POLITECNICO DI TORINO
Repository ISTITUZIONALE

Surface modifications of inert and bioactive glasses with plasma-deposited polymer coatings to impart
antiadhesive properties

Original

Surface modifications of inert and bioactive glasses with plasma-deposited polymer coatings to impart antiadhesive
properties / Miola, M.; Pontillo, K.; Costabello, K.; Lai, M.; Ferraris, S.; Najmi, Z.; Cochis, A.; Rimondini, L.; Verne,
Enrica.. - In: SURFACES AND INTERFACES. - ISSN 2468-0230. - 64:(2025), pp. 1-13. [10.1016/j.surfin.2025.106346]

Availability:
This version is available at: 11583/2999170 since: 2025-04-14T14:15:08Z

Publisher:
Elsevier

Published
DOI:10.1016/j.surfin.2025.106346

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

07 May 2026



Surfaces and Interfaces 64 (2025) 106346

FI. SEVIER

Contents lists available at ScienceDirect
Surfaces and Interfaces

journal homepage: www.sciencedirect.com/journal/surfaces-and-interfaces

SURFACES?
INTERFACES

Surface modifications of inert and bioactive glasses with plasma-deposited
polymer coatings to impart antiadhesive properties

Marta Miola > ®, Kevin Pontillo “®, Katiuscia Costabello ¢, Manuel Lai ¢, Sara Ferraris
Ziba Najmid , Andrea Cochis “®, Lia Rimondini ®, Enrica Verne

a,b

s a,b

& Department of Applied Science and Technology, Politecnico di Torino, Institute of Materials Engineering and Physics, Corso Duca degli Abruzzi, 24 10129 Torino, Italy

b politoBioMED Lab, Politecnico di Torino, Corso Castelfidardo, 30A 10129 Torino, Italy
¢ IRIS S.r.L, Via Giovanni Paolo II, 26 10043 Orbassano TO, Italy

d Department of Health Sciences, Center for Translational Research on Autoimmune and Allergic Diseases-CAAD, Universita del Piemonte Orientale UPO, Novara 28100,

Italy

ARTICLE INFO ABSTRACT

Keywords:

Bioactive glass

Inert glass

Non-thermal atmospheric plasma treatment
Antiadhesive

The development of antiadhesive surfaces has attracted great interest in recent years, both in the biomedical field
and in everyday life applications. Non-thermal atmospheric plasma technology, still slightly explored in
particular on bioactive glass, offers important opportunities for limiting bacterial adhesion on materials’ sur-
faces. In this work, both bioactive and inert glasses were coated with (HMDSO) using the non-thermal atmo-
spheric plasma process. The obtained coating was carefully investigated through morphological and
compositional analysis, and the evaluation of the surface roughness wettability and zeta potential. Moreover, the
influence of the coating on bioactivity (for bioactive glasses) was estimated and a preliminary test to investigate
the antifouling properties of treated samples was performed using a Multi-Drug Resistant (MDR) Staphylococcus
aureus strain. The obtained results evidenced a reduced roughness and a uniform distribution of the polymer on
all glasses’ surfaces, which imparted a hydrophobic effect due to the exposure of CHg groups. The bioactivity
kinetics of the treated samples slightly decreased; however, the hydroxyapatite (HAp) precipitation was high-
lighted after 7 days of immersion in SBF. Finally, all plasma treated glasses showed a significant reduction in the

number and aggregation degree of viable surface-adhered MDR S. aureus.

1. Introduction

The ongoing advancements in materials research have fostered a
growing interest in enhancing the performance of glass across various
sectors, ranging from biomedical applications to construction. Consid-
ering recent developments, antibacterial activity has emerged as a
crucial property for reducing the spread of infectious diseases [1-4]. To
achieve this objective, it is possible to modify the surface of these ma-
terials both morphologically and chemically. Thus, it is essential to tailor
the glass surface with methods that ensure stable and long-lasting
antimicrobial properties under varying conditions of use and over
extended periods, without compromising the optical and mechanical
properties of the bulk material.

Antibacterial coatings on window glass hold promise for healthcare
infrastructures, effectively preventing surfaces from serving as vectors

for pathogens [5,6]. In the field of bone regenerative medicine, the
antimicrobial surfaces of bioactive glasses can be leveraged to inhibit
post-implantation infections, thereby promoting tissue growth and
osteointegration [7].

Antibacterial properties can be imparted to materials through
various approaches, such as incorporating chemical agents onto the
material’s surface through different types of interactions (e.g., electro-
static attraction, covalent and hydrogen bonds) or modifying surface
morphology and topography [8-10]. The antimicrobial action can
manifest in diverse ways: functionalized surfaces can prevent the
adhesion of pathogenic bacteria, inhibit their proliferation, or induce
bacterial death [11].

Promising techniques for surface modification of materials include
plasma treatments, which can alter the substrate’s roughness and
patterning while facilitating the grafting of functional groups [12].
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These groups are critical for reducing surface free energy and, conse-
quently, enhancing hydrophobicity, which is crucial for anti-biofouling
functions [13,14].

Different strategies have been also investigated to impart antimi-
crobial properties to glass surfaces. Concerning bioactive glasses, their
surface can be enriched with antimicrobial elements (e.g. Ag, Cu, Zn)
[15,16] or nanoparticles [17,18]. For example, Verne and co-workers
design a simple and efficient method by ion-exchange technique in an
aqueous solution to introduce silver and copper to different bioactive
glass compositions [19]. The same research group has also investigated
various physical and chemical processes, especially the use of poly-
phenols, to reduce Ag or Cu nanoparticles in situ on the surface of
bioactive glasses [20]. The nucleation of Ag nanoparticles on the surface
of a bioactive glass has been also induced by a sonochemical method
followed by a thermal treatment by Gonzalo-Juan et al. [21]. Antimi-
crobial properties can be also imparted by functionalizing the glass
surfaces with antibacterial drugs or biomolecules [22,23], such as
lysozyme or antibiotics. Moreover, the development of anti-adhesive
surfaces has also been explored; for example, Shaikh et al. used a
femtosecond laser to tailor the surface roughness, wettability and sur-
face chemical composition to limit the bacterial attachment and biofilm
formation on the 45S5 Bioglass® [24].

The performance of antimicrobial coatings is also relevant on multi-
purpose glass surfaces. For instance, Won et al. assessed the feasibility of
transparent TiO» films to confer antibacterial properties to commercially
available products [25]. Choi and colleagues investigated zinc alumi-
nate as an environmentally friendly coating material for smartphone
panel glasses, showing strong antibacterial activity against Escherichia
coli and S. aureus [26]. The efficacy of UV irradiation-driven anti-
microbic activity of commercial glass SaniTiseTM was determined by
Kisand et al., who assumed that bactericidal properties relied on the
degradation of the cell wall due to the production of reactive oxygen
species during the photocatalytic process of TiO, [3]. Other authors
investigated the functionalization process to impart antibacterial action
to glasses; for example, Gkana et al., verified the antiadhesive properties
of glasses coated with two different commercial nanoparticle com-
pounds based on organo-functionalized silanes [27], evidencing an
anti-adhesion and anti-biofilm effect of the organosilane based products.
Marra and co-authors propose an antibiofilm coating based on hybrid
nanoparticles (TiO2, ZnOy)-melanin agents functionalization on glass
surface previously treated with oxygen cold plasma [28], highlighting
the efficacy of the coated glasses, especially for melanin-TiOy func-
tionalized glass, to prevent biofilm formation. Glasses with an antibac-
terial action are also currently marketed by Corning® (Antimicrobial
Corning Gorilla® Glass) and AGC glass, introducing silver ions onto the
surface of the glasses [29,30].

As previously mentioned, the use of plasma to confer antibacterial/
anti-adhesive properties has also been investigated in the literature,
although in the field of biomaterials mainly on metal and polymeric
surfaces. Plasma technology can be used for surface activation, coating
deposition or surface nanostructuring. This technology, in particular
non-thermal atmospheric pressure plasma, has numerous advantages
compared to processes currently used or investigated, such as the pos-
sibility of modulating the surface of materials from the micro-nano to
the molecular/atomic scale. Plasma treatment is also a dry process with
limited energy costs and low environmental impact [31].

The use of plasma to impart antibacterial properties to glasses (both
inert glass and bioactive glass) is still little explored. Some authors
report the use of plasma to pretreat the surface of the glass, subsequently
functionalized with different antimicrobial agents (e.g. antimicrobial
peptides, silver or quaternary ammonium salt) [32-34]. Other studies
have investigated the possibility of directly depositing antibacterial
agents via plasma, increasing the hydrophobicity and thus the bacteria
adhesion or creating nanostructured surfaces with antimicrobial action
[35-38], using different substrates including glasses.

This work aimed to use the non-thermal atmospheric pressure
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plasma technology to activate and coat with hexamethyldisiloxane
(HDMSO) an inert glass (for fenestration) and two bioactive glass (SBA2
and S53P4 [39,40]) to impart them antiadhesive effect, comparing the
obtained properties. According to the authors’ knowledge, the use of
plasma technology to confer antibacterial or antiadhesive properties is
still little explored in the field of bioactive glasses and ceramics. How-
ever, this approach could represent a valid and efficient alternative to
antimicrobial chemical agents and drugs, since it is also effective against
multi-resistant strains. The plasma deposition was verified through
morphological-compositional analyses and the investigation of surface
wettability and charge. The antiadhesive effect against Staphylococcus
aureus was also assessed together with, for bioactive glasses, the
possible influence on bioactivity.

2. Materials and methods
2.1. Samples preparations

In this work, two bioactive glass compositions: i) a commercial one
(S53P4, commercially know as BonAlive®: 53 % SiO, 23 % Naz0, 20 %
Ca0, 4 % P50s, wt %), ii) a composition previously designed by the
authors (SBA2: 48 % SiO2, 18 % NayO, 30 % CaO, 3 % P20s, 0.43 %
B203, 0.57 % Aly0O3, mol %) [41-43], and an inert soda-lime glass for
windows (supplied by IRIS S.r.l) were used. The SBA2 and S53P4
bioactive glasses were synthesized by melting the reactants at 1450 °C
for 1 h and 1360 °C for 3 h respectively (Nabertherm® LHT 04/18,
Germany), quenching the melt in a cylindrical brass mould and
annealing the SBA2 at 500 °C for 13 h and S53P4 at 500 °C for 1 h.
Subsequently, the obtained bars were cut in slices of 10 mm in diameter
and 7 mm in height using an automatic cutting machine (ATM® Brillant
220), which were polished with SiC abrasive papers ranging from 800 to
4000 grids to level the surfaces using an automatic polishing machine
(Struers® LaboPol-2) at 500 rpm according to following protocol:
roughing at P600, progressive polishing at P800 for 30 s, P1000 for 60 s,
P1200 for 90 s, P2500 for 120 s and P4000 for 150s. The inert soda-lime
glass was provided in 20 x 20 x 4 mm; in order to compare the bioactive
and bioactive glasses, some window glass samples were subjected to the
same polishing process of SBA2 and S53P4.

2.2. Plasma treatment

The 4 types of glasses (SBA2, S53P4, soda-lime glass and polished
soda-lime glass) were subjected to an atmospheric plasma treatment,
using a reactor in dielectric barrier discharge (DBD) configuration by
IRIS S.r.l. All samples were pretreated in He and O,, to enhance the
exposure of surface hydroxyl groups, useful for monomer grafting.
Subsequently, they were coated with HMDSO, in order to confer hy-
drophobic properties to the surface. Table 1 resumes the plasma treat-
ment conditions and Table 2 the acronyms of different samples.

For both the pretreatment and the coating deposition a voltage of 6
kV and a frequency of 5 kHz were used. The samples were placed in the
gap between the two plates of the reactor and the plasma was applied for
45 s in the case of pretreatment and for 90 s for the deposition of
HMDSO.

2.3. Samples characterization

2.3.1. Morphological and compositional characterization

Morphological and compositional investigations of the glasses’ sur-
face were carried out by field emission scanning electron microscopy
(FESEM, SUPRATM 40, Zeiss) equipped with energy dispersive X-ray
spectroscopy (EDS). Samples were coated with a thin Pt layer before the
analysis.

Attenuated Total Reflection Fourier Transform IR (ATR-FTIR) spec-
troscopy (Nicolet iS50 FTIR Spectrometer) was used to investigate the
surface chemistry of samples and the deposition of HMDSO. The spectra
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Table 1
Pretreatment conditions and plasma coating.

Surfaces and Interfaces 64 (2025) 106346

Gas flow (I/min)

Plasma parameters

He 0, HMDSO in He Voltage (kV) Frequency (kHz) Time (s)
Plasma treatment Pretreatment 8 0.2 - 6 5 45
Coating 8 - 0.4 6 5 90

Table 2
Samples preparations and acronyms.

Samples Polishing HMDSO Plasma treatment
SBA2 Yes No
SBA2T Yes Yes
S53P4 Yes No
S53P4_T Yes Yes
w No No
W.T No Yes
WP Yes No
WPT Yes Yes

were acquired in the range 400-4000 cm™! with a resolution of 4 cm™
with 32 scansions for each spectrum. OPUS software (v. 6.5, Bruker S.p.
A) was used for instrumental control and spectral acquisition.

2.3.2. Surface properties characterization

The topographical features of the glasses were investigated with a
laser optical profilometer (LSM 900, ZEISS, Germany), wettability
(Kriiss DSA 100, Germany) and surface energy measurements. The sur-
face roughness parameters, in particular Sq, were obtained using a laser
optical profilometer with a 20x objective, using the Confomap software.

The surface wettability was analysed with a static contact angle,
using the sessile drop technique and water (WCA). Three measurements
were performed for two glasses of each type, and the contact angle was
automatically measured after 2 s for each tested sample. Results are
reported as average + standard deviation (SD). Statistical analysis was
performed using one sample Student t-test. P values < 0.05 were
considered significant.

The zeta potential in function of pH of bioactive glasses and the inert
polished soda-lime glass, before and after plasma treatment, were also
analysed using an electrokinetic analyzer (SurPASS, Anton Paar)
equipped with an adjustable gap cell and an automatic titration unit. KCl
0.001 M was used as electrolyte, NaOH and HCI 0.05 M as titration
solutions for the basic and acidic range respectively. For each pH point,
4 measurements were performed and reported as mean and standard
deviation on the titration curve. A different set of samples was used for
acidic and basic titration to avoid effects due to sample reaction during
the measurement.

The adhesion properties of the coating were evaluated by means of a
semi-quantitative analysis, the cross-cut tape test, according to the
standard ASTM D 3359-97 (“Standard test methods for measuring
adhesion by tape test”). Due to the size of the samples, the analysis was
carried out only on polished fenestration glass. Subsequently, the sam-
ples were subjected to a confocal microscope and FESEM observation,
and an FTIR analysis was performed to detect the presence of the
coating.

2.3.3. In vitro bioactivity test

The ability of bioactive glasses to induce the precipitation of HAp
after plasma treatment was investigated by dipping SBA2 and S53P4 in
50 mL of simulated body fluid (SBF — Kokubo protocol [44]) maintained
at 37 °C for 3, 7 and 14 days.

At the end of each incubation time, the pH of the solution was
monitored and samples were removed from SBF solution, rinsed in bi-
distilled water and dried at room temperature. Afterwards, samples
were analysed by means of FESEM-EDS to verified the HAp presence.

2.4. Invitro antiadhesive activity evaluation

2.4.1. Bacterial culture medium and conditions of growth

To evaluate the impact of plasma treatment on the adhesion
behaviour of bacteria on the inert (soda-lime and polished soda-lime)
and bioactive (S53P4 and SBA2) glasses, a preliminary evaluation was
carried out using gram-positive Multi-Drug Resistant Staphylococcus
aureus (MDR S. aureus). This bacterial strain was purchased from the
American Type Culture Collection (ATCC; ATCC 43,300; Manassas,
Virginia, USA) and is considered a main cause of infections associated
with orthopaedic implants [45].

Bacteria were cultivated on Trypticase Soy Agar (TSA, Merck, Milan,
Italy) and incubated at 37 °C for 24 h to allow single bacterial colonies to
grow. Subsequently, a few colonies were collected and diluted into 20
mL of Luria Bertani broth (LB, Merck, Milan, Italy). Broth cultures were
incubated overnight at 37 °C under agitation (120 rpm in an orbital
shaker). A fresh broth sub-culture was prepared before each experiment
to test bacteria in their exponential growth phase. Accordingly, the
bacteria concentration was further diluted into fresh LB broth to a final
concentration of 1 x 10° cells/mL, corresponding to an optical density
(OD) of 0.001 at wavelength 600 nm, determined by a spectrophotom-
eter (Spark, Tecan, Switzerland). Fresh LB medium was used as a blank
to normalize the OD values.

2.4.2. Antifouling activity evaluation

Prior to biological assays, the samples were sterilized with UV-C light
for 30 min on each side. To evaluate the antifouling properties of non-
treated and plasma-treated samples, the International Organization for
Standardization protocol (ISO; ISO 22196) was utilized. This protocol is
designed to analyse the antifouling behaviour of samples’ surfaces by
directly infecting them with a bacterial suspension [42]. Accordingly,
the sterile samples were placed into suitable multiwell plates based on
their dimensions (24-multiwell and 6-multiwell plates for bioactive
glasses with diameter 10 mm and inert glasses with a size 20 x 20 cm,
respectively). A certain volume of the bacterial suspension (50 pL for
bioactive glasses and 500 pL for inert glasses) containing 1 x 10°
CFU/mL, was directly dropped onto the specimens’ surfaces and covered
with sterile polyethylene film. The inoculated specimens were placed in
an incubator at 37 °C for 90 min to allow the bacterial cells to attach to
the surfaces of the samples [46]. At this time point, each sample was
washed with sterile phosphate-buffered solution (PBS) to remove
non-adhered bacterial cells from the surfaces. The viable
surface-adhered bacterial colonies were then counted the using colony
forming unit (CFU) method. Briefly, surface-adhered bacteria were de-
tached using sonication (5 min, 3 times), and vortex (30 s, 3 times),
followed by performing six serial 10-fold dilutions by mixing 20 pL of
bacteria with 180 pL of PBS as previously described by the Authors [16,
47]. The total CFU count was determined using the following formula:

CFU = [( numberofcolonies x dilutionfactor)”(eriaidilution) ]

The formation of bacterial microcolonies or biofilm layers on the
surfaces was visually assessed using Scanning Electron Microscopy
(SEM, JSM-IT500, JEOL, Tokyo, Japan) images. The specimens were
dehydrated using an ethanol gradient (70 %, 90 % ethanol for 1 h each
and 100 % ethanol for 2 h), rapidly dried with hexamethyldisilazane,
and coated with a gold layer using the JEOL Smart Coater (JEOL, Japan).
Images were collected at different magnifications (x 2000 and x 4000)
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using a secondary electron detector.

For evaluation of the thickness and distribution of bacterial aggre-
gations (microcolonies), and for the calculation of the occupied surface
area on the samples’ surfaces by bacterial strains, two software pro-
grams were utilized: SMILE VIEW™ map (version 8.2.9621, JEOL) and
image processing software (ImageJ). For both software programs, SEM
images at low magnifications (x 2000) were used and noise from the
background was removed by setting thresholds for minimum and
maximum values. Subsequently, the 3D image was automatically
reconstructed by SMILE VIEW software, providing information about
the thickness, height, and distribution of bacteria, which were shown as
peaks. In ImageJ software, bacterial cells were automatically counted,
and the occupied surface areas on the samples’ surfaces by bacterial cells
were calculated.

2.4.3. Statistical analysis

All biological experiments were performed in triplicate. The statis-
tical analysis of the data was carried out by SPSS software (v.20.0, IBM,
USA). Initially, the normal distribution of the data and the homogeneity
of variance were assessed by the Shapiro-Wilk’s test and Levene’s test,
respectively. Then, the results of the treated groups were compared with
the control ones by one-way comparison ANOVA and Tukey’s test as a
post hoc analysis. P value < 0.05, and p value < 0.01 were considered as
statistical differences shown here by * and **, respectively.

Surfaces and Interfaces 64 (2025) 106346
3. Results and discussions
3.1. Morphological and compositional characterization

FESEM analyses were performed in order to highlight the presence of
the polymer coating. The obtained images (Figs. 1 and 2) show the
presence of spherical particles on all samples treated with plasma, as-
cribable to the polymer deposition, as observed also by Stallardand co-
authors [48]. In particular, SBA2_T glass displays spheres with two or-
ders of magnitude, micrometric (evidenced with arrows in Fig. 1d) and
submicrometric dimensions (Fig. 1e), mainly arranged following the
pattern of parallel lines generated by the polishing process. The S53P4
glass also presents a preferential orientation of the spheres in the di-
rection of the polishing lines, but in this case, the spheres have more
uniform dimensions, of a few hundred nm (Fig. 1k, 1).

Concerning the window glasses (Fig. 2), a partial orientation of the
spheres along the polishing lines is observable for the W_P_T sample
(Fig. 2k, 1); while for W_T glass, the spherical particles are distributed
according to a random pattern (Fig. 2d, ). W_P_T glass shows a coating
formed by spheres with larger dimensions than that of the unpolished
samples (W_T), in which particles of a few tens of nm are significantly
distinguishable. However, for all the treated samples, a clear difference
in morphology is observed compared to the respective untreated sam-
ples, which, together with the other analyses, highlights the effective

Fig. 1. FESEM-EDS analysis of a), b) and c) SBA2, d), e) and f) SBA2_T, g), h) and j) S53P4, k), 1) and m) S53P4_T. a), d), g) and k) magnification 5kx, b), €), h) and 1)

magnification 50kx.
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Fig. 2. FESEM-EDS analysis of a), b) and ¢) W, d), e) and f) W_T, g), h) and j) W_P, k), 1) and m) W_P_T. a), d), g) and k) magnification 5kx, b), €), h) and 1)

magnification 50kx.

deposition of the polymer.

The compositional analysis, performed on plasma-treated (Fig. 1c,f,j,
m) and untreated glasses (Fig. 2¢,f,j,m), revealed a significant increase (t
student, p = 0.017 for polished window glass) in the carbon amount for
plasma-treated glasses, attributable to the deposited polymer. The C
increase was most consistently observed in window glasses (with an
increase of over 200 % in %at) with respect to bioactive ones, since
bioactive glasses, more reactive than window glasses, can be subjected
to carbonation phenomena on their surface. The other elements have not
undergone significant changes.

3.2. Surface properties characterization

The polymer presence was verified through FTIR analysis (Fig. 3). All
glasses showed the peaks (highlighted with a blue dotted line in Fig. 3a)
at about 750 cm™! and the band at 1000-1200 cm™! ascribable
respectively to the Si-O symmetric stretching and the asymmetric
stretching of Si-O-Si bonds, together with a band at 850 and 950 cm™*
related to SiO4 tetrahedron structures containing non-bridging oxygen
[49,50]. Moreover, the plasma-treated glasses displayed the character-
istic peaks of the HMDSO (evidenced with a black dotted line in the
Fig. 3b) demonstrating the effective deposition of the polymer: at about
3000 cm™ a peak due to the asymmetric stretching of the methyl group

in Si-CHs is observed, and the peak at about 1260 cm™ can be ascribed to
the bending of CHs, while the band at about 1400-1350 em’! can be
attributed to the asymmetric deformation vibration of CHj3 groups.
Around 800 cm! an enlargement of the peak concerning the Si-O sym-
metric stretching can be noticed, probably caused by its convolution
with the peaks regarding the rocking of -CHs and the stretching of Si-C in
the bond Si-CH3 [51-53]. Some peaks of HMDSO, in particular those at
1071 and 1015 em™ %, ascribable to Si-O-Si and Si-O-C, are not visible
because they overlap with that of the glass. The enlargements reported
in Fig. 3 highlight the main peaks of the polymer found on the treated
samples.

As reported by some authors, using noble gases in HMDSO plasma
deposition the molecule is fragmented in two main film-forming species:
(CH3)x-Si-O- and (CH3)x-Si- by scission of a Si-O bond [54,55].
Depending on the bond that the molecule makes with the OH groups of
the glass, different functional groups can be exposed [54]. However, the
analyses conducted in this paper allow us to mainly note the presence of
CH3 groups which impart a hydrophobic character to the treated glasses

Since in addition to wettability, roughness can also have a role in
bacterial adhesion, the roughness values were estimated using the laser
optical profilometer; the obtained results are reported in Fig. 4. Con-
cerning the untreated glasses, it was observed a higher Sq value for
polished inert glass (W_P), due to the polishing treatment carried out on
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the very smooth surface of the float glass, compared to the Sq values
obtained for the other glasses subjected to polishing, SBA2 and S53P4.
As expected, inert glass (W) showed the lowest Sq value. The HMDSO
coating seems to reduce the roughness of all the polished samples, more
significantly for the samples that present a higher roughness (W_P and
S53P4), acting as a levelling film. However, this Sq decrease is not
observed for the inert unpolished glass (W), for which a slight increase in
roughness is noted, as evidenced also in other works in which the
HMDSO was deposited on extremely flat surfaces [48,56].

Fig. 5 displays the values obtained by measuring the static contact
angle of untreated and treated samples. A significant difference (t stu-
dent, p < 0.05) in WCA between untreated W and W_P inert glasses can
be observed. This discrepancy, according to wettability models [57,58],
is ascribable to the roughness of the surface: the unpolished W glass has
a smooth surface compared to the polished one (as demonstrated in
Fig. 4) and thus shows a more hydrophobic behaviour. After the plasma
treatment, a significant increase in WCA was observed for all the sam-
ples (t student, p < 0.05). In particular, the greatest difference in terms
of WCA before and after the treatment is observed for S53P4 glass;
however, the coating with HMDSO imparted a hydrophobic effect to all
the investigated glasses, thanks to the exposure of CHj3 groups as high-
lighted by FTIR analysis [51,59]. The obtained contact angle can limit
bacteria adhesion while maintaining cells colonization, balancing the
anti-adhesive properties and cellular adhesion.

To evaluate the surface properties of the treated glasses, a zeta po-
tential analysis was finally performed. Fig. 6 reports zeta potential
titration curves of bare and treated glasses. The isoelectric point (IEP) of
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bare glasses is acidic. In particular, IEP is lower than 3 for W_P and for
S53P4 in accordance with reported values for silica and silica-based
glasses [60,61] and previous measurements from the authors [62],
and equal to 3.29 for SBA2, in accordance with previous work from the
authors [63] and with the effect of oxides on the isoelectric point of
silica-based glasses [61]. The acidic IEP is due to the presence of acidic
functional groups (OH groups of silica-based glasses). Looking at the
titration curve increasing acidity can be ascribed to OH groups of W,
SBA2, and S53P4, due to the decreasing pH of the onset of the basic
plateau (7, 6, 5.5 respectively), which represents the pH at which all OH
groups are deprotonated.

After the treatment, an increase of the value of the IEP can be
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noticed. In particular, it can be observed that values move to 4.02, 3.29,
and 3.19 for W_P_T, SBA2_T and S53P4_T respectively. All the values
move close to pH 4, typical of inert polymers [64]. The effect seems
more evident on the most inert glass (W), followed by SBA2 and S53P4.
Moreover, the basic plateau is almost absent after the treatment, as a
confirmation that the acidic OH groups are no longer prevalent on the
surface due to the bond with the HMDSO.

Therefore, the surface characterizations evidenced the effective
deposition of the polymeric coating, bonded with the surface of the
glasses and the achievement of hydrophobic surfaces due to the expo-
sure of the CHj3 groups. However, to estimate the adhesion of the
coating, a tape test was performed on W_P_T samples. The window
samples were used both for their useful dimensions and because the
adhesion of the coating must be significant, particularly for these ap-
plications. Concerning bioactive glasses, as can be seen from the per-
formed analyses in SBF solution, during the bioactivity process the
coating is replaced with a layer of hydroxyapatite. Fig. 7 displays the
FTIR analysis, the images acquired at confocal microscope and at FESEM
after the tape test. FTIR spectrum (Fig. 7a) evidences the peak ascribable
to the polymer coating (highlighted in the figure with dotted circles),
already discussed in Fig. 3. The images reported in Fig. 7b,c and d show
the presence of the coating, demonstrating an optimal adhesion of the
coating to the substrate, since no damage can be noticed.

3.3. In vitro bioactivity test

Fig. 8 shows the FESEM-EDS analysis of bioactive glass SBA2 plasma-
treated and untreated subjected to SBF immersion for up to 14 days.
Concerning the SBA2 glass, a thick layer of silica gel is clearly visible
after 3 days of immersion in SBF (Fig. 8a) together with the precipitation
of the first hydroxyapatite (HAp) nuclei (Fig. 8b). The crystallization of
HAp increases as SBF treatment continues for up to 14 days (Fig. 8c-f).
The EDS analysis (Fig. 8 g) evidences a significant increase of Ca and P
after 3 days and a decrease of Na and Si, confirming the formation of a
Ca- and P-rich phase on a glass surface, with an atomic Ca/P ratio very
close to HAp one (1.6). The plasma treatment causes a slight delay in the
precipitation of HAp, as can be observed from the images in Fig. 8h-1and
the graph relating to the EDS analysis (Fig. 8p). However, after 7 days of
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Fig. 6. Zeta potential titration curves of bare and treated glasses.
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Fig. 7. a) FTIR spectrum, b) confocal microscope,c) and d) FESEM images of W_P_T samples after tape test.

Fig. 8. FESEM micrographs of SBA2 immersed in SBF for a) and b) 3 days, ¢) and d) 7 days, e) and f) 14 days, and g) EDS analysis. FESEM micrographs of SBA2_T
immersed in SBF for h) and i) 3 days, 1) and m) 7 days, n) and o) 14 days, and p) EDS analysis.

SBF immersion, some precipitates with the typical morphology of in
vitro-grown HAp can be detected on SBA2_T surface (Fig. 8m) and HAp
formation becomes more substantial after 14 days (Fig. 8n, o). The Ca/P
atomic ratio assessed by EDS results is1.7.

Regarding S53P4 glass, also in this case a slight delay in bioactivity
kinetics was observed. Indeed, a thick layer of silica gel can be observed

after 3 days of immersion in SBF on the untreated glass together with the
first HAp nuclei (Fig. 9a, b). The HAp precipitation consolidates after 7
and 14 days (Fig. 9c-f).

On S53P4_T samples, however, the formation of silica gel and HAp is
noticeable starting from 7 days of SBF immersion (Fig. 91, m). The
bioactivity kinetics are also confirmed by the EDS data (Fig. 9 g, p),
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Fig. 9. FESEM micrographs of S53P4 immersed in SBF for a) and b) 3 days, ¢) and d) 7 days, e) and f) 14 days, and g) EDS analysis. FESEM micrographs of S53P4_T
immersed in SBF for h) and i) 3 days, 1) and m) 7 days, n) and o) 14 days, and p) EDS analysis.

which highlight an increase of Ca and P content and a decrease of Si and
Na already after 3 days for S53P4, while these trends are observable for
S53P4._T after 7 days. Both samples show a Ca/P ratio after 14 days of
immersion of 1.5, thus showing the Ca-deficient nature of the formed
hydroxyapatite.

In conclusion, the obtained results highlight a slight delay in the
nucleation kinetics of hydroxyapatite for all plasma treated samples. In
any case, the presence of the coating does not inhibit the bioactivity of
the treated samples which are therefore potentially able of establishing
in vivo a chemical bond with the bone tissue.

3.4. Antifouling activity evaluation

To evaluate the in vitro antifouling properties of the HDMSO plas-
ma-treated inert glasses (W and W_P) and bioactive glasses (S53P4 and
SBA2), the gram-positive, multidrug-resistant bacterial pathogen MDR
S. aureus was chosen. This bacterium represents up to two-thirds of all
pathogens involved in orthopaedic implant-related infections [65].
Since the treatment of S. aureus infections is complicated due to its
multidrug-resistant behaviour, preparing samples with intrinsic anti-
fouling characteristics to mitigate bacterial adherence (the first stage of
pathogenicity) is promising [66].

The antifouling properties of the HDMSO plasma-treated samples
were compared to those of the corresponding untreated samples. Based
on the ISO 22,196 protocol, the samples’ surfaces were directly infected
with bacterial suspensions at a concentration of 1 x 10° CFU/mL. After
90 min of incubation and the removal of non-adhering bacterial cells by
washing with PBS, the number of viable bacterial colonies and the
morphology of bacterial aggregations on the samples’ surfaces were
analysed using CFU counts and SEM images, respectively.

The results are presented in Figs. 10 and 11. Since the 90 min in-
cubation period is dedicated to the attachment of bacteria to the sur-
faces, not for growth, and the removal of non-adhered bacteria during
the washing step, the untreated samples showed a smaller number of
surface-attached bacterial colonies than the starting number, which was
1 x 10° CFU/mL (indicated by the red line in Fig. 10a). However,
significantly fewer bacterial cells adhered to the treated samples’ sur-
faces (both inert and bioactive glasses), and a statistically significant
difference was observed between HDMSO-treated and untreated sam-
ples (Fig. 9a, p values < 0.01 and < 0.05, indicated with ** and *,
respectively). CFU counts did not detect any growth of bacterial colonies
on the surfaces of HDMSO plasma-treated W_P and S53P4 samples,
which was also shown in the CFU agar plate images (Fig. 10b).

Additionally, a statistically significant reduction in the number of
adhered bacteria on the surfaces of treated W and SBA2, approximately
2 Log and 1 Log respectively, was observed compared to the untreated W
and SBA2 as their control samples (Fig. 10a,b; p value < 0.05 indicated
by *). SEM images captured from the surfaces of the untreated and
treated samples (W, W_P, S53P4, and SBA2) confirmed the results ob-
tained from CFU counting. As shown in Fig. 10c, some bacterial aggre-
gations and microcolonies formed on the untreated samples, especially
on the surfaces of W_P, S53P4, and SBA2, while only a few single col-
onies adhered to the surfaces of all treated samples, with no bacterial
aggregations observed.

Checking the thickness of bacterial aggregations in the 3D-recon-
structed SEM images (Fig. 10d) demonstrated the presence of aggrega-
tions with heights between 2-5 um for the untreated W_P, S53P4, and
SBA2. For example, the thickness of aggregations on the untreated
S53P4 was mostly between 2-4 um, with some microcolonies reaching
higher heights (5-8 pum). As expected, not only were no bacterial ag-
gregations or microcolonies detected in the 3D-reconstructed SEM im-
ages of treated samples, but the height of bacterial cells was mostly
between 1-2 uym, which, according to the dimension of S. aureus, cor-
responds to single colonies (Fig. 10d).

Calculation of the occupied surface area on the samples’ surfaces by
bacterial cells using ImageJ software revealed that approximately 7 %,
11 %, 16 %, and 25.5 % of the surfaces of the untreated W, W_P, S53P4,
and SBA2, respectively, were covered with bacterial cells. However,
these areas significantly decrease to about 3-4 % for the treated samples
(Fig. 11b). To check larger areas of the samples’ surfaces using ImageJ
software, SEM images with low magnifications (x 2000) were used as
explained in detail in Section 2.4.2; Fig. 10c shows the SEM and ImageJ
images for S53P4 and its treated counterpart (S53P4_T) as representa-
tive of all samples.

This characteristic of HDMSO plasma treatment can be explained
based on the results obtained from static contact angle measurements
(Fig. 5). According to these results, the hydrophobicity of all samples’
surfaces, both inert and bioactive glasses, was significantly increased by
coating with HDMSO due to the exposure of CH3 groups on the top layer
of the surfaces, also evidenced by FTIR analysis. The measured water
contact angle (WCA) for S53P4_T samples reached over 90°, which,
according to previous literature, categorizes them as hydrophobic sur-
faces [67,68]. The increase in hydrophobicity reduces the contact area
between the bacterial suspensions and the samples’ surfaces, leading to
less bacterial adherence on the surfaces (Fig. 11a) [46].

In summary, the presence of the coating and the exposure of the CH3
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Fig. 10. Antifouling properties of the inert and bioactive glasses by HDMSO plasma treatment. a) Number of viable surface-adhered bacterial cells; the red line
indicates the starting number of MDR S. aureus (1 x 10° CFU/mL), with * and ** representing p values <0.05 and <0.01, respectively; b) CFU plate images; ¢) SEM
images of surface-adhered bacterial cells, scale bar = 5 pm (x 4000); d) 3D-reconstructed SEM images, SEM images at low magnification (x 2000) used for

this analysis.

groups confer an anti-adhesive effect to all the materials investigated.
Obtaining even higher contact angles (superhydrophobic surfaces)
could further improve the anti-adhesive properties; however, as high-
lighted by some papers [69], contact angles that are too high can disrupt
cell adhesion. The objective of the present work (concerning bioactive
glasses) is to obtain anti-adhesive surfaces without inhibiting the
bioactivity mechanism and cell adhesion. For this reason, future de-
velopments must focus on the evaluation of cytocompatibility.

5. Conclusions

In this work, a successful deposition of HDMSO on both inert and

10

bioactive glasses through a non-thermal atmospheric plasma technique
was achieved. The obtained coatings are uniform and impart a good
degree of hydrophobicity to the different glass compositions due to the
exposure of CHs groups. The presence of the coating slightly decreases
the bioactivity kinetics of the two investigated glasses, but the precipi-
tation of hydroxyapatite is still observed after 7 days of immersion in
SBF.

The antifouling evaluation of HDMSO plasma-treated inert and
bioactive glasses showed a significant reduction in the number of viable
surface-adhered MDR S. aureus, the height of bacterial aggregations and
the occupied surface area on the samples’ surfaces by bacterial cells
compared to the corresponding untreated samples as control. These
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Fig. 11. Effect of surface hydrophobicity on bacterial adherence and evaluation of occupied surface area on samples’ surfaces with MDR S. aureus. a) Schematic
diagram showing bacterial adherence on surfaces with different wettability; b) Values of counted bacterial cells and occupied area on the samples’ surfaces with
bacteria, using ImageJ software; ¢) SEM and ImageJ images for S53P4 and treated S53P4 as representatives of all tested samples (scale bar = 10 um).

reductions were particularly noticeable for treated S53P4 and W_P,
which, according to the static water angle, had significantly changed
surface wettability after HDMSO plasma treatment. Specifically, for
S53P4, the WCA reached over 90°, categorizing it as a hydrophobic
surface and leading to the adherence of fewer bacteria on the surface due
to the decreased contact areas between bacterial cells and the surface.
However, given the hydrophobic nature of the obtained surfaces, cell
adhesion will need to be assessed.

Overall, these results showed a high potential of HDMSO plasma
treatments to confer anti-adhesive properties to glasses, maintaining, for
bioactive glasses, a good bioactivity degree, useful for positive active
interaction between the material and the bone tissue.
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