J.G.; Castano, V.M. Study of ceramic and
hybrid coatings produced by the sol-gel method for corrosion protection. Open Corros. J. 2009, 2, 197–203. [CrossRef]

17. Villatte, G.; Massard, C.; Descamps, S.; Sibaud, Y.; Forestier, C.; Awitor, K.O. Photoactive TiO2 antibacterial coating on surgical
external fixation pins for clinical application. Int. J. Nanomed. 2015, 10, 3367–3377. [CrossRef] [PubMed]

18. Çomaklı, O.; Yazıcı, M.; Kovacı, H.; Yetim, T.; Yetim, A.F.; Çelik, A. Tribological and electrochemical properties of TiO2 films
produced on cp-ti by sol-gel and silar in bio-simulated environment. Surf. Coat. Technol. 2018, 352, 513–521. [CrossRef]

19. Rice, R.W. Mechanical Properties of Ceramics and Composites: Grain and Particle Effects; Marcel Dekker: New York, NY, USA, 2000.
20. Visai, L.; De Nardo, L.; Punta, C.; Melone, L.; Cigada, A.; Imbriani, M.; Arciola, C.R. Titanium oxide antibacterial surfaces in

biomedical devices. Int. J. Artif. Organs 2011, 34, 929–946. [CrossRef]
21. Ibrahim, A.; Mekprasart, W.; Pecharapa, W. Anatase/rutile TiO2 composite prepared via sonochemical process and their

photocatalytic activity. Mater. Today Proc. 2017, 4, 6159–6165. [CrossRef]
22. Elsellami, L.; Dappozze, F.; Fessi, N.; Houas, A.; Guillard, C. Highly photocatalytic activity of nanocrystalline TiO2 (anatase,

rutile) powders prepared from TiCl4 by sol–gel method in aqueous solutions. Process Saf. Environ. Prot. 2018, 113, 109–121.
[CrossRef]

23. Bendavid, A.; Martin, P.J.; Takikawa, H. Deposition and modification of titanium dioxide thin films by filtered arc deposition.
Thin Solid Film. 2000, 360, 241–249. [CrossRef]

24. Hafedh, D.; Kaouther, K.; Ahmed, B.C.L. Multi-Property Improvement of TiO2-WO3 mixed oxide films deposited on 316l stainless
steel by electrophoretic method. Surf. Coat. Technol. 2017, 326, 45–52. [CrossRef]

25. Torres Dominguez, E. Photocatalytic Antimicrobial Coating for Food Contact Surfaces. Ph.D. Dissertation, University of Missouri,
Columbia, MO, USA, July 2020.

26. Torres Dominguez, E.; Nguyen, P.; Hylen, A.; Maschmann, M.R.; Mustapha, A.; Hunt, H.K. Design and characterization of
mechanically stable, nanoporous TiO2 thin film antimicrobial coatings for food contact surfaces. Mater. Chem. Phys. 2020,
251, 123001. [CrossRef]

https://www.who.int/news-room/fact-sheets/detail/food-safety
https://www.who.int/news-room/fact-sheets/detail/food-safety
https://www.cdc.gov/foodborneburden/2011-foodborne-estimates.html
https://www.cdc.gov/foodborneburden/2011-foodborne-estimates.html
https://www.fda.gov/media/117509/download?attachment
https://www.cdc.gov/food-safety/prevention/index.html
https://doi.org/10.3390/foods2040585
https://doi.org/10.1111/1541-4337.12502
https://doi.org/10.1016/j.ijfoodmicro.2012.07.014
https://doi.org/10.1007/s11947-011-0665-9
https://doi.org/10.1016/j.foodcont.2015.04.009
https://doi.org/10.1111/1541-4337.12267
https://www.ncbi.nlm.nih.gov/pubmed/33371565
https://doi.org/10.1021/nn300934k
https://doi.org/10.1016/j.foodcont.2017.01.025
https://doi.org/10.1039/c2pp05414k
https://www.ncbi.nlm.nih.gov/pubmed/22580561
https://doi.org/10.1007/s10529-012-1040-2
https://doi.org/10.1016/1010-6030(95)04098-Z
https://doi.org/10.2174/1876503300902010197
https://doi.org/10.2147/IJN.S81518
https://www.ncbi.nlm.nih.gov/pubmed/26005347
https://doi.org/10.1016/j.surfcoat.2018.08.056
https://doi.org/10.5301/ijao.5000050
https://doi.org/10.1016/j.matpr.2017.06.110
https://doi.org/10.1016/j.psep.2017.09.006
https://doi.org/10.1016/S0040-6090(99)00937-2
https://doi.org/10.1016/j.surfcoat.2017.07.041
https://doi.org/10.1016/j.matchemphys.2020.123001


Materials 2025, 18, 5640 23 of 23

27. Hunt, H.; Mustapha, A.; Torres-Dominguez, E. Antimicrobial Coating for Food Contact Surfaces. US Non-Provisional Patent
Application: 17/499,374, 12 October 2021. Available online: https://patents.justia.com/patent/20220112381 (accessed on 1
December 2024).

28. Lazic, Z.R. Design of Experiments in Chemical Engineering: A Practical Guide; Wiley-VCH: Weinheim, Germany, 2004.
29. Chen, X.; Xiang, Y.; Vlassak, J.J. Novel technique for measuring the mechanical properties of porous materials by nanoindentation.

J. Mater. Res. 2006, 21, 715–724. [CrossRef]
30. Andersson, M.; Atefyekta, S.; Ercan, B.; Karlsson, J.; Taylor, E.; Chung, S.; Webster, T. Antimicrobial performance of mesoporous

titania thin films: Role of pore size, hydrophobicity, and antibiotic release. Int. J. Nanomed. 2016, 11, 977–987. [CrossRef] [PubMed]
31. Collins, A.M. Nanotechnology Cookbook: Practical, Reliable and Jargon-Free Experimental Procedures, 1st ed.; Elsevier: Amsterdam, The

Netherlands, 2012.
32. Fischer-Cripps, A.C. Nanoindentation, 3rd ed.; Springer: New York, NY, USA, 2011.
33. Chen, Z.; Wang, X.; Giuliani, F.; Atkinson, A. Surface quality improvement of porous thin films suitable for nanoindentation. Acta

Mater. 2015, 99, 5720–5734. [CrossRef]
34. Çomaklı, O.; Yetim, T.; Çelik, A. The effect of calcination temperatures on wear properties of TiO2 coated CP-Ti. Surf. Coat. Technol.

2014, 246, 34–39. [CrossRef]
35. Brinker, C.J.; Sherer, G.W. Sol-Gel Science: The Physics and Chemistry of Sol-Gel Processing; Wiley: New York, NY, USA, 1991.
36. Urade, V.N.; Bollmann, L.; Kowalski, J.D.; Tate, M.P.; Hillhouse, H.W. Controlling interfacial curvature in nanoporous silica films

formed by evaporation-induced self-assembly from nonionic surfactants. II. Effect of processing parameters on film structure.
Langmuir 2007, 23, 4268–4278. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://patents.justia.com/patent/20220112381
https://doi.org/10.1557/jmr.2006.0088
https://doi.org/10.2147/IJN.S95375
https://www.ncbi.nlm.nih.gov/pubmed/27022263
https://doi.org/10.1016/j.ceramint.2013.08.035
https://doi.org/10.1016/j.surfcoat.2014.02.059
https://doi.org/10.1021/la062641z

	Introduction 
	Materials and Methods 
	Design of Experiments 
	Optimized-Coating Fabrication 
	Characterization of the Coating 
	Structural and Quality Analysis 
	Mechanical Analysis 
	Antimicrobial Activity 


	Results 
	Synthetic Factors Screening Experiment 
	Microstructure and Crystal Phase 
	Nanoindentation Hardness and Elastic Modulus 

	Trends Determination Experiment 
	Optimization of Hardness, Elastic Modulus, and Photocatalytic Activity 
	Optimized Coating’s Structural and Quality Analysis 
	X-Ray Diffraction (XRD) 
	Scanning Electron Microscopy 
	Hardness and Elastic Modulus 

	Coating Effects on Pathogenic Bacteria 
	Effects of Protocol 1 and 2 Coatings on Attached Cells 
	Effects of Protocol 2 Coatings on Pathogenic Biofilms 


	Conclusions 
	References

