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To provide antibacterial properties, the titanium samples were subjected to electrochemical oxidation in the
fluoride-containing diethylene glycol-based electrolyte to create a titanium oxide nanotubular surface. After-
ward, the surface was covered by sputtering with silver 5 nm film, and the tops of the nanotubes were capped
using laser treatment, resulting in an appearance of silver nanoparticles (AgNPs) of around 30 nm in diameter on
such a modified surface. To ensure a controlled release of the bactericidal substance, the samples were addi-
tionally coated with a pH-sensitive chitosan/Eudragit 100 coating, also exhibiting bactericidal properties. The
modified titanium samples were characterized using SEM, EDS, AFM, Raman, and XPS techniques. The wetta-
bility, corrosion properties, adhesion of the coating to the substrate, the release of AgNPs into solutions simu-
lating body fluids at different pH, and antibacterial properties were further investigated. The obtained composite
coatings were hydrophilic, adjacent to the surface, and corrosion-resistant. An increase in the amount of silver
released as ions or metallic particles into a simulated body fluid solution at acidic pH was observed for modified
samples with the biopolymer coating after three days of exposure avoiding burst effect. The proposed modifi-
cation was effective against both Gram-positive and Gram-negative bacteria.

1. Introduction like oxide layers. By electrochemical oxidation, usually in the presence

of fluoride ions in an electrolyte into which a titanium sample is intro-

Surface modification of long-term metallic implant materials, espe-
cially titanium and its alloys, remains the focus of numerous studies
aimed at improving the bonding of the implant to surrounding tissues
without adverse reactions such as corrosion or bacterial infections [1].
For instance, mechanical treatment of implant surfaces by sandblasting,
dry or wet grinding, or polishing modifies the surface roughness of these
materials, which translates into their physicochemical and biological
properties [2]. One of the inquisitive examples of modification of tita-
nium implants, still under investigation, is the fabrication of nanotube-
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duced, a nanotube oxide layer can be formed. By appropriate selection of
process parameters such as voltage, time, temperature, the concentra-
tion of electrolyte components it is possible to control the morphology of
produced structures [3,4].

Due to their porosity, large specific surface area providing a barrier
to protect the implant from the aggressive external environment, and
biocompatibility of titanium oxide nanotubes, they can enhance adhe-
sion and proliferation of bone-forming cells [5]. Meanwhile, such
structures will promote the adhesion of bacterial cells, which can result
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in biofilm formation and local inflammation, which in extreme cases
may make the implant removal necessary [6]. Nanotubes by themselves
do not exhibit a strong antibacterial effect, hence it is necessary to
provide these structures with such properties through additional modi-
fication [7]. Frequently, nanotube structures act as reservoirs of a
bactericidal active substance [8]. There are many examples in the
literature of the incorporation of therapeutic substances into oxide
nanotube layers such as gentamicin [9], vancomycin [10], tetracycline
[11], or antibacterial peptide [12]. The therapeutic substance is usually
introduced into the nanotubes by physical adsorption, immersion in
solution, or hydrothermal treatment [6]. The deposition of antimicro-
bial metallic nanoparticles on nanotube oxide layers is also practiced
and, most often, silver nanoparticles (AgNPs) are incorporated [13]. The
nanotube oxide layer can be decorated with silver nanoparticles by sil-
ver salt reduction, sputtering, sonochemical synthesis, laser treatment,
microwave irradiation, or electrodeposition methods (cyclic voltam-
metry, chronoamperometry) [14].

The antibacterial mechanism of silver is not fully explained but
several actions have been proposed. The antimicrobial activity of AgNPs
is based not only on the release of silver ions but also on the penetration
of bacterial cells and their annihilation at sufficiently small particle sizes
[15]. However, there is often a lack of control over the release of the
bactericidal substance into the peri-implant tissues and the concentra-
tion of the active substance can reach toxic levels. It is particularly
important to limit the burst release effect, which is the release of a large
dose of the drug in a short time after the implant is introduced into the
human body environment [16]. To mitigate this phenomenon, the pH-
related coatings with nanosilver can be applied as, e.g., chitosan
[17-20], some acrylates like Eudragit [21], or by some other compounds
like poly(4-vinylpyridine) (P4VP) [22-24]. The nanotubes with the
introduced active substance can be also covered with some smart
biopolymer coatings that degrade under specific conditions releasing the
drug [8].

The laser treatment was also used to modify the titanium surface, but
rarely for nanotubular oxide layers. In particular, high-power laser
irradiation was shown as a promising treatment for titanium dental
implant surfaces [25]; the surface irradiation followed the previous
immersion in Ca nitrate solution resulted in creating a modified layer
with oxygen and calcium presence [26]. Pulse laser ablation of titanium
surface in n-heptane formed a layer containing the titanium carbide
which substantially decreased the friction coefficient and increased the
hardness, not influencing the corrosion rate in Hank's solution [27].
Similar effects were observed after physical vapor deposition (PVD) of
carbon film on titanium surface followed by the femtosecond laser
treatment [28]. The superhydrophilic surfaces of high stability were
produced by femtosecond laser followed by NaOH hydrothermal treat-
ment [29].

This paper presents a promising type of modification of nanotube
oxide layers fabricated on closed titania nanotubes, which involves two-
step decoration with silver nanoparticles by sputtering followed by laser
annealing. Subsequently, encapsulated nanotubes with silver species on
the top were coated by electrophoretic method with chitosan/Eudragit
100 (chit/EE100) belonging to smart biopolymers biodegradable with
decreasing pH of an environment and already investigated [30]. The
novelty of the presented method lies in the unique approach to fabri-
cation of the antibacterial composite, which protects against bacterial
adhesion and local tissue inflammation. In this work, the system was
enriched in AgNPs by laser treatment rather than using commercially
available nanosilver powder, which greatly reduced the problem of their
agglomeration occurring in previous studies [21].

The morphology, roughness, wettability, chemical composition,
corrosion resistance, adhesion of the coating to the substrate, release
profiles of AgNPs, and antimicrobial activity of the proposed nanotube
oxide layer modifications were investigated.

Biomaterials Advances 138 (2022) 212950
2. Experimental section
2.1. Sample preparation

The titania nanotubes serving as a substrate material were synthe-
sized via electrochemical oxidation of the titanium foil (99.7%) in the
two-electrode system. The foil 0.127 mm thick (Strem Chemicals, UK)
was cut into 35 x 25 mm pieces and degreased ultrasonically in acetone,
ethanol, and deionized water for 10 min in each medium. After air
drying, the foil was submerged in the diethylene glycol-based electrolyte
containing 7.0 wt% deionized water, 0.5 wt% HF, and 0.3 wt% NH4F,
which was kept at a constant temperature of 40 °C. The foil acted as an
anode, whereas platinum mesh was used as a cathode. The anodization
potential was controlled by in-house built hardware and increased at the
rate of 0.1 V/s up to 40 V, then kept for 2 h, and decreased at the same
rate. Process parameters were chosen according to previous studies
[31]. After the process, the samples were rinsed with distilled water and
submerged in ethanol for around 1 h which was followed by thermal
treatment in a furnace (Nabertherm, Germany) at 450 °C for 2 h. The
substrate prepared in such a way was considered as a reference sample
(Sample I). A further modification was done by sputtering (Q150T S,
Quorum Technologies Ltd., UK) about 5 nm thick silver layer. Subse-
quently, the samples were placed on the motorized table (SmarAct,
Germany) in a vacuum chamber (1078 bar; Pfeiffer, Germany) and
irradiated with the Nd: YAG pulsed laser equipped with a 3rd harmonics
generator (Quantel Q-Smart 850, Lumibird, France) with 30 mJ/cm?
laser pulses (Sample II). The final type of modification was the coverage
of laser-modified nanotubes by deposition of the chit/EE100 coating
using an electrophoretic method (Sample III). The deposition was per-
formed with the protocol described previously [30]. In brief, the
biopolymer suspension was prepared by introducing 0.1 g of chitosan
(high molecular weight, purity >99%, degree of deacetylation >75%,
Sigma-Aldrich, USA) and 0.25 g of Eudragit E 100 (molecular weight ~
47 kDa, purity 99.9%, Evonik Industries, Germany) into 100 mL of 1%
(v/v) aqueous acetic acid (99.9%; these and other chemicals delivered
by the Avantor Performance Materials, Poland) solution and magnetic
stirring (MS-H-Pro+, Dragon Lab, Poland) for 24 h at room temperature.
The coatings were electrophoretically deposited in a two-electrode
system. The cathode was a titanium foil with titanium dioxide nano-
tubes on the surface after laser treatment and sputtering of a silver layer,
while the anode was a platinum mesh electrode. The distance between
the electrodes was kept constant at approximately 10 mm. Coating
deposition was conducted at a voltage of 10 V (DC power source MCP/
SPN110-01C, Shanghai MCP Corp., China) for 1 min at room tempera-
ture. Following deposition, samples were washed with distilled water
and allowed to dry in ambient air for 24 h.

2.2. Sample characterization

The scanning electron microscopy (JSM-7800 F, JEOL, Japan) was
used to study the morphology of the modified titanium foils. An energy-
dispersive X-ray spectroscopy module (EDS, Edax Inc., USA) enabled
qualitative analysis of the chemical composition of the samples studied.
For better SEM imaging, the biopolymer coated sample was additionally
sputtered with a 10 nm thick chromium layer using a DC magnetron
sputtering system (Q150T ES, Quorum Technologies Ltd., UK).

The surface roughness of the materials studied was determined using
atomic force microscopy (NaniteAFM, Nanosurf, Switzerland). The
measurement was performed with a non-contact mode at a force of 55
mN on an area of 50 x 50 pm. From each of the three measurements, the
value of the parameter Sa (the arithmetic average deviation) was
determined, which allowed describing the roughness of the tested
surface.

The thickness of the chit/EE100 coating was measured using an
FMP10-20 dual-band coating thickness meter (SN100146594, Helmut
Fischer GmbH, Germany), and 10 measurements were taken, and the
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average value was determined.

Surface wettability was investigated by the falling drop method
using a goniometer (Attention Theta Life, Biolin Scientific, UK) at room
temperature. The contact angle value for each sample was determined
from five droplets of 2 pL of distilled water. The readings of the
measuring instrument were taken 10 s after the droplet.

The Raman spectra were obtained by Renishaw inVia Raman mi-
croscope (Renishaw, UK) equipped with 514 nm laser using x 50
objective. The X-ray photoelectron spectra (XPS) were obtained from the
sample via Escalab 250Xi (ThermoFisher Scientific, USA) calibrated for
adventitious Cy5 (284.6 eV) using Al Ka anode. The data analysis was
performed by using Avantage software provided by the manufacturer.

A potentiodynamic method was implemented to determine the
corrosion behavior of the tested samples. A three-electrode system,
immersed in a simulated body fluid solution (SBF, 37 °C, chemical
composition according to [19]), consisting of a sample as the working
electrode, calomel and platinum electrodes as the reference electrode
and a counter electrode, respectively, was used and connected to a
potentiostat (Atlas 0531, Atlas Sollich, Poland). The samples were
placed in the SBF for 1 h and the open circuit potential (OCP) values
were recorded. Corrosion curves were determined for a potential range
of —1/1 V at a potential rate of 1 mV/s. The corrosion potential (Ecorr)
and corrosion current density (jeorr) Were assessed with the Tafel
extrapolation method.

The linear voltammogram (for sample III) was obtained using the
same circuit as above, in a three-electrode system (Metrohm Autolab
PGStat 302 N, Netherlands). The sample acted as a working electrode,
while Ag/AgCl/0.1 M KClI and platinum mesh were used as a reference
and counter electrode, respectively. The sweeps were done from —0.8 to
+1.0 V at the 1 mV/s rate.

The adhesion of the chit/EE100 coating to the closed titanium oxide
nanotubular surface with AgNPs was investigated using a scratch test
(NanoTest Vantage, Micro Materials, UK). Increasing the load in the
range of 0-120 mN with a load rate of 1.3 mN/s, 10 scratches of 500 pm
length each were made in the coating. For each scratch, the force
causing complete delamination of the coating from the substrate was
determined based on the observed rapid change in frictional force versus
normal force and observations made using a light microscope (BX51,
Olympus, Germany).

The release rate of silver into the same SBF solution at different pH
was calculated using a microwave plasma atomic emission spectrometer
(4210 MP-AES, Agilent, CA, USA). Samples containing silver nano-
particles were immersed in 50 mL of SBF solutions at different pH (3 and
7) for one day at 39 °C (to simulate inflammation), after which time they
were transferred to a new 50 mL of the SBF solution. The procedure was
repeated over three days. The pH of the SBF solution was corrected by
the addition of 30% HCI. Measurements were conducted in neutral pH as
well as in acidic pH at elevated temperatures to simulate the onset of
local inflammation of peri-implant tissues [32,33]. The calibration so-
lution used was ICP grade. Four repetitions and two separate procedures
were performed at different wavelengths (328.06 nm and 338.28 nm)
for different silver contents. Uncertainties were reported as the com-
bined standard uncertainty (CSU) for all eight measurements that were
based on the calibration solution.

The antimicrobial activity of the tested materials was evaluated
using the standard ASTM E2149 method, with slight modification. The
following bacterial strains were used for evaluation: Escherichia coli K-12
PCM 2560 (NCTC 10538) and Staphylococcus aureus PCM 2054 (ATCC
25923) from the Polish Collection of Microorganisms, Ludwik Hirszfeld
Institute of Immunology and Experimental Therapy of the Polish
Academy of Sciences (Wroctaw, Poland). The strains that were deep-
frozen stored in CrioBanks were first subcultured to tryptic soy broth
(Sigma-Aldrich, Saint Louis, MO, USA) and incubated at 37 °C for 24 h.
The bacterial suspension was diluted in phosphate buffer saline (pH 7.2)
by measuring the absorbance at 600 nm (optical density 0.08 = 0.1) to
obtain a viable count of approximately 1.5 x 107 to 5 x 10’ colony-
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forming units per mL (CFU/mL). Samples I, II, and III and PE film
(negative control without antimicrobial properties) with a side length of
5 cm were sterilized under UV light for 30 min on both sides of the
materials. Subsequently, 0.2 mL of previously prepared suspensions of
the tested bacterial strain were applied to each of the thus prepared
materials. Additionally, a proper contact between the tested material
and the strain of bacteria was ensured on the surface of 16 cm?. For this
purpose, the surface was covered with sterile PE films with a side length
of 4 cm. After 24 h incubation at 37 °C (Heidolph 1000 Incubator, Merck
Sp. z 0.0., Warsaw, Poland), the materials were transferred into 10 mL of
PBS solution and intensively vortexed for 25 s. Then, 10-fold serial di-
lutions in peptone water (10° + 10%) were plated on tryptic soy agar
(TSA) medium by flooding, and the plates were incubated at 37 °C for
24 h. After incubation, the bacterial colonies that grew on the Petri
dishes and ranged between 30 + 300 CFU were counted according to the
equation:

V. =N xD,

where V. is the bacteria concentration (CFU/mL), N is the average value
(CFU) from Petri dishes, and D represents the dilution factor from the
plates counted. Antimicrobial activity was calculated by the formula:

R= [0g(B/C),

where B is the average of the number of viable cells on the tested sample
after 24 h incubation at 37 °C (CFU/mL), C is the average of the number
of viable cells on the control sample after the same incubation time at
37 °C (CFU/mL), R represents a percentage reduction of bacteria on a
logarithmic scale. A reduction of 90%, 99%, and 99.9% corresponds to
an R-value of 1, 2, and 3, respectively.

3. Results and discussion

Fig. 1 shows the morphology of samples I (Fig. 1a, b, and ¢), II
(Fig. 1a’, b’, and ¢’), and III (Fig. 1d and d’). The titanium oxide
nanotubes had diameters of around 206 + 23 nm and exhibited distinct
lateral spacing of about 125 + 28 nm. After the laser treatment, the
width of the nanotubes increased to 230 + 19 nm, whereas the distance
between them changed to 124 + 39 nm. A slight change in the spatial
geometry between Samples I and II could be expected, as the nanotubes
were wider at the bottom and the melting of the nanotubes induced by
the laser irradiation decreased their length by around 30%. Neverthe-
less, the formation of silver nanoparticles on the enclosed nanotubes is
observed, as shown in Fig. 1b’. Most nanoparticles are of the order of 27
+ 7 nm except for bigger agglomerates on top of the nanotubes.

The chit/EE100 coating deposited by the electrophoretic method
completely covered the modified nanotube substrate. Images obtained
at higher magnifications revealed the porous morphology of the
biopolymer coating. Like in previous studies [21,30], at lower values of
voltage and deposition time, traces of hydrogen bubbles formed by
electrolysis of water contained in the suspension were less visible,
resulting in a relatively smoother coating.

The surface topographies of investigated samples determined by
atomic force microscopy are depicted in Fig. 2a. From the obtained
maps, it was found that the laser modification of the nanotube oxide
layer contributed to the increase in surface roughness. Deposition of the
biopolymer coating resulted in filling in any surface irregularities and
obtaining a smooth surface of the sample. These observations coincide
with the calculated mean values of the Sa parameter. There is an in-
crease in the Sa value of the sample after laser treatment compared to
the reference sample and a decrease in the Sa value after deposition of
the biopolymer coating on sample II. The surface roughness of implant
materials is one of the key factors determining the process of cell
adhesion and proliferation, and thus the proper bonding of the implant
with the surrounding tissues [34]. It has been reported that increased
surface roughness contributes to better cell adhesion and primary
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Fig. 1. Morphology and the cross-sections: (a), (b), (c) of the as-prepared TiO, nanotube oxide layer (Sample I); (a’), (b*), (c’) of the laser modified nanotube layer
with fabricated AgNPs (Sample II); and (d), (d’) of the chit/EE100 coating on a modified oxide nanotube layer (Sample III).

stabilization of the implant; however, it may also contribute to facili-
tated bacterial cell adhesion increasing the risk of implant-related bac-
terial infections, hence such systems are enriched with antibacterial
agents [35].

The thickness of the chit/EE100 coating was 2.67 + 0.53 pm and this
value is similar to the results obtained in previous studies [21].

The wettability measurement results of the tested samples are shown
in Fig. 2b. All samples have hydrophilic surfaces (contact angle below
90°), which is essential for long-term implant applications [36]. The
reference sample with the nanotube oxide layer shows the highest
wettability, the most likely because the droplet has floated into the in-
terstices between the fabricated nanotubes or flowed into the nanotubes.

The applied laser treatment reduced this phenomenon by encapsulating
the nanotubes. Additionally, the produced nanoparticles also contribute
to the increase in measured contact angle [37]. Eudragit E 100 exhibited
hydrophobic properties [38], hence after deposition of the coating based
on this biopolymer, a significant increase in the contact angle value
could be observed, but still not exceeding 90°. The contact angle (0)
value here observed is similar to that obtained in previous studies
[21,35].

Based on the analysis of the XPS spectra of sample II, the chemical
composition of the silver nanoparticles was determined (Fig. 2c). Peaks
located at 367.7 and 373.7 eV indicate dominant AgO content, whereas
much smaller signals at 368.4 and 374.4 eV can be attributed to metallic
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Fig. 2. (a) AFM maps with the measured value of Sa, (b) results of the wettability test, (c) the XPS spectra of sample II in the energy range of silver, (d) the Raman

spectra, and (e) EDS analysis results of the studied samples.

Ag. The small, wide humps located at 369.8 and 375.9 eV come from
plasmonic silver nanoclusters, and their width can be associated with
the large size distribution of the nanoparticles [39-41]. The XPS did not,
however, detect any silver contents in sample III due to the too high
thickness of the deposited polymer layer.

These findings are supported by the Raman measurements for all
three prepared samples (Fig. 2d). In all cases, the maxima at 144 (Eg(1)),
197 (Eg2)), 393 (B1g), 514 (B1g), and 636 (Egs)) cm! are visible,
characteristic for the crystalline anatase phase [42]. In the samples with
a sputtered silver layer, a wide background typical of metals appears,
confirming the presence of metallic Ag, though some of the wide
backgrounds below 1000 cm ™! may be attributed to the laser-treatment
induced amorphous TiO, as well. The peaks at 1292 and 1567 cm ™
confirm the presence of silver (I) oxide, and the heightened spectrum
around 1364 cm™! can be identified as a vibrational mode of G=0 from
the polymer coating [43-45].

The results of EDS analysis of titanium films after electrochemical
oxidation, the oxidation followed by sputtering and laser treatment, and

the foil after all these treatments and subsequent electrophoretic depo-
sition of biopolymer coating are shown in Fig. 2e. Peaks from the sub-
strate material (Ti and O) were recorded for all samples. Silver layer
sputtering and laser processing contributed to the appearance of addi-
tional peaks originating from Ag. Also, an F-derived signal was observ-
able for samples I and II, which could be attributed to the fluoride-rich
layer at the bottoms and walls of the fabricated nanotube structures
[46]. Deposition of the chit/EE100 coating resulted in the appearance of
additional peaks relating to carbon (C) and nitrogen (N) and a decrease
in the intensity of peaks originating from the substrate material. Both
laser treatment and electrophoretic deposition did not contaminate the
samples with other elements.

The results of the corrosion tests are shown in Fig. 3 and Table 1. The
OCP value (Table 1) was close to 0 V for all samples tested. According to
the corrosion curves (Fig. 3a), the sample with the nanotube oxide layer
(Sample I) showed the highest corrosion resistance (the lowest jeorr
value). The nanotube layer probably provided a tight ceramic barrier
separating the metallic substrate from the SBF environment [47].
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Fig. 3. (a) Corrosion curves of investigated samples, and (b) the linear voltammogram of the polymer-coated sample.

Table 1
The results of corrosion studies.
Sample OCP (V) Ecorr (V) jeorr (HA/cm?)
I —0.003 —0.224 0.122
I 0.007 —0.153 0.369
11 —0.031 —0.257 4.498

Further modifications (Sample II) resulted in the lowest corrosion
resistance as the jcorr value was higher. The deep decrease in corrosion
resistance of Sample III is most likely due to the appearance of an
electrochemical cell composed of the polymer coating as an anode and
oxide ceramic coating as a cathode, followed by localized fast corrosion.
Fig. 3b shows linear voltammograms of sample III coated with chit/
EE100. The courses of curves overlap each other over in the whole
measured range, except for the oxidation peak centered at 0.11 V. Its
disappearance during consecutive runs indicates the complete dissolu-
tion of the polymer layer, and it supports the assumption of the creation
of electrochemical cell, while the lack of additional features in the next
scans shows the stability of the silver-modified surface underneath.

A representative graph of the frictional force vs. normal force rela-
tionship along with the microscopic scratch image obtained for a single
scratch of the biopolymer coated sample is given in Fig. 4. Based on a
sudden change of indenter friction force against the tested surface and
scratch image, it was possible to determine the critical force (Lc) causing
complete removal of biopolymer coating from the substrate, which al-
lows quantification of the adhesion of the deposited coating. Based on all
the results collected in Table 2, the average value of the Lc force from ten
measurements was 41.97 + 2.44 mN while the critical friction force (Lf)
was 94.82 + 6.10 mN. This value is in line with previous studies [35],
although this is not a satisfactory result considering the invasive implant
procedure. Implant coatings should have high adhesion to metallic
substrates, especially under shear stress [48]. There is no other data in
the literature regarding the mechanical properties of this type of
biopolymer coatings.

The release characteristics of silver from silver-containing samples
(samples II and III) after exposure to SBF solution with different pH
values (7 and 3) at 39 °C for 1, 2, and 3 days are shown in Fig. 5. For a pH
of 7 after 1 and 2 days of testing, the readings of the silver concentration
in the SBF solution were below the limit of detection (LOD) or the limit
of quantitation (LOQ), which for this study were 0.007 mg/L and 0.020
mg/L, respectively. Hence it can be assumed that after two days of
testing the silver was practically not released. After three days of
exposure, there was a noticeable increase in the silver concentration in
solution, but for both samples, taking into account the measurement

Friction force (mN)

0 T T T T T T T T
0 20 40 60 80

T 1
100 120

Normal force (mN)
Fig. 4. Dependence of friction force versus normal force obtained for a single

scratch during a scratch test with the critical force (Lc) marked, matched with a
microscopic image of a scratch-made in a chit/EE100 coating.

Table 2
Results of critical frictional forces (Lf) and normal forces (Lc) obtained during
individual scratches of chit/EE100 coatings.

Scratch number Critical load, Lc (mN) Critical friction, Lf (mN)

1 41.40 90.58
2 39.30 89.06
3 45.06 101.68
4 42.44 95.96
5 43.49 101.96
6 47.15 106.89
7 40.36 90.96
8 38.26 86.76
9 41.90 95.23
10 40.35 89.07

uncertainty, it remained at a similarly low level (approximately 0.06
mg/L). In the case of sample II, it is probably that the laser-generated
silver nanoparticles are not all fused into the TiO, nanotube oxide
layer matrix and due to poor adhesion, they detach from the substrate
under the influence of the SBF solution flowing. Most likely, there was a
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Fig. 5. Results of silver release into SBF solution from samples II and III immersed for 1, 2, and 3 days at two pH values of SBF solution: (a) pH = 7, (b) pH = 3.

loosely bound Ag layer on the modified TiO, surface that may have
released during the first few days after sample II was placed in the pH-
reduced SBF solution. Sample II released more silver at pH 3 than at pH 7
on Day 1 and Day 2, as the bare nanotube surface may be partially
degraded in the acidic SBF environment. After Day 3, this process
possibly stabilized and the release was inhibited. The biopolymer
coating deposited on the modified nanotubes should contribute to a
minimization of the silver amount released into the SBF fluid, but no
such trend was observed. This may occur since the coating may have
swelled upon exposure to SBF at elevated temperatures and thus some of
the embedded nanoparticles managed to release [49]. It is therefore
necessary to conduct long-term released studies on such structures. For a

pH of 3, an increase in the concentration of silver released into the SBF
solution was observed after only 1st day, very soon compared to neutral
pH. For the sample without biopolymer coating, there was a more pro-
nounced increase in the concentration of released silver after two days of
testing and a significant decrease below the LOQ after another day. The
use of the chit/EE100 coating reduced then the release in the initial
phase of the study, and after three days there has been severe degra-
dation of the coating under the influence of the reduced pH associated
with a notable release of silver [50]. Under the influence of an acidic pH
environment, the protonation of the amino groups of chitosan and
Eudragit E 100 is enhanced, so that the repulsive interaction between
these groups causes the degradation of the biopolymer coating and the

Fig. 6. Morphology: (a), (a’) of the laser modified nanotube layer with fabricated AgNPs (Sample II); and (b), (b’) of the chit/EE100 coating on a modified oxide
nanotube layer (Sample III) after three days of immersion in the SBF solutions at different pH value: (a), (b) pH = 7; (a’), (b’) pH = 3.
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release of silver nanoparticles [51]. Previous studies [30] have
demonstrated that complete degradation of the biopolymer coating oc-
curs after 7 days of residence of chit/EE100-coated titanium samples in
SBF solution at pH = 3. This was established based on the weight loss of
the test samples. Hence, after three days of testing the silver release from
the chit/EE100 coatings, partial dissolution had certainly occurred. A
coated system would probably work better during the onset of local
bacterial infection of the peri-implant tissues.

The morphology of the samples after testing the release of AgNPs
into SBF solution at different pH is shown in Fig. 6. For sample II, for
both pH values, the loss of silver nanoparticles from the encapsulated
surfaces of TiO; nanotubes was evident. However, not all nanoparticles
detached from the surface and were released into the SBF solution. The
chit/EE100-coated sample had no apparent degradation after immer-
sion in SBF at pH = 7. It probably became partially swollen during the
test due to the absorption of the water contained in the SBF solution.
Crystals of salts crystallized from the solution were visible on the
coating. For acidic pH, areas of coating degradation and complete
exposure of the modified nanoparticle substrate were visible.

To evaluate the antimicrobial properties of the samples the ASTM:
E2149 method with slight modification was used, which is designed to
measure the antimicrobial activity of non-leaching (non-water soluble)
antimicrobial surfaces. The results of the antimicrobial activity tests are
presented in the form of the degree of logarithmic reduction obtained
after 24-h contact of S. aureus and E. coli inoculum with the tested ma-
terials (Fig. 7).

The obtained results show that the titania nanotubes do not exhibit
any antimicrobial properties against E. coli and S. aureus. On the con-
trary, the number of microorganisms increased for Sample I which is
illustrated by the bars in Fig. 7 with negative values. A decrease in
bacterial growth of E. coli by 2.36 on a logarithmic scale (99.4%) was
observed, however, for Sample II decorated with silver nanoparticles.
The significant inhibition of the growth of E. coli by 3.58 on the loga-
rithmic scale (99.99%) and a slight inhibition for S. aureus by 0.53
(77.5%) on the logarithmic scale occurred for sample III in the presence
of silver nanoparticles and the chit/EE100 coating. Due to differences in
the structure of the bacterial cell wall, which in the case of Gram-
negative bacteria is narrower than that of Gram-positive bacteria, a
differentiated effect of AgNPs on antimicrobial activity is observed. The
thicker cell wall of Gram-positive bacteria limits their ability to take up
silver nanoparticles in contrast to Gram-negative bacteria, which are
susceptible to the antimicrobial activity of nanoparticles [52]. Also,
chitosan has varying inhibition efficiencies against Gram-positive and
Gram-negative bacteria [53]. Its antimicrobial activity is affected by
physicochemical factors such as molecular weight, degree of deacety-
lation, pH, and changes due to modifications [54]. However, the main
antimicrobial mechanism of chitosan and EE100 is due to its

a)
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Sample |

Sample Il
34 Sample Ill

Reduction of bacterial count (log)
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polycationic nature. Cell lysis caused by the electrostatic interaction
between the positively charged polymer and the negatively charged cell
membranes of microorganisms is greater the lower the pH of the envi-
ronment. With a pKa in the range of 6.3-6.5, its antimicrobial activity
decreases because pH is a key factor in the solubility of chitosan.
However, Mania and co-workers proved that the antimicrobial activity
of chitosan after appropriate modification of the polymer can also be
maintained at a neutral pH [55]. It can be easily concluded that the
antimicrobial activity against Gram-negative bacteria is the result of the
layers containing silver nanoparticles and the chit/EE100 and that it is
mainly due to the presence of the first component. On the other hand,
only the layer containing chitosan inhibited the growth of Gram-positive
bacteria. The test results indicated that in a neutral environment during
24 h (1 day) no release of silver ions into the SBF was observed, which
does not mean that they have no effect on the bacterial inoculum. The
inoculum was applied directly to the surface of the tested material, and
the samples prepared in this way were incubated at a temperature
suitable for the growth of microorganisms under the conditions of
relative humidity of at least 50%. These are sufficient conditions for the
growth of microorganisms in the absence of antimicrobial agents (con-
trol test) and for inhibition of their growth in the presence of such fac-
tors. The nanoparticle antimicrobial activity may be related to the
release of metal ions, indirect action of reactive oxygen species, direct
interaction between nanoparticles and microorganisms, immunostimu-
latory action or a result of several mechanisms mentioned above. The
closest to presented results is the one concerning the direct contact of
silver ions with cells that interact with their membrane proteins,
changing the permeability of the cell wall membrane. Additionally, due
to the negative charge of the cell walls of Gram-positive and Gram-
negative bacteria, positively charged silver nanoparticles show greater
antimicrobial efficacy than those with a negative charge [56].

4. Conclusions

Titanium dioxide nanotubes fabricated in a glycol-based electrolyte
are vertically oriented, homogeneous, and separated.

Silver sputtering followed by laser irradiation of nanotubular tita-
nium oxide layer originates in novel encapsulated nanotubes with
formed AgNPs of about 30 nm in diameter. Laser radiation-induced
melting of the nanotubes resulted in a decrease in nanotube length of
about 30%.

The chit/EE100-based coating electrophoretically deposited on the
laser-treated nanotube substrate exhibits relatively high uniformity and
hydrophilicity (6 value about 65°). The average value of the critical
force causing complete removal of the coating from the substrate was
41.97 £+ 2.44 mN.

Here proposed three-step modification of the titanium surface

b)
49 . Staphylococcus aureus
V77 Sample |
Sample II
31 4 sample i

Reduction of bacterial count (log)

Fig. 7. Comparison of the logarithmic reduction of bacteria cells number after incubation with samples I, II, and III for a) Escherichia coli and b) Staphylococcus aureus.
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contributed to a satisfactory antimicrobial effect at the expense of
corrosion resistance, but the recorded values of the corrosion potential
for all the tested samples are of the order of pA/cm? which indicates the
high corrosion resistance of all the samples. SEM studies of the samples
after the release of AgNPs into SBF solution revealed that for neutral pH
the chit/EE100 coating was present on the surface, it undergoes partial
swelling in SBF solution and dissolves under acidic pH. Long-term
AgNPs release studies are needed to accurately determine the mecha-
nism and timing of AgNPs release. Previous studies have shown that the
addition of Eudragit to chitosan coatings improves the stability of these
coatings in SBF. Perhaps a greater addition of EE100 to the chitosan
suspension would improve the release kinetics of AgNPs into SBF solu-
tion at different pH.
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