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Abstract: The emergence of superhydrophobic antibacterial materials represents a promising ap-
proach to maintaining surface cleanliness and hygiene by effectively preventing bacterial adhe-
sion. This research outlines the synthesis of a superhydrophobic coating with anti-adhesion and
bacteriostatic properties, utilizing silica nanoparticles (SiO, NPs) modified with 1H,1H,2H,2H-
Perfluorodecyltriethoxysilane (PFDTES). Transmission electron microscopy (TEM), X-ray diffraction
(XRD), energy-dispersive X-ray spectroscopy (EDS), scanning electron microscopy (SEM), and Fourier-
transform infrared (FTIR) spectroscopy were conducted to analyze the coating’s morphology and
surface characteristics. The coating was applied to glass substrates using the spray coating method,
and the number of layers was varied to evaluate its antibacterial and bacteriostatic properties. These
properties were measured using turbidimetry and inhibition halo techniques. Additionally, the
durability of the coatings was assessed by exposing them to outdoor conditions for 35 days. This
study aimed to evaluate the antibacterial and bacteriostatic capacities of the superhydrophobic coat-
ing, along with its resistance to outdoor weathering. The results indicate that a superhydrophobic
coating with a contact angle > 150° and a sliding angle < 10° was successfully synthesized using
SiO, NPs smaller than 10 nm, modified with PEDTES. The coating demonstrated an ability to inhibit
bacterial growth by preventing the adhesion of bacteria such as Escherichia coli and Staphylococcus
aureus. Furthermore, the number of coating layers significantly influenced its bacteriostatic efficacy.
The coating also exhibited strong durability under outdoor conditions. These findings highlight
the potential application of superhydrophobic coatings for the prevention of bacterial adhesion and
growth in environments where such contamination poses risks.

Keywords: SiO, NPs; superhydrophobic coatings; SH-SiO, coating; PFDTES modification;
antibacterial and bacteriostatic evaluation; biofilm prevention; nanotechnology; growth inhibition

1. Introduction

The research and development of bacteria-repellent coatings has become a priority in
enhancing safety within hospital environments [1]. Microbial fouling can lead to nosoco-
mial infections when bacterial biofilms adhere to medical devices, a significant cause of
transmission among patients [2—4]. Escherichia coli and Staphylococcus are among the most
common pathogens involved in hospital-acquired infections [5], presenting significant
challenges due to their resistance to antimicrobial treatments and their ability to persist on
surfaces for extended periods, increasing the risk of transmission [6-8].

Coatings 2024, 14, 1211. https:/ /doi.org/10.3390/ coatings14091211

https:/ /www.mdpi.com/journal/coatings


https://doi.org/10.3390/coatings14091211
https://doi.org/10.3390/coatings14091211
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0002-5014-8797
https://orcid.org/0000-0002-6294-7385
https://orcid.org/0000-0003-2233-0310
https://orcid.org/0000-0001-7740-1281
https://orcid.org/0000-0002-8864-9984
https://orcid.org/0000-0002-6612-5231
https://orcid.org/0000-0002-7753-2545
https://orcid.org/0000-0003-0930-8135
https://doi.org/10.3390/coatings14091211
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings14091211?type=check_update&version=1

Coatings 2024, 14, 1211

20f13

Preventing bacterial adhesion is crucial for the avoidance of infections and ensuring
safety in clinical settings. Although biocides are commonly used to prevent or control
bacterial growth, their frequent use raises concerns about the development of higher bacte-
rial resistance and cross-resistance to clinically important antibiotics, leading to significant
complications [9,10]. Biomimetic designs, which mimic natural structures like the micro-
and nanoscale patterns found on lotus leaves, offer an innovative approach to creating
superhydrophobic surfaces that can repel water and reduce microbial adherence [11]. For
medical and industrial applications, the mechanism of action of self-cleaning surfaces is of
great interest. Superhydrophobicity is explained by two physical principles: low surface
energy and microscopic roughness. Surface chemistry and topography are the primary
factors influencing liquid—-solid interface interactions. Surface energy affects the adhesion
of substances to the interface, including fluids and microorganisms.

Anti-adhesive and antibacterial coatings based on superhydrophobic functional sur-
faces can effectively prevent the non-specific adhesion of biomolecules, such as proteins, on
material surfaces. Additionally, these coatings reduce initial bacterial adherence and inhibit
the formation of bacterial biofilms, thereby achieving significant antibacterial effects [12].
However, further research is needed to fully understand the resistance mechanisms in
biofilms, as bacteria in these environments can develop complex defenses, complicating
their elimination [8].

In this context, developing antibacterial materials based on superhydrophobicity
presents a promising strategy for maintaining clean and hygienic surfaces while preventing
bacterial adhesion [1,2,5,13,14]. Although superhydrophilic surfaces may induce mechani-
cal bacterial killing [15], superhydrophobic coatings using silica nanoparticles modified
with PFDTES offer additional advantages, such as self-cleaning properties and resistance
to biofilm formation. Understanding how Escherichia coli and Staphylococcus aureus interact
with superhydrophobic surfaces is essential for developing effective strategies to prevent
device-associated infections in healthcare settings [16-18].

Superhydrophobic surfaces, characterized by a water contact angle (WCA) greater
than 150° and a water sliding angle (WSA) lower than 10°, repel water and enable a self-
cleaning function by facilitating the removal of debris and pathogens [16,19]. Various
methods can achieve these properties, including coatings designed with multiple layers of
material to enhance functionality [20]. Consequently, these superhydrophobic coatings aim
to prevent bacterial adhesion, inhibit bacterial growth, and allow for the easy removal of
contaminants from surfaces [1].

Superhydrophobic coatings are based on compounds with low surface energy and
high roughness [21,22]. A promising method for obtaining these coatings is the synthesis
of modified SiO, nanoparticles (SiO, NPs) [23-25] which can be applied via the spray
coating method [26]. SiO; NPs are potent nanocarriers with demonstrated antimicrobial
properties and drug-delivery capabilities [27]. Due to their free silanol groups, which
allow for modification, and their porous nature, which enables higher drug loading, SiO,
NPs offer a viable alternative for infection treatment [12]. Additionally, the roughness of
these nanoparticles can significantly influence their antibacterial properties, with greater
roughness correlating with increased antibacterial effectiveness [28].

Moreover, the durability and stability of superhydrophobic coatings are critical under
various environmental conditions, including outdoor exposure. Studies have shown that
factors such as layer thickness, particle size, and the nature of functional groups play key
roles in determining these properties [29]. Recent research also indicates that SiO, NPs
modified with PFDTES exhibit high resistance to water abrasion and other environmental
factors [30].

Our research focuses on developing a superhydrophobic coating with antibacterial
properties for surfaces using SiO, NPs smaller than 10 nm, modified with PFDTES. The
antibacterial activity was evaluated by applying the coating to glass substrates via the
spray coating method, varying the number of layers, and using turbidimetry and inhibition
halo techniques against Escherichia coli and Staphylococcus aureus. Additionally, coating
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durability was analyzed via 35 days of outdoor exposure, and its morphology, composition,
and hydrophobic properties were characterized. These findings confirm its effectiveness in
preventing bacterial adhesion and growth, making it a promising strategy for areas where
these bacteria pose a risk.

2. Methodology
2.1. Materials

To synthesize SiO, nanoparticles (NPs), tetraethyl orthosilicate (TEOS, Si(OCyHs)4,
98%) was purchased from Sigma-Aldrich (Toluca, Mexico) was utilized as the silica precur-
sor. Ammonium hydroxide (NH4OH, 28%-30% NHj3) by Sigma-Aldrich, (Toluca, Mexico)
was the catalyst agent. Isopropyl alcohol (C3HgO), from CEDROSA (Naucalpan de Juarez,
Mexico) and deionized water (18 MQ2-cm) were employed as solvents for the hydrolysis
process. For the modification of SiO; NPs and the preparation of the superhydropho-
bic coating, 1H,1H,2H,2H-Perfluorodecyltriethoxysilane (PFDTES, C14H19F17,055i, 97%)
was acquired from Matrix Scientific (Columbia, SC, USA) was used along with hexane
(CgHi14, 95%) from ].T. Baker (Xalostoc, Mexico) as the solvent. Glass substrates used for
the deposition and analysis of the coating were obtained from LAUKA (Iztalapa, Mexico).

2.2. Equipment

The synthesis and characterization of the superhydrophobic coatings were carried out
using the following equipment: a laboratory stirrer PC 410, Corning (Lowell, MA, USA) for
solution mixing and a water purification system Water-Pro PS (Labconco (Kansas, MI, USA))
for the production of deionized water. Fourier-transform infrared (FTIR) spectroscopy anal-
ysis was conducted using an infrared spectrometer NICOLET IS50 FI-IR Thermo Scientific
(Waltham, MA, USA). X-ray diffraction (XRD) analysis was performed with a diffractometer
X'Pert Pro Panalytical (Almelo, The Netherlands). Transmission electron microscopy (TEM)
characterization was carried out using a transmission electron microscope JEM-2010, JEOL
(Akishima, Japan), with samples deposited on carbon-coated copper grids from Ted Pella
Inc. Finally, scanning electron microscopy (SEM) was performed using a scanning electron
microscope JSM-7401, JEOL (Akishima, Japan).

2.3. Synthesis and Characterization

The synthesis of silica nanoparticles (5iO; NPs) followed the method proposed by
Stober [31]. To prepare a 100 mL solution of SiO, NPs, 95 mL of isopropyl alcohol was
stirred at 300 rpm. Subsequently, 3.65 mL of deionized water, 350 uL of NH4OH, and 1 mL
of TEOS were added. The mixture was maintained at 40 °C under continuous stirring for
24 h. After this period, 25 mL of hexane was introduced into the solution, the temperature
was increased to 60 °C, and 500 uL. of PFDTES was added. The solution was stirred at
300 rpm for an additional 48 h, producing 125 mL of superhydrophobic coating.

For the coating application, 1, 3, 5, and 7 layers of the superhydrophobic coating were
deposited onto glass substrates using the spray coating technique. This process was carried
out at an air pressure of 30 psi, with a 15 cm distance between the nozzle and the substrate.
The samples were then exposed to outdoor conditions for 35 days to evaluate changes in
surface superhydrophobicity. The water contact angle (WCA) and the water sliding angle
(WSA) of the coating were characterized using custom-built laboratory equipment at room
temperature. Deionized water droplets of 4 uL were used for the measurements, and the
contact angle was measured five times at different positions on each sample to obtain an
average value.

For FTIR and XRD characterization, the solutions were evaporated to obtain the SiO,
NPs and the superhydrophobic coating in powder form. These powders were deposited
onto glass slides for subsequent analysis. For SEM and EDS analysis, glass substrates with
varying numbers of coating layers were examined. For TEM analysis, the colloidal samples
were deposited onto carbon-coated copper grids.
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2.4. Antibacterial and Bacteriostatic Study

The antibacterial and bacteriostatic study of the superhydrophobic coating involved
depositing 1, 3, 5, and 7 layers onto glass substrates using the spray coating method.

For the antibacterial test, the turbidimetry technique was employed using 1:1 solutions
(culture broth-phosphate-buffered solution) containing Escherichia coli (ATCC® 11229T)
and Staphylococcus aureus (ATCC® 6538™). The tests were conducted by adding the bacterial
solution to tubes containing the coated samples, followed by incubation at 37 °C for 24 h
in a Fisher Scientific Low-Temperature Incubator. After incubation, the solutions were
measured at a wavelength of 450 nm using UV-visible spectroscopy (Genesys2, Thermo
Spectronic). Negative controls (bacterial solution without a sample) and positive controls
(buffer solution with a sample) were included, and the analysis was performed in triplicate.

Prior to testing, all samples were sterilized using UV light within a laminar flow hood
(Labconco) for 15 min on each side. Additionally, the inhibition halo zone method was
employed to analyze the antibacterial properties according to ASTM E2149. A nutrient agar
medium (Difco 21300) was prepared, sterilized, and poured into Petri dishes to solidify.
Bacterial suspensions of Escherichia coli (ATCC® 11229™) and Staphylococcus aureus (ATCC®
6538™) at densities of 1.5 x 108 CFU/mL were prepared and evenly spread over the agar
surface in the Petri dishes using the streaking technique. The samples were then placed
onto the inoculated agar, and the Petri dishes were incubated at 37 °C for 24 and 48 h to
observe the formation of inhibition halos.

3. Results
3.1. WCA and WSA

The manufactured coating exhibited water contact angles (WCA) of >150° and water
sliding angles (WSA) of <10°. Figure 1 shows photographs of water droplets deposited
on glass substrates with varying numbers of coating layers. Table 1 provides the initial
contact and sliding angle values, as well as those measured after 35 days of exposure to
outdoor conditions.

(b)

Figure 1. Images of water droplets on glass substrates with varying numbers of superhydrophobic
coating layers: (a) 1 layer, (b) 3 layers, (c) 5 layers, and (d) 7 layers.

Initially, as the number of layers increases, the WCA also increases, while the WSA
remains below 3°, demonstrating the necessary characteristics for superhydrophobicity.
The increase in WCA with additional coating layers is primarily attributed to the enhanced
surface roughness and hierarchical structure imparted by these layers. According to the
Cassie-Baxter model, surfaces with greater roughness and air pockets trap more air beneath
the water droplet, thereby increasing the apparent contact angle. The multilayered structure
improves the surface’s ability to repel water, resulting in higher WCA values [32].

After 35 days, the coating retains contact angles > 150° and sliding angles < 10°. This
stability may be explained by potential surface reorganization or further chemical reactions
under environmental conditions. Outdoor exposure often leads to the rearrangement of
low-surface-energy compounds, such as the perfluorodecyltriethoxysilane (PFDTES) used
in the coating. This rearrangement can further lower the surface energy, contributing to
the observed increase in WCA. Additionally, environmental factors such as UV radiation
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and temperature fluctuations may induce minor surface oxidation, which can enhance
hydrophobicity through the formation of stable surface chemistry [33].

Table 1. WCA and WSA values of superhydrophobic coatings with varying layers were measured
initially and after 35 days of outdoor exposure.

Layers WCA WSA
1 156.72° £ 1.01° 2.64° + 0.55°
3 157.01° £ 1.76° 2.01° £ 0.15°
5 157.49° £ 1.07° 2.21° £ 0.17°
7 159.92° £ 1.03° 2.13° £+ 0.61°

After 35 days of outdoor exposure

Layers WCA WSA
1 159.78° £ 1.07° 2.91° £ 0.10°
3 160.50° £ 1.17° 2.27° +£0.29°
5 157.60° £ 1.05° 2.17° £ 0.94°
7 160.75° £ 1.01° 2.94° +0.71°

3.2. SEM

Figures 2 and 3 show the morphology of the coatings on glass substrates with varying
numbers of layers. Scanning electron microscopy observations in both figures reveal
surfaces with a hierarchical structure composed of nano- and microscale particles with
diameters ranging from 733.5 & 116.9 nm to 20.046 + 3.69 nm. This multiscale roughness is
advantageous for superhydrophobic coatings, enhancing superhydrophobicity, durability,
and self-cleaning properties [21].

Figure 2. SEM images of superhydrophobic coatings with different numbers of layers: (a) one layer
and (b) seven layers.

Figure 3 provides a detailed view of the increased porosity corresponding to the addi-
tional coating layers. This enhanced porosity allows for more effective air trapping beneath
water droplets, significantly contributing to the surface’s superhydrophobic properties.
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Figure 3. High-magnification SEM images of superhydrophobic coatings with different numbers of
layers: (a) one layer and (b) seven layers.

3.3. TEM

TEM images of the colloids are presented in Figure 4. Figure 4a shows bare SiO,
NPs, which are spherical, well-dispersed, and relatively uniform, with an average size of
6.309 & 1.891 nm. In contrast, Figure 4b,c display the superhydrophobic coating at different
magnifications. These images reveal a hierarchical structure of the material, confirming
the presence of particles at both the micro- and nanoscale with diameters ranging from
658 £ 89.5 nm to 17.49 + 4.83 nm.

S 30 nm

Figure 4. TEM images of SiO, and SiO, NPs modified with PFDTES at different magnifications:
(a) bare SiO; NPs, (b) SiO, NPs modified with PFDTES showing both micro- and nanoparticles, and
(c) SiO; NPs modified with PFDTES at high magnification.

3.4. EDS

The energy-dispersive X-ray spectroscopy (EDS) analysis in Figure 5 confirmed the
presence of fluorine and carbon, indicating the successful modification of the nanoparticles
with trifluoromethyl (CF3) groups. These findings verify the incorporation of the desired
functional groups onto the surface of the silica nanoparticles, thereby confirming the
functionalization and effectiveness of the superhydrophobic coating.
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Figure 5. EDS spectra of superhydrophobic coating.

3.5. FTIR Spectroscopy

Figure 6 shows the infrared spectra of SiO, NPs and the superhydrophobic coating.
The infrared spectrum of the SiO, NPs exhibits peaks at 1055 em1,955cm ™!, and 796 em !,
corresponding to the fingerprint region of silica [34]. Both spectra also display signals at
442 cm~! and 560 cm ! attributed to the bending vibrations of O-Si-O, which are typical in
amorphous silica [35].

(b)
055 560
796
-4}
)
(=
=
]
.é (a) 1055 -
w R - S
= 800 657
=
=
h
1205
1147
442
1042
T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)
Figure 6. FT-IR spectra of (a) SiO, NPs and (b) superhydrophobic coating.

The FTIR spectrum of the coating reveals additional peaks, such as those at 1205 cm !
and 1147 cm ™!, which are likely indicative of C-F stretching vibrations [36,37]. The peak at
1042 cm ™~ confirms the presence of 5i0,, while the peaks at 905 cm~1, 800 cm™1, 705 em ™1,
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and 657 cm ! are assigned to the symmetric stretching vibrations of Si-O-Si due to function-
alization [38]. These functional groups are essential for ensuring the superhydrophobicity
of the nanoparticles and confirming successful nanoparticle functionalization.

3.6. XRD

As shown in Figure 7, the X-ray diffraction (XRD) pattern of the SiO, NPs exhibits
an amorphous structure consistent with the JCPDS file 00-083-2467. The broad peak
observed at a Bragg angle of 20 = 23.37° is characteristic of amorphous materials, including
amorphous silica [39].

(b)

Intensity

10 20 30 40 50 60 70 80
20/ degree

Figure 7. XRD patterns of (a) SiO, NPs and (b) the superhydrophobic coating.

Post functionalization, the XRD pattern reveals the persistence of the amorphous
nature of SiOy, along with the emergence of three new peaks at 20 = 17.67°, 22.72°, and
39.44°. These new peaks suggest the formation of a crystalline phase or a structural
change due to the functionalization process. Such changes may result from compressive or
expansive stresses within the material, affecting the diffraction angles. Additionally, the
introduction of C-F groups on the surface of SiO; can alter the local atomic environment,
leading to variations in peak intensities, the appearance of new peaks, or shifts in existing
peaks [36].

Furthermore, the hydrophobic nature of the C-F groups can reduce interactions with
surrounding water molecules, potentially causing changes in the nanoparticle structure.
This may lead to aggregation or changes in particle morphology [40].

3.7. Antimicrobial Activity

Figure 8 presents the antibacterial activity of various samples measured using the
turbidimetry technique. The data show that the percentage of antibacterial activity against
Escherichia coli and Staphylococcus aureus increased with the number of coating layers, reach-
ing 11.37% and 12.58%, respectively. Escherichia coli, a Gram-negative bacterium, has two
membranes, while Staphylococcus aureus, a Gram-positive bacterium, has a thick cell wall,
contributing to its resistance mechanisms against antibacterial substances. Nevertheless,
the coating exhibited antibacterial activity against both types of bacteria, with the highest
activity observed against the Gram-positive bacteria.
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Figure 8. Graphical representation of the antibacterial activity of samples with different numbers of
superhydrophobic coating layers: 1 L (one layer), 3 L (three layers), 5 L (five layers), and 7 L (seven
layers) after 24 h of exposure to Escherichia coli and Staphylococcus aureus.

Table 2 presents the results of antibacterial activity measured by the inhibition halo.
No inhibition halos were formed in any of the samples, indicating that the surfaces do not
necessarily kill bacteria. However, what is evident (Figure 9) on the superhydrophobic
coating, particularly those with seven layers (7 L) and five layers (5 L), is the inhibition of
bacterial growth and reproduction. This behavior is indicative of bacteriostatic properties,
consistent with the findings of Zhou et al. [41,42].

Table 2. Antibacterial activity of samples with varying numbers of layers (1 L to 7 L) after 24 and 48 h
of exposure to Escherichia coli and Staphylococcus aureus.

Escherichia coli Staphylococcus aureus Escherichia coli Staphylococcus aureus
24h 24h 48 h 48 h

7Land 5L

3Land 1L
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Figure 9. Enlarged images from Table 2 showing inhibition halo test results for samples with
(a) Escherichia coli (7 layers) and (b) Staphylococcus aureus (7 layers) bacteria after 48 h.

4. Discussion

The water contact angle (WCA) results ranged from 156° to 159° when the coating
was not exposed to outdoor conditions, with values increasing as the number of layers
increased. Other studies have reported WCA results between 125° and 160° for silicone-
based coatings, which aligns with the values obtained in this study. The increase in WCA
after 35 days of exposure may be attributed to chemical polymerization of the hydrophobic
membrane [19,24,25,27,31,38].

The hierarchical structure of our coating helps maintain water droplets in place [43].
Developing hydrophobic coatings critically depends on the creation of hierarchical struc-
tures and surface roughness. The 35-day exposure likely altered the coating roughness,
resulting in a more hydrophobic layer [44].

Previous studies have used PFDTES in combination with a nano-hierarchical struc-
ture to inhibit bacterial adhesion [44]. The hierarchical structure appears to reduce bac-
terial proliferation, influenced by the structure’s size, as reflected in the TEM results:
6.309 £ 1.891 nm and 658 =+ 89.5 nm to 17.49 + 4.83 nm [8,10,14,24,27,38,39,45-47].

The hierarchical structure of our coating, which includes nano- and microscale fea-
tures, significantly increases surface roughness, contributing to its superhydrophobicity,
characterized by water contact angles above 150° and sliding angles below 10°. This high
surface roughness, combined with the low surface energy imparted by PFDTES modi-
fication, creates an unfavorable environment for bacterial adhesion, thereby preventing
biofilm formation [14]. Moreover, the coating serves as a physical barrier, repelling water
droplets that may carry bacteria and inhibiting their ability to colonize. The modified SiO,
nanoparticles in the coating may further interfere with bacterial cellular functions, such
as DNA replication, leading to bacteriostasis. Additionally, the incorporation of trifluo-
romethyl (CF;3) groups introduces a hydrophobic, chemically inert surface that reduces
surface energy, making the coating hostile to bacteria like Staphylococcus aureus, thereby
enhancing its antimicrobial properties [43,48,49]. The results indicate that the concentration
of coating layers significantly influences bacteriostatic efficacy.

The antibacterial properties of superhydrophobic coatings have been extensively
studied, particularly in relation to preventing bacterial adhesion and biofilm formation.
Our study builds upon this foundation by utilizing silica nanoparticles (510, NPs) modified
with 1H,1H,2H,2H-Perfluorodecyltriethoxysilane (PFDTES) to create a superhydrophobic
coating. In contrast to the bactericidal mechanisms described by Dimitrakellis et al. [15],
who used smooth and plasma micro-/nanotextured surfaces incorporating copper (Cu)
as a biocidal agent, our approach primarily relies on surface roughness and chemical
modification to achieve bacteriostatic effects, without the need for active biocides. This
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References

distinction is significant because, while Cu-based surfaces actively kill bacteria, our coating
inhibits bacterial growth by preventing adhesion.

Additionally, the work by Jin et al. [50] on nanodarts and nanoblades demonstrates a
mechano-bactericidal approach, where sharp nanostructures physically rupture bacterial
cells. In contrast, our superhydrophobic coating does not directly kill bacteria but inhibits
their proliferation by repelling water and creating an unfavorable surface for colonization.
This non-invasive, durable antibacterial strategy is well-suited for applications where
mechanical damage to bacteria is undesirable.

Our findings also emphasize the importance of durability under environmental con-
ditions, a feature that has not been extensively tested in the aforementioned studies. The
35-day outdoor exposure test demonstrated that our coating’s superhydrophobic properties
were retained, underscoring its potential for long-term use in outdoor or industrial settings.
While Dimitrakellis et al. focus on chemical resistance through plasma treatment, our study
shows that surface roughness, when combined with chemical modification, is sufficient to
maintain functionality under environmental stress.

5. Conclusions

The developed superhydrophobic coating demonstrates significant antibacterial ac-
tivity, particularly against Gram-positive bacteria. Additionally, all samples exhibited
bacteriostatic activity, indicating the coating’s effectiveness in inhibiting bacterial growth
on the treated surface. The antibacterial activity of the coating was influenced by the
number of layers, with samples containing more layers displaying greater effectiveness.

Morphological and structural characterization revealed a hierarchical structure in the
coating, with nano- and microscale particles contributing to its roughness and superhy-
drophobicity, evidenced by contact angles > 150° and sliding angles < 10°. The increase in
WCA with the addition of more layers is due to enhanced surface roughness and hierarchi-
cal structuring, while the changes after outdoor exposure are likely the result of surface re-
organization and possible chemical reactions that further stabilize the hydrophobic surface.

The successful functionalization of silica nanoparticles with trifluoromethyl (CF3)
groups in the coating confirms the efficacy of the functionalization and the coating’s ability
to repel water and resist biofilm formation.

These findings suggest that the superhydrophobic coating holds significant promise
for applications requiring clean surfaces, resistance to biofilm formation, and effective
antibacterial properties.
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