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Abstract: Air particle abrasion (APA) using bioactive glass (BG) effectively decontaminates titanium
(Ti) surface biofilms and the retained glass particles on the abraded surfaces impart potent antibac-
terial properties against various clinically significant pathogens. The objective of this study was
to investigate the effect of BG APA and simulated body fluid (SBF) immersion of sandblasted and
acid-etched (SA) Ti surfaces on osteoblast cell viability. Another goal was to study the antibacterial
effect against Streptococcus mutans. Square-shaped 10 mm diameter Ti substrates (1 = 136) were SA by
grit blasting with aluminum oxide particles, then acid-etching in an HCl-H,SO,4 mixture. The SA
substrates (1 = 68) were used as non-coated controls (NC-SA). The test group (1 = 68) was further
subjected to APA using experimental zinc-containing BG (Zn4) and then mineralized in SBF for 14 d
(Zn4-CaP). Surface roughness, contact angle, and surface free energy (SFE) were calculated on test
and control surfaces. In addition, the topography and chemistry of substrate surfaces were also
characterized. Osteoblastic cell viability and focal adhesion were also evaluated and compared to
glass slides as an additional control. The antibacterial effect of Zn4-CaP was also assessed against
S. mutans. After immersion in SBF, a mineralized zinc-containing Ca-P coating was formed on the
SA substrates. The Zn4-CaP coating resulted in a significantly lower Ra surface roughness value
(2.565 pm; p < 0.001), higher wettability (13.35°; p < 0.001), and higher total SFE (71.13; p < 0.001)
compared to 3.695 um, 77.19° and 40.43 for the NC-SA, respectively. APA using Zn4 can produce
a zinc-containing calcium phosphate coating that demonstrates osteoblast cell viability and focal
adhesion comparable to that on NC-SA or glass slides. Nevertheless, the coating had no antibacterial
effect against S. mutans.

Keywords: biofilm; biomineralization; implant; osteoblast; peri-implantitis; S. mutans; titanium; zinc

1. Introduction

Peri-implantitis (PI) is an inflammatory condition caused by a complex biofilm struc-
ture on implant surfaces that leads to an inflammatory response, resulting in progressive
and irreversible implant-supporting tissue loss [1]. Therefore, the ideal PI therapy should
focus on implant surface decontamination followed by bone regeneration of lost tissues.
Nevertheless, the design of implants and the roughness of their surfaces enable plaque accu-
mulation and hinder the efficiency of mechanical debridement, resulting in unsatisfactory
treatment outcomes [2,3].
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Various conventional treatment methods, such as curettes, sonic and ultrasonic scalers,
carbon tips, laser, implantoplasty, and air particle abrasion (APA), have been used for
implant surface decontamination [2-5]. APA is the most efficient method in biofilm removal,
and it does not cause implant surface damage compared to other mechanical debridement
methods, as demonstrated by Keim et al. [6] Nevertheless, the primary drawback of
APA lies in its inability to fully restore the biocompatibility of the abraded surface [7].
Furthermore, the abrasive material could either positively or negatively affect the healing
process in the vicinity of the decontaminated implant. Using bioactive glasses (BG) in APA
has been shown to effectively decontaminate bacterial biofilms from titanium (Ti) surfaces
and impart antibacterial properties to abraded surfaces [8-10]. Furthermore, APA of Ti
surfaces using BG promotes the adhesion and proliferation of pre-osteoblastic MC3T3-E1
cells [11].

BG gradually dissolves in simulated body fluid (SBF) due to a series of reactions
initiated at the glass surface. First, sodium (Na*) and calcium (Ca?") ions in the glass surface
are leached by hydration or ion exchange with (H"), leading to an elevated concentration of
hydroxide (OH™) and the local alkaline environment, and consequently, increased pH and
osmotic pressure. The rise in the pH and osmotic pressure are suggested as the mechanism
underlying the antibacterial properties of BG [12-17]. In further reactions, soluble silica
is released into the solution, followed by the condensation and repolymerization of an
orthosilicic acid gel on the surface, which serves as a matrix for hydroxyapatite (HA)
formation [18]. The gradual formation of a dual surface comprising an inner silica-rich
and an outer HA layer is likely to change the dissolution kinetics of the glass, thereby
influencing the biological responses [19].

Various methods are used to deposit a calcium phosphate (Ca-P) layer on the Ti surface
to enhance the adhesion between bone and metal, such as physical and chemical vapor de-
position and implantation techniques [20,21]. Despite the good osteoconductive properties,
these methods encounter several issues, such as brittleness, flaking, and delamination due
to the low cohesive strength and elevated processing temperature, leading to inhomogene-
ity of the chemical composition [22,23]. Plasma electrolytic oxidation is another method to
produce good adhesion between the Ca-P layer and metal surfaces [24]. Also, atomic layer
deposition can coat the titanium with a thin HA layer with good adhesion strength to the
Ti surface [25].

The Bioglass®45S5 has undergone modifications by the addition of small ratios of
biologically active elements such as copper (Cu), magnesium (Mg), strontium (Sr), silver
(Ag), and zinc (Zn) to improve therapeutic behavior and impart specific biological function-
alities. Ag-dopped borosilicate glass has shown a rapid HA layer formation and significant
antibacterial efficacy against Escherichia coli and Staphylococcus aureus [26]. However, despite
its favorable antibacterial effect, high Ag concentration in the glass composition can cause
cytotoxicity and inhibit cell proliferation [27]. Zn is also an antimicrobial element that
demonstrates strong antibacterial effects against many clinically significant pathogens by
various mechanisms. The Zn?* ions have the ability to permeate the bacterial cell mem-
brane and generate reactive oxygen species (ROS), causing bacterial death. Furthermore,
it disturbs protein synthesis and interferes with the DNA replication process of bacterial
cells [28]. Additionally, the Zn?* ion plays a crucial role in the proliferation and differentia-
tion of osteoblast cells, hinders osteoclastic cell activity, and contributes significantly to the
cell’s growth factors expression [29-31].

A previous study demonstrated that after APA of Ti surface with BG, remnant glass
particles firmly attached to the surface could still produce an extended antibacterial effect [8].
Further, Koller and co-workers have shown that the detached Bioglass®45S5 particles from
APA of the Ti surface produced an HA layer that resembles the mineral phase of human
bone [32]. However, it is not known whether the retained glass particles on the Ti surface
during the reactions can produce a biologically active HA layer and promote osteoblast
attachment. Similarly, the potential antibacterial activity of the in vitro treated surface has
not been established.
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Therefore, this study aimed to investigate the potential HA layer formation in SBF on
a Ti surface abraded by particles of an experimental BG. The final goal was to study the
osteoblast adhesion and viability as well as the antibacterial effects against Streptococcus
mutans after SBF immersion. Our working hypothesis was that the APA procedure results
in embedding a certain fraction of the BG particles onto the SA Ti surface. The firmly
attached glass particles will form a biologically active HA layer that enables osteoblast cell
adhesion and proliferation.

2. Materials and Methods
2.1. Preparation of Titanium Substrates

The Ti substrate was prepared based on the method described earlier [9]. A total of 136
Ti-6Al-4V square-shaped substrates (10 mm x 1 mm thickness) were used. The substrates
were grit blasted with Al,O3 with particle sizes ranging from 250-500 um (Edelkorund,
Eisenbacher Dentalwaren, Worth am Main, Germany). The grit-blasting process was
performed using a sandblast machine (Renfert Basic ECO Sandblaster, Beckum, Germany)
utilizing an air pressure of 5 KPa. Then, the substrates were acid-etched in a mixture of HCI
(60%) and HS0O4 (70%) for 60 min at 60 °C in a hot air oven (Binder MDL 115 Drying Oven,
Tuttlingen, Germany). The substrates were then rinsed in an ultrasonic bath (L&R Quantrex
90 Ultrasonic Cleaner, Kearny, NJ, USA) that contained deionized water for 20 min. The
substrates were then allowed to dry in a hot air oven at 50 °C for 30 min.

Half of the SA substrates (n = 68) were subjected to APA using a zinc-containing BG
(Zn4), and the other half were kept without abrasion. The preparation method and the
nominal composition (mol.%) of the Zn4 were described elsewhere [8]. The APA of SA
substrates was carried out using an air-abrasive device (LM ProPower, Parainen, Finland)
with glass particle sizes ranging from 25-120 um. Each substrate was subjected to APA for
a duration of 20 s, at an angle of 90° and from a distance of 3 mm, and using air pressure of
4 KPa.

2.2. Simulating Body Fluid Immersion

The Zn4 air-abraded substrates (1 = 68) were immersed in SBF for the mineralization
experiments. The SBF was prepared following Kokubo’s method [33], and its chemical
composition is shown in Table 1. Each Ti substrate was placed face up in a Corning®
50 mL CentriStar™ Tube (Corning, Glendale, AZ, USA), and a 20 mLSBF was added.
An estimation of detached Zn4 particles that detached from the Ti surface after the APA
(100 mg of Zn4 per substrate) was added to each substrate and incubated in a shaking
water bath (Grant LSB18; Cambridge, UK) for 14 d at 60 RPM and 37 °C. After incubation,
the substrates were rinsed with ultra-pure water and allowed to dry at room temperature.

Table 1. Composition of simulated body fluid (g/L) according to Kokubo et al. [33].

Component Concentration (g/L)
NaCl 7.996
NaHCO3 0.35
KcCl 0.224
KyHPO4-3H,O 0.228
MgCl,-6H,0 0.305
CaCl, 0.278
Naz 504 0.071
(CH,OH)3CNH, 6.057

2.3. Surface Characterization
2.3.1. Surface Roughness

A 3D non-contact optical profilometer (Bruker Nano GmbH, Billerica, MA, USA) was
used to measure the surface roughness averages (Ra; arithmetical mean deviation, Rp;
maximum profile peak height, Rq; root mean square deviation, Rt; total height profile,
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and Rv; maximum profile valley depth) for the NC-SA, Zn4-APA, and Zn4-CaP substrates.
An objective lens (5x) and a multiplier (0.5) were utilized to view the substrates. The
roughness average values were represented by measurements from 6 parallel substrates

per group.

2.3.2. Contact Angle (CA) and Surface Free Energy (SFE) Calculations

The wettability of the Zn4-CaP and NC-SA substrate surfaces was calculated by the
CA method described by de Jong et al. [34]. In short, a contact angle meter (Theta, Biolin
Scientific Oy, Espoo, Finland) was used to determine the CA with the sessile drop method.
A droplet of distilled water or non-polar liquids is deposited on the substrate’s surface, and
then 120 images are recorded in 20 s. The Young-Laplace equation was used to calculate
the CA and surface tension.

The SFE was calculated on Zn4-CaP and NC-SA using the Owens-Wendt (OW)
method. According to this method, the SFE (y'*!) of solid material comprises both a
short-range polar (yP) and a long-range dispersive (y¢) component. Three liquids, distilled
ultrapure water, Diiodomethane (purity > 99%), and Formamide purity (>98%), were
used as probes for SFE calculations of the substrates using the sessile drop method. The
average CA and SFE values were represented by measurements from 6 parallel substrates

per group.

2.3.3. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy
(EDS) Analysis

SEM images of the NC-SA, after Zn4 abrasion (Zn4-APA), and the Zn4-CaP surfaces
were carried out to evaluate the substrate’s surfaces using scanning electron microscopy
(LEO Gemini 1530, Carl Zeiss, Oberkochen, Germany). In addition, EDS analysis was
carried out using an X-ray detector (Thermo Scientific, Waltham, MA, USA). Three parallel
substrates were used per group.

2.4. Antimicrobial Activity Test

The antimicrobial activity test was performed based on a method described before [8].
The antimicrobial properties of the Zn4-CaP surfaces were compared to the NC-SA surfaces.
S. mutans Ingbritt was grown overnight in Brain Heart Infusion medium (BHI; Becton-
Dickinson and Company, Sparks, MD, USA), then moved to fresh medium and allowed to
grow until log-phase. The bacterial cells were then suspended in fresh BHI (A550 = 0.35),
and 12 uL was pipetted onto each substrate in 24-well cell culture plates. A 10 x 10 mm
Mpylar film (Etra Oy, Helsinki, Finland) was used to cover each substrate and then incubated
in an anaerobic chamber (Don Whitley Scientific Ltd., Shipley, UK; 80% Ny, 10% CO,, 10%
Hj) at +37 °C for 4 h.

Following incubation, the film-covered substrates were immersed in 1 mL phosphate-
buffered saline (PBS), and the viable bacterial cells from the substrates were harvested using
micro-brushes (Quick-Stick, Dentsolv AB, Saltsjo-Boo, Sweden) and then circulated with
mild sonication. The bacterial suspensions underwent serial dilution and then inoculated
onto Mitis Salivarius Agar (Becton-Dickinson and Company) plates. The plates were then
cultured anaerobically for 72 h at +37 °C. Bacterial colony counting was performed under
a stereomicroscope, and the results were quantified as colony-forming units (CFU). Six
parallel samples were used per each experimental group.

2.5. MC3T3-E1 Cell Culture

The Osteoblastic MC3T3-E1 assay was performed according to the method described
earlier [35]. The cells were sourced from Merck Life Science Oy, Darmstadt, Germany
and cultivated in «-MEM (Corning Life Sciences, Tewksbury, MA, USA) that contained
10% fetal bovine serum (FBS; Biowest, Riverside, MO, USA), 100 IU/mL penicillin and
100 pg/mL streptomycin and 24 mM Hepes buffer (Sigma-Aldrich, St. Louis, MO, USA) at
+37 °C (5% CO», 95% air). Prior to cell culture, the substrates were immersed in ethanol
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(70%) for 10 min and then allowed to dry in air. The NC-SA and Zn4-CaP substrates were
then soaked in a cell culture medium for 10 min before cell seeding. A seeding density of
10,000 cells/cm? was applied on the substrates or cover glasses in 24-well plates (Cellstar;
Greiner Bio-One, Kremsmiinster, Austria) and then cultivated for 48 h.

2.6. Focal Adhesion Staining

This test was conducted based on the method described earlier [35]. Twelve substrates
(6 Zn4-CaP and 6 NC-SA) were used, and 6 glass slides were used as an additional control.
The cells were fixed and permeabilized with 4% paraformaldehyde (PFA)-0.3% Triton
X-100-PBS for 10 min. Subsequently, they were blocked with 0.2% bovine serum albumin
(BSA) (Sigma-Aldrich) for 30 min at room temperature (RT). Focal adhesions of cells were
stained using 1:100 diluted monoclonal anti-vinculin (Proteintech, Rosemont, IL, USA) for
1 h at RT and secondary antibody goat anti-mouse Alexa 488 (2 mg/mL stock diluted 1:100
in PBS, Invitrogen; Thermo Fisher Scientific, Waltham, MA, USA) for 1 h at RT. The actin
cytoskeleton was stained with TRITC-conjugated phalloidin (0.1 mg/mL stock diluted
1:100 in PBS; Sigma-Aldrich) for 20 min at +37 °C. Nuclei were stained using Hoechst
33258 (1 mg/mL stock diluted 1:800 in PBS; Sigma-Aldrich) for 10 min at RT. The cover
glasses were mounted in ImmuMount (Thermo Fisher Scientific), whereas the NC-SA and
Zn4-CaP substrates were mounted in 70% glycerol-PBS. Imaging was performed using
Leica Stellaris 8 Dive confocal with a DMI8 microscope (Leica, Wetzlar, Germany) and LAS
X 4.5.0 acquisition software (Leica). An HC PL APO CS2 20x /0.75 DRY objective was used.
The substrates were imaged with 405, 488, and 561 nm solid-state lasers with emission
windows at 420-501, 501-562, and 566—706 nm, respectively. The Airy unit for the pinhole
was set to 1, and the scanning speed was adjusted to 600 Hz. The image pixel size was
0.568 pm, and the images acquired with 4x zoom pixel size was 0.142 um. Two parallel
duplicates per group were used, and the test was repeated three times.

2.7. Cell Viability Assay with MTT

This assay is described in detail in a previous study [35]. For this test, 72 substrates
(36 Zn4-CaP and 36 NC-SA) were used. Also, 36 glass slides were used as an additional
control. Following a 48 h culture period, the medium was removed and replaced with
a fresh medium with 0.5 mg/mL 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium
bromide (MTT; Sigma-Aldrich). The wells were then incubated at +37 °C for 4 h. followed
by replacement of the medium with an equal volume of dimethyl sulfoxide (DMSQO; Merck,
Germany). Cell viability was assessed by measuring absorbances at wavelengths 550
and 650 nm (background) with Victor 2 multilabel counter (Perkin Elmer/Wallac, Turku,
Finland). Cell viability on NC-SA and Zn4-CaP substrates was compared to cover glasses,
which were used as controls by setting their viability to 100%. Cell viability was assessed
at 1, 3, and 6 d. Four parallel replicates were used per group per time point, and the test
was repeated three times.

2.8. Statistical Analysis

The results were represented as means and standard deviations (SD). The differ-
ences among the experimental groups were assessed using a one-way analysis of variance
(ANOVA), and the statistical significance was established with p < 0.05. Statistical analyses
were conducted using the Statistical Package for the Social Sciences [(SPSS), statistical
software version 28.0 (SPSS Inc., Chicago, IL, USA)].

3. Results
3.1. Surface Roughness, Contact Angle, and Surface Free Energy
The surface roughness values of the NC-5A, Zn4-APA, and Zn4-CaP are demonstrated

in Table 2. Significantly lower Ra, Rp, Rq, and Rt values were characterized on the Zn4-APA
and Zn4-CaP surfaces compared to the NC-SA surfaces. The Zn4-APA demonstrated a
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significantly lower Rv value compared to the other groups. Figure 1 shows typical surface
profiles of the substrates.

Table 2. Mean (SD) of surface roughness values of the non-coated sandblasted and acid-etched
surface (NC-SA) after air abrasion with zinc-containing BG (Zn4-APA) and after the formation of
zinc-containing calcium phosphate coating (Zn4-CaP).

Substrate Ra Rp Rq Rt Rv
NC-SA 3.695 (0.086) 12.71 (0.64) 4.53 (0.31) 37.70 (3.90) —24.98 (4.22)
Zn4-APA 2526 (0.054) ***  9.23 (0.39) *** 3.37(0.14) *** 27.64 (0.90) ***  —18.33 (0.95) *
Zn4-CaP  2.565 (0.042) **  10.79 (1.58) *** 3.52(0.31) *** 31.12 (3.73) ** —20.71 (3.89)

Ra; arithmetical mean deviation, Rp; maximum profile peak height, Rq; root mean square deviation, Rt; total
height of profile, and Rv; maximum profile valley depth. * p = 0.07, ** p < 0.01, and *** p < 0.001.

1000 1500 2000 2320 ; 1500 2000 2320

pm

X Profile: AX=2316.1008 pm; A2=12.3175 ym X Profile: AX=2316.1006 pm; AZ=-4.7595 ym X Profile: AX=2316.1008 pm; A2=3 8376 um

10 I = A
g 4:Wm Ayt W T i

&
wt
i

2000 2320
m pm

™M ™M

0

1000 1500 2000 2316 0

pm

¥ Profile; AX=1736.1694 ym; AZ=1,6761 pm ¥ Profile; AX=1736,1694 pm; AZ=-7 5957 pm ¥ Profile: AX=1736 1694 um; AZ=-7 0306 pm

o AT géwwwwwwwww

1500 2000 2316 500 1000 1500 2000 2316
pm pm

12

: .‘ZF\V’WWWWW WWWW\Wf\F *p’w
A”’.; P 0 %

pm

T i s e RO e e T
= o | = T

Figure 1. Typical surface profiles of the NC-SA (A), Zn4-APA (B), and Zn4-CaP (C) surfaces. The
images were acquired with a 5x objective lens and utilizing a field of view multiplier of 0.5x.

The surface CA values and SFE calculations are displayed in Table 3. Zn4-CaP surfaces
showed significantly lower CAs compared to the NC-SA. Furthermore, the Zn4-CaP sur-
faces demonstrated higher total (y*!), polar (yP), and dispersive (v9) SFE values compared
to NC-5A surfaces.

Table 3. Mean (SD) of water and non-polar liquids contact angle values and surface free energy
calculations on the NC-SA and Zn4-CaP substrate’s surfaces. *** p < 0.001.

Contact Angles CA (°) Surface Free Energy (SFE)
Substrate
Water Diiodomethane Formamide Total (y°!) Dispersive (yP) Polar (vF)
NC-SA 77.19 (4.31) 64.48 (3.32) 40.73 (3.01) 40.43 (1.14) 30.14 (2.08) 10.38 (1.46)
Zn4-CaP 13.35 (1.58) *** 11.06 (0.86) *** 9.57 (1.20) *** 71.13 (0.22) *** 43.88 (0.14) *** 27.22 (0.21) ***

3.2. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy
(EDS) Analysis

SEM images showed that the NC-SA demonstrated macro- and micro-surface rough-
ness resulting from the sandblasting and acid-etching processes (Figure 2A,D,G). The Zn4
APA led to an even surface topography due to the BG particles trapped in the SA irregu-
larities (Figure 2B,E, H). In contrast, after the SBF immersion, the Zn4-CaP surfaces were
mineralized with a CaP layer covering the entire surface (Figure 2C,EI), which was verified



Bioengineering 2024, 11, 74

7 of 14

by the EDS analysis that showed the presence of Ca/P at 2.2 molar ratio (Table 4). Addi-
tionally, the large amount of Si and the absence of Na suggest that the coating consisted
of a silica-rich layer and CaP crystals. Also, Zn was present in the coating. However, the
SEM analyses cannot verify whether Zn was incorporated in the CaP layer structure or the
silica-rich layer. Conversely, on NC-SA surfaces, mainly Ti was detected (Table 4).

20
20mm

v Sioo= 3000pm
Signal A=SE2  Imago PhxelSizo= 4527

Sire = 3000Lm L SODKX  EMT® 600KV Aperture Size 3000pm A Bm Mage S00KX EHT= 270KV ApermuroSts:
WD= 00mm  SnolA=SE2  ImagoPielSiz= 2344 nm = WO Smm  SIRIAWSE2  image Pixel Size=234rm .. TEC 6%  WD=40mm  SinaA=SE2  ImagePielSias22.enm

Figure 2. SEM images of NC-SA (A,D,G), Zn4-APA (B,E,H), and Zn4-CaP (C,F,I). Magnifications
250x (A-C), 2500x (D-F) and (C,F,I) 5000x. Arrows in (H) show some of the attached glass
particles. The window in (I) shows the same picture in 25,000 x magnification, illustrating the
possible HA crystals.

Table 4. EDS analysis of the surface chemical composition of NA-SA, Zn4-APA, and Zn4-CaP.

Substrate Na Al Ti Cr Cl Si P Ca n
Weight % 0.44 5.69 92.51 0.88 0.17
NC-SA
Atom % 0.87 9.63 88.25 0.77 0.22
Weight % 5.76 2.49 45.35 0.38 0.32 3.27 0.13 2.39 0.54
Zn4-APA
Atom % 6.32 2.33 23.87 0.18 0.27 2.94 0.11 1.51 0.21
Weight % 0.63 18.73 0.19 0.49 15.46 3.32 9.48 3.22
Zn4-CaP
Atom % 0.53 8.88 0.11 0.31 12.50 2.43 5.37 1.12

3.3. Antibacterial Effect

The viability of S. mutans was studied on Zn4-CaP and NC-SA, and the result was
expressed in a log—colony-forming unit (CFU). The results demonstrated that the S. mutans
viability was not significantly different between the substrates (Figure 3).
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Figure 3. Viable S. mutans on the Zn4-CaP and NC-SA substrates.

3.4. Focal Adhesion and MTT Results

The vinculin staining showed focal adhesion on all substrates, represented by small
dot-like structures on the cell peripheries. On the cover glass, the focal adhesions were thin
dash-like structures, whereas, on Zn4-CaP and NC-SA, the structures were more spread
over the substrate surfaces. Furthermore, the actin cytoskeleton of the cells is normal on the
cover glass and Zn4-CaP substrates, but on NC-SA, only a small amount of actin is visible
in the cytoplasm and is mainly localized in nuclei (Figure 4).

The viability of MC3T3-E1 was tested on the Zn4-CaP. The MTT assay indicated that
the cell viability on the Zn4-CaP surfaces at all time points was not significantly different
from that on the NC-SA or the cover glasses (Figure 5).
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Nuclei

Glass 4x zoom

Zn4-CaP 4x zoom

NC-SA 4x zoom

Figure 4. Localization of focal adhesion in MC3T3-E1 cells. Focal adhesion staining of the cells on
cover glass, Zn4-CaP, and NC-SA after 48 h culture (images presented here represent one culture).
Hoechst 33258 was used for nucleus staining (blue), anti-vinculin was employed for focal adhesion
labeling (green), and TRITC-phalloidin was utilized for visualizing the actin cytoskeleton (red). A
fluorescence microscope was used to capture the images with 20x objective (with or without 4 x
zoom). The focal adhesion-like structures were observed at the peripheries of cells on all surfaces. On
cover glasses, these structures were thin dash-like structures (arrowheads), whereas, on Zn4-CaP and
NC-SA, the structures were more spread over the surface of the substrate (arrows). On cover glass
and Zn4-CaP, the actin cytoskeleton of the cells is normal, but on NC-SA, actin localizes mainly in
nuclei, and only a small amount is visible in the cytoplasm.
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Figure 5. MTT assay results of MC3T3-El1 cells cultured on cover glass, Zn4-CaP, and NC-SA. Cell
viability on Zn4-CaP and NC-SA substrates was assessed relative to cover glasses, serving as controls
with their viability set to 100%. The data represent the mean (SD) pooled from three independent
cell cultures.

4. Discussion

The results of this study demonstrated that APA using Zn4 induces CaP layer for-
mation on the SA Ti surface in simulated body conditions. Furthermore, this study also
shows that the viability of MC3T3 cells on Zn4-CaP is comparable to that on NC-SA or
cover glass. Nevertheless, the mineralized Zn4-CaP layer did not show antibacterial effects
against S. mutans compared to the NC-SA. Our earlier work demonstrated that BG APA
of Ti can alter the abraded surfaces, leading to firm attachment of glass particles to these
surfaces. This finding was further validated through a 15 min ultrasonic bath treatment of
the abraded Ti substrates, which did not impact the amount of the adhered glass particles,
as verified by SEM-EDS analysis [8]. In a clinical context, following the decontamination
of implant surface biofilm by APA, the detached abrasive materials remain in the vicinity
of the peri-implant sulcus. To replicate this in the current investigation, an estimation of
the glass particles detached during the APA process (100 mg of Zn4 per substrate) was
incorporated into the SBF.

Zn4 APA has been shown to impart strong antibacterial effects to abraded Ti sur-
faces [8]. In addition, APA has demonstrated effectiveness in decontaminating bacterial
biofilms formed on SA Ti surfaces in vitro [9,10], and in vivo [36]. These findings indicate
that BG APA has promising potential in treating PI by decontaminating implant surface
biofilm. Further, the attached BG particles yield an extended antibacterial effect on the
surface, potentially producing an HA layer. However, the current study demonstrated that
the mineralization of the Ti surface by the Zn4-CaP layer resulted in a diminished antibac-
terial effect against S. mutans. The limited antibacterial effect can be explained by the low
amount of unreacted glass left from the BG particles after the formation and mineralization
of the Ca-P layer [37,38]. Although Zn4 has a lower dissolution rate than 4555 BG, the
SBF incubation time was long enough to convert the glass particles almost entirely into
CaP. Consequently, this led to negligible ion release, thus limiting the antibacterial effect. It
should be emphasized that the measurement of ion dissolution from the Zn4-CaP layer
was not conducted. This aspect, along with the exploration of shorter SBF immersion times,
will be considered in future research.

Previous research has indicated that the Zn?* ion has strong antibacterial properties
against various clinically important pathogens [39-41]. Furthermore, it has a vital role
in osteoblast cell proliferation and differentiation, thus promoting bone healing [42,43].
The results suggest that Zn in the surface layer was incorporated into the HA structure
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or dissolved in too-low concentrations to provide an enhanced antibacterial effect for the
Zn4-abraded and SBF-treated samples.

The surface roughness influences the proliferation and differentiation of osteoblastic
cells [44]. Macro- and micro-surface roughness produced by the SA process has led to
higher osteoblast activity than on machined surfaces [45]. However, Cho et al. [46] reported
somehow contradicting results that the osteoblast cell proliferation rate was slightly higher
on machined compared to SA surface. They also showed a superior osteogenic response on
the SA surface as expressed by elevated alkaline phosphatase activities and higher gene
expression bone marker levels. In our study, the Zn4-CaP coating resulted in lower surface
roughness values than the SA surfaces. Despite the decrease in surface roughness, the
osteoblast attachment and viability were not significantly different from that on SA surfaces.
The nanosized crystals of the Zn4-CaP likely provide suitable nano- and microroughness
for osteoblast proliferation.

It is well-established that the surface roughness of Ti influences wettability and SFE
components (polar and dispersive) [47]. Cell attachment and differentiation are significantly
affected by these physicochemical properties [48-51]. The surface wettability, determined
by SFE, is also a crucial factor that affects cellular behavior [39]. SFE value with a high
polar component reflects low CA and higher surface wettability and, therefore, enhances
interaction with the surrounding biological environment [52]. Increasing wettability can
promote the spreading and adhesion of matrix proteins, thereby promoting the attachment
of cells [53]. Latifi et al. found that altering the surface wettability of Ti is more crucial
than roughness. They demonstrated that surfaces with higher wettability exhibit greater
cell attachment compared to surfaces than those with lower wettability [54]. However,
conflicting results have also been reported and showed that the increased surface wettability
has no effect or negative effect on cellular behavior [55,56]. Yet, in this study, despite the
good wettability on the Zn4-CaP surfaces, the osteoblast cell viability was not significantly
different from that on the NC-SA.

Immunofluorescence staining was used in the current study to identify the focal
adhesion of cells on the substrate’s surfaces. Vinculin immunofluorescence of the cells
cultured on Zn4-CaP and NC-SA substrates showed thin focal adhesion with similar cell
morphology, indicating that the coating is biocompatible and does not adversely affect
cell viability. These results agree with a previous study that evaluated the same cell line
on the HA layer made by atomic layer deposition [35]. Conversely, when MC3T3-E1 cells
were cultured on freshly BG air-abraded surfaces, significantly higher cell viability was
observed in the first 24 h of culturing on BG-abraded substrates compared to the SA surface,
as demonstrated in a previous study [11]. Yet, the same study showed no difference in
viability when culture duration is prolonged to 3 or 6 d [11]. The authors hypothesize that
higher ion release, such as Si, Ca, and Zn, from the BG in the early time of cell culture,
could promote osteoblast cell viability [11,42,43,57,58].

The mineralized Ca-P surface layer developed during SBF immersion retards the ion
dissolution from the unreacted glass particles [34,35]. Kobayashi and his co-workers [59]
investigated the behavior of MC3T3-E1 on HA-dispersed Ti-based composite plates with
different HA /Ti ratios. Their findings have been inconsistent with our results, and they
reported a decrease in the adhesion and proliferation of osteoblast cells with an increased
HA ratio. It is noteworthy that, in this study, the Ca/P molar ratio achieved on Ti substrates
following immersion in SBF is 2.2. Given that the Ca/P molar ratio of HA is 1.67 [60,61],
the ratio 2.2 given by the SEM-EDS analysis suggests enrichment of Ca and P species
on the surface, and it is anticipated that the crystals of the Zn4-CaP layer would exhibit
characteristics like HA crystals. Therefore, in-depth research with diverse abrasive glass
particle sizes and varied SBF immersion times to produce different Ca/P ratios is needed
to investigate how the coating composition affects its osteogenic properties. In addition, a
detailed study of ion dissolution from the Zn4-CaP is required to assess the true potential of
the antimicrobial effect of the coating. Notably, the ratio of unreacted glass to CaP must be
optimal to provide high enough concentrations of dissolved ionic species in the interfacial
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solution for a desired antibacterial effect. In general, in vitro studies have limitations
because they do not represent the complexity of the in vivo environment. In this context,
the SBF immersion conditions do not necessarily represent the peri-implant tissue interface.

5. Conclusions

This study indicates that BG APA can modify SA Ti surfaces to form a calcium phos-
phate coating. The coating can decrease the surface roughness, enhance wettability, and
support the attachment and viability of osteoblast cells. However, the coating did not im-
part an extra antibacterial effect against S. mutans over the non-coated surface. Considering
the limitations of the current study, it can be concluded that APA has promising potential
for the treatment of peri-implantitis. In future research, ion dissolution from the Zn4-CaP
layer will be evaluated at different immersion durations. Additionally, Fourier transform
infrared spectroscopy-attenuated total reflectance and X-ray diffraction analysis will be
used to provide more insights into the characteristics of the CaP layer.
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