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Abstract

Metallic materials for long-term load-bearing implants still do not provide high anti-
microbial activity while maintaining strong compatibility with bone cells. This study
aimed to modify the surface of Ti13Nb13Zr alloy by electrophoretic deposition of a
chitosan coating with a covalently attached Arg-Gly-Asp (RGD) peptide. The suspen-
sions for coating deposition were prepared in two different ways either using hydro-
xyacetic acid or a carbon dioxide saturation process. The coatings were deposited
using a voltage of 10 V for 1 min. The prepared coatings were examined using SEM,
EDS, FTIR, and XPS techniques. In addition, the wettability of these surfaces, corro-
sion resistance, adhesion of the coatings to the metallic substrate, and their antimi-
crobial activity (E. coli, S. aureus) and cytocompatibility properties using the MTT and
LDH assays were studied. The coatings produced tightly covered the metallic sub-
strate. Spectroscopic studies confirmed that the peptide did not detach from the
chitosan chain during electrophoretic deposition. All tested samples showed high cor-
rosion resistance (corrosion current density measured in nA/cm?). The deposited
coatings contributed to a significant increase in the antimicrobial activity of the sam-
ples against Gram-positive and Gram-negative bacteria (reduction in bacterial counts
from 99% to, for CS-RGD-Acid and the S. aureus strain, total killing capacity). MTT
and LDH results showed high compatibility with bone cells of the modified surfaces
compared to the bare substrate (survival rates above 75% under indirect contact con-
ditions and above 100% under direct contact conditions). However, the adhesion of

the coatings was considered weak.
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1 | INTRODUCTION

Research efforts are still underway to modify materials for bone
implants. They are currently focused mainly on modifying their sur-
face to provide their high osteointegration properties while maintain-
ing strong antimicrobial activity.2? Among the modified materials,
titanium and its alloys are leading the way. Ti13Nb13Zr alloy, due to
its chemical composition (lack of Al and V that can cause bone soften-
ing and damage to the nervous system) and suitable mechanical prop-
erties similar to human bone, is one of the preferred candidates for
the design of long-term load-bearing implants.®

The surface of Ti13Nb13Zr alloy is subject to modification by
mechanical treatment (grinding, sandblasting, polishing), chemical
treatment (etching), electrochemical treatment (oxidation), or covered
with coatings using methods such as electrophoretic deposition (EPD),
dip coating, spin coating, sol-gel, or gas-phase deposition.*”” For
implants, the electrophoretic method is increasingly used, allowing
irregularly shaped materials to be easily coated. Unfortunately, the
layers and coatings produced in this way do not meet all the require-
ments for implants. Usually, the deposited coatings show poor adhe-
sion to the metallic substrate, which results in their rapid failure at the
stage of implant insertion into the human body.® The composition of
the coatings is also a problem, and it is often difficult to obtain a sur-
face with high osteointegration and a strong antibacterial effect.’”

Chitosan (CS) being a natural biopolymer is widely used in phar-
maceutical, food, and implant applications. There are several refer-
ences in the literature regarding the fabrication of CS coatings on
metallic surfaces using the EPD method with an analysis of the effect
of the process parameters used on the coating properties.'®* CS is
often subjected to additional modifications by mixing with other bio-
polymers, and functionalization with nanoparticles or peptides. The
surfaces of biomaterials are modified with peptides to improve their
biocompatibility and better integration with surrounding tissues by
promoting the adhesion and survival of selected cell types.*?~1#

The most widely studied cell adhesion-promoting peptide for
applications in the biomaterials field is a three-amino acid arginine-
glycine-aspartic acid (Arg-Gly-Asp) sequence termed RGD. RGD has
proved to be highly effective in promoting the attachment of numer-
ous cell types to various materials. RGD is the primary binding domain
for integrins present in extracellular matrix (ECM) proteins such as
fibronectin, vitronectin, and fibrinogen.*®> The RGD sequence can bind
to many integrin species. It appears that aVf3, aVp5, and allp3 are the
integrins most reported to be involved in the bone function and RGD
sequence binding.'® The activity of the RGD sequence exhibits mainly
during the extracellular signal transduction and proliferation. It has
been shown that the RGD peptide-functionalized biomaterials effec-
tively support the bioactivity of materials used for bone regenera-
tion.” The use of RGDs, compared to native ECM proteins, also
minimizes the risk of immune reactivity. Another benefit is that the
synthesis of RGD peptides is relatively simple and inexpensive, mak-
ing it easier to implement in clinical practice. Finally, RGD peptides
can be attached to the surfaces of materials at a controlled den-

sity.*81? Finally, RGD functionality is usually preserved during the

processing and sterilization required in biomaterial synthesis, many of
which cause protein denaturation.

The combination of CS with RGD peptide is increasingly reported.
CS nanoparticles with RGD peptide were investigated as a pH-
responsive targeted drug delivery carrier in cancer therapy.?° RGD
peptide was also coupled to poly(ethylene glycol)-modified CS

t.2* There have

micelles that were used for tumor-targeting treatmen
also been reported attempts to fabricate scaffolds from RGD-
conjugated cross-linked CS for the differentiation of mesenchymal
stem cells.?! Studies of surface modification of titanium by covalently
grafted CS with immobilized RGD peptide for better osteointegration
and reduction of bacterial adhesion can also be found.?” CS with
RGD-based systems are often enriched with other biopolymers such
as hyaluronic acid and deposited on titanium.?? Data on the produc-
tion of such coatings by the EPD method on titanium or titanium
alloys are scarce. The literature mostly mentions suspensions of CS in
organic and inorganic acids, but there are numerous reports that this
type of liquid medium can result in reduced adhesion and proliferation
of various cell populations to coatings produced in this manner.?®
Coatings prepared from such suspensions still contain acids after dry-
ing, hence they dissolve slowly in water. An interesting solution is pre-
paring chitosan hydrogels by saturating the suspension of its
microcrystalline sediment with gaseous CO,. Formed carbonic acid is
responsible for dissolving the chitosan and is easily released (in the
form of H,O and CO,) during the drying of the coating.24"2¢

The purpose of the research presented in this paper was to mod-
ify the electrophoretic deposition on the titanium surface of the CS-
based coatings with attached RGD peptide molecules. In particular,
two different suspension preparation methods, using dissolved hydro-
xyacetic acid or a novel CO, saturation process, were applied. The
physical-chemical and biological properties of the CS-RGD coatings
such as their roughness and morphology, surface microstructure,
chemical and phase composition, adhesion to the titanium substrate,
corrosion resistance, and biocompatibility in vitro determined by the
behavior of human osteoblast cells. The fabrication of such coatings
with the EPD method implementing two different suspension prepa-
ration methods to deposit the coatings on the Ti13Nb13Zr alloy has
never been studied and described in the literature. Especially, the
authors have assumed that such coatings, together with other impor-
tant features, will demonstrate bacteria-killing ability better than the
other material solution based on chitosan and could significantly
improve patient comfort and reduce the risk of postoperative bacte-

rial infections.

2 | MATERIALS AND METHODS

2.1 | Preparation of samples

The round samples, 20 mm in diameter and 4 mm in height, were
made of the Ti13Nb13Zr alloy (Bibus Metals, Dabrowa, Poland), and
its chemical composition is given in Table 1. Then they wet ground

(Saphir 330, ATM GmbH, Mammelzen, Germany) using emery papers
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TABLE 1  The chemical composition of a substrate material (given
by the manufacturer)

Nb Zr Fe C N o Ti
wt % 13.00 1300 0.05 004 002 011 rest

Element

(Struers Company, Cracow, Poland), No. 800 as the last. Finally, they
were washed with isopropanol (99.9%, POCH S.A., Gliwice, Poland)
and distilled water (HLP 5, Hydrolab, Straszyn, Poland).

2.2 | Synthesis of peptide

The peptide was obtained by the standard solid-phase synthesis
(Liberty Blue, CEM Corporation, USA) on TentaGel R RAM resin
(capacity of 0.67 mmol/g, Rapp Polymere GmbH, Germany) following
the Fmoc-chemistry strategy. The synthetic peptide was purified
using reversed-phase high-performance liquid chromatography
(RP-HPLC) equipped with two Knauer K1001 pumps and a Gilson
fraction collector with a UV-vis detector. The 10 mm x 250 mm Kro-
masil C-8 column (particle diameter: 5 um, pore size: 30 nm) was
applied for purification at linear gradients of an acetonitrile-water mix-
ture (containing 0.1% [v/v] TFA) used as eluent and a flow rate of
5 mL/min. The presence of peptide was indicated at a wavelength of
223 nm. The purity of the obtained peptide was higher than 99% as
estimated by RP-HPLC.

23 |
peptide

Functionalization of chitosan with RGD

In the first stage, the chitosan in form of a scaffold was covalently
functionalized with a maleimidoglycine linker, in line with the proce-
dure described in [patent application no. P.443979 and P.442878,
Patent Office of the Republic of Poland]. After the removal of the
unreacted substrates, the chitosan-maleimidoglycine scaffold under-
went drying under a vacuum. Subsequently, RGD peptide terminated
with additional N-terminal cysteine amino acid was deposited, by click
chemistry reaction between -SH group of cysteine and maleimidogli-
cyne moiety, on chitosan scaffold in the peptide solution stirred for
24 h at room temperature. CS-RGD was filtered with gooch G3 and
dried under vacuum for 1 h. The degree of chitosan deposition by the
RGD peptide was 10%.

24 | Preparation of suspensions

The suspensions for the deposition of CS-RGD coatings were pre-
pared by two different preparation methods. The CS-RGD powder
was either dissolved directly in hydroxyacetic acid (Avantor Perfor-
mance Materials S. A., Gliwice, Poland) or additionally subjected to a
CO, saturation process. In detail, using the first approach, 0.1 g of CS-
RGD powder was dissolved in 100 mL of 1% hydroxyacetic acid. The

Y sk WILEY-L_2

concentration of the biopolymer and acid was chosen based on previ-

81327 \which ensured that homogeneous coatings were

ous works,
obtained, tightly covering the metallic substrate. In the second
method, such solution was treated with 0.5 M sodium hydroxide solu-
tion (Avantor Performance Materials S. A., Gliwice, Poland) until the
pH equal to 8 was reached and CS-RGD powder precipitated. The
obtained CS-RGD sediment was separated from a liquid using a
glass filter set equipped with a vacuum pump (ROCKER 600, Alfachem
Sp.z 0.0., Lublin, Poland). Then the sediment was washed twice with
distilled water (5:1 m/m concerning the weight of the sediment). After
filtration, the precipitate was weighed and put into distilled water to
achieve 0.1 wt. pct. of polymer concentration, then subjected to a
CO, saturation process at mechanical mixing of liquid using a hollow
shaft agitator (BIO-MIXBMX-10, Gdansk, Poland). Both solutions
were finally mechanically mixed with the same stirrer until the chito-
san was completely dissolved. These two transparent solutions were
used to deposit the CS-RGD coatings. According to the method of
preparation of the suspensions, the samples were designated as CS-
RGD-Acid (hydroxyacetic acid) and CS-RGD-CO, (CO, saturation

process).

25 |
coatings

Electrophoretic deposition of CS-RGD

The coatings were fabricated for both approaches in the same condi-
tion by electrophoretic deposition performed in a two-electrode sys-
tem. The Ti13Nb13Zr alloy sample constituted the cathode, while a
mesh platinum electrode was an anode, keeping a distance between
them 10 mm. A direct current source (MCP Corp., Shanghai, China)
was used to make EPD. Based on our earlier research on EPD-made
CS-based coatings,?”?® the EPD was performed at a voltage of 10 V
for 1 min. Low values of voltage and deposition time, as confirmed by

27.28 resulted in a reduction of the water electrolysis

previous studies,
phenomenon and intensive formation of hydrogen bubbles on the
cathode, which significantly reduces the uniformity of the deposited
coatings. After deposition, samples were washed only with distilled

water and dried in ambient air for at least 24 h.

2.6 | Coatings characterization
The surface morphology was examined by scanning electron
microscopy (SEM, FElI Quanta FEG 250, Hillsboro, OR, USA).
Before SEM imaging, the coated samples were sputtered with a
thin 10 nm thick gold layer using a DC magnetron sputtering sys-
tem (EM SCD 500, Leica, Vienna, Austria) in a pure Ar plasma
condition.

The elemental composition was carried out with an energy-
dispersive X-ray spectroscopy (EDS, Edax Inc, Mahwah, NJ, USA).

The X-ray photoelectron spectroscopy (XPS) study was executed
with an Escalab 250Xi (ThermoFisher Scientific, USA) calibrated for
adventitious C1s (284.6 eV) employing an Al Ka anode. The resulting
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data were processed using Avantage software supplied by the
manufacturer.

The surface roughness was measured on a 50 x 50 um area using
an atomic force microscope (AFM, NaniteAFM, Nanosurf AG, Liestal,
Switzerland). The values of the Sa parameter (arithmetic mean devia-
tion) were determined based on the 3D roughness distribution maps
as the means of three values.

The surface wettability was assessed with a goniometer
(Attention Theta Life, Biolin Scientific, Espoo, Finland) using the falling
drop method and distilled water of 2 pL in volume. The measurements
of contact angle were made after 10 s from drop fall. OneAttension
software was applied for the calculation of contact angles.

The thicknesses of the coatings were counted with a thickness
meter (SN100146594, Helmut Fischer GmbH, Germany) and
expressed as means of 5 measurements for each investigated sample.

The adhesion of coatings was ascertained by a scratch test
(NanoTest™Vantage device, Micro Materials, Wrexham, UK). The
scratches were each time 500 um long. The applied force stepwise
increased from O to 120 mN at a rate of 1.3 mN/s. The appearance of
complete delamination of the coating from the substrate surface was
established by analyzing the friction force - normal force relationship
and then a critical force (Lc) was found for each scratch.

The corrosion resistance was determined by a potentiodynamic
method using a three-electrode system composed of the test sample
of 1 cm? in area, a platinum counter electrode, a saturated calomel
electrode SCE, and a potentiostat/galvanostat (Atlas 0531, Atlas Sol-
lich, Gdansk, Poland). The tests were made in a simulated body fluid
(SBF, 37°C, the chemical composition by??). The open circuit potential
(OCP) was determined after 1 h of exposure to the corrosive solution.
Afterward, the voltage-current corrosion curves were established in
the potential range of —1.0 ~ 1.0V, at a potential change rate of
1 mV/s, and making measurements at first in the cathodic and then in
the anodic direction. By Tafel extrapolation, the values of corrosion
potential (Eo,r) and corrosion current density (j.orr) Were found.

The ASTM E2149 test with a slight modification, previously
described in,%° was used to evaluate the antimicrobial activity of the
tested samples. The activity of the samples was verified against
Escherichia coli K-12 PCM 2560 (NCTC 10538) and Staphylococcus
aureus PCM 2054 (American Type Culture Collection - ATCC 25923)
from the Polish Collection of Microorganisms (Ludwik Hirszfeld Insti-
tute of Immunology and Experimental Therapy, Polish Academy of
Sciences, Wroctaw, Poland). The tested bacteria were subcultured at
first. These bacterial cultures grew in a tryptic soy broth medium
(Sigma-Aldrich, Saint Louis, MO, USA) and were subjected to incuba-
tion for 24 h at 37°C. The subsequent step involved obtaining the
appropriate number of bacterial cells (1.5 x 107 to 5 x 107 CFU/mL).
Utilizing a spectrophotometer (at a wavelength of 600 nm), dilutions
of the bacterial culture suspension in phosphate-buffered saline (PBS)
were made for obtaining an optical density of 0.08 + 0.1. The exami-
nation area of the samples was 9.42 cm?. Before testing, the surfaces
of the samples were sterilized under UV light for 30 minutes on each
side. Afterward, 0.18 mL of a previously prepared inoculum of the test

strain was poured onto each sample together with polyethylene

(PE) film, which acted as a negative control. Inoculated samples were
covered with PE film to provide proper contact between the bacterial
suspension and the tested material, followed by incubation for 24 h at
37°C. Following incubation, samples were placed in 10 mL of PBS
solution and vortexed for 5 x 5 seconds. Cultures were performed by
pour plate method with tryptic soy agar (TSA) medium upon making
10-fold dilutions in peptone water (10°+108). The plates were incu-
bated for 24 h at 37°C. The number of cells was counted at the end
of the incubation and varied from O <+ 300 units. The number of cells

in 1 mL was calculated according to the formula:

Vc=NxD,

where V_ is the bacteria concentration, in colony-forming units per mL
(CFU/mL), N is the average value from Petri dishes (CFU), and D is the
dilution factor from the plates counted. Antimicrobial activity was cal-

culated according to the equation:

R=logB/C,

where B is the average of the number of viable cells on the control
sample (CFU/mL), and C - is the average of the number of viable cells
on the tested sample (CFU/mL). A percentage reduction of bacteria
on a logarithmic scale (R) equal to 1, 2, and 3 means a reduction of
90%, 99%, and 99.9%, respectively.

For the cell culture test, the cellular model was human osteo-
blasts: hFOB 1.19 (RRID: CVCL 3708), obtained from ATCC. Cells
were grown cultured in a 1:1 mixture of Ham's F12 medium and Dul-
becco's Modified Eagle's Medium (without phenol red), supplemented
with 1 mmol/L L-glutamine, 0.3 mg/mL G418, and 10% fetal bovine
serum. The cells used for the experiments were from 5 to 8 passages.
The cells were passed two times before each experiment. The cells
were incubated at 34°C in a humidified atmosphere with 5% CO,, and
95% air. To measure the direct effect of the titanium alloy surface
modification the cells were directly seeded on the surface of each
sample at a density of 0.15 mLn. Following, the cells were cultured for
24 at standard conditions. After the dedicated time, the viability tests
were conducted. To measure the indirect effect of tested compounds,
the cells were treated with the medium preconditioned with tested
samples and incubated under identical conditions to the cell culture.
The cells were seeded at a density of 0.012 mLn per well of a 96-well
plate and were cultured at the standard conditions for 24 h. Following
the medium was exchanged for an extract of the test material. The
culture continued for the next 24 h.

The viability of the cells treated with the tested compounds was
assayed by the MTT reduction test (3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide). This test measures the activity of
mitochondrial enzymes, mainly succinate dehydrogenase. The
0.06 mmo/L of the MTT was added to the living cells that remained
attached to the tested surface. The cells were incubated for the next
4 h to metabolize the dye. Finally, the blue product of the reaction
was measured spectrophotometrically at 570 nm. The control cells

were the ones attached to the not modified sample.
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The mortality of the cells was assayed by the fractional NAD " oxi-
doreductase (lactate dehydrogenase, LDH, EC 1.1.1.27) release test.
LDH is the cytoplasmic enzyme that is released by the dead cells.
Therefore after 24 h of the growth of the cells on the samples, the
medium from the culture was collected where the activity of LDH
was measured. The oxidation of NADH was spectrophotometrically
determined at 340 nm.

2.7 | Statistical analysis

Statistical analysis of collected data was worked out by OriginPro

software (8.5.0 SR1, OriginLab Corporation). The Shapiro-Wilk test

was applied to prove a normal distribution of data. All results are

(b)

50 pm
50 ym

(c)

3um

-3 ym

' sk WILEY-L__®

expressed as mean + standard deviation (SD). Statistical analysis was
made out by one-way ANOVA, considering the Bonferroni correction,

with a statistical significance of p < .05.

3 | RESULTS AND DISCUSSION

SEM images of the prepared samples are shown in Figure 1A. Examina-
tion of the bare substrate revealed a typical microstructure after grinding.
In the case of coated samples, no significant differences were observed in
the degree of surface coverage and smoothness of the coatings, despite
the usage of different EPD suspension preparation methods. Slight trans-
parency in the coating deposited from the hydroxyacetic acid suspension

was visible, which may indicate that a thinner coating was obtained. Due

CS-RGD-CO:

CS-RGD-Acid

3pm 3pm
=3 um =3 ym
0 pm 50 um

5
50 pm

e

—— Ti13Nb13Zr
—— CS-RGD-Acid
—— CS-RGD-CO,

e

90 -
854 ll
80 4 l-\‘ \!l "’\
c 154
2
g 14
T
-
o
60
FIGURE 1 (A)SEM images
of the surfaces, (B) surface
roughness, and (C) wettability 50
test results obtained for 0

investigated samples.
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to the use of lower EPD process parameters, i.e. voltage and deposition
time, the electrolysis of water and formation of hydrogen bubbles on the
cathode was limited, which translated into smoother surfaces. The results
obtained confirmed previous observations.**

The obtained SEM images coincided with 3D roughness maps of
the tested surfaces obtained by atomic force microscopy (Figure 1B).
There was no significant difference in the value of the Sa parameter
measured (Table 2) for the Ti13Nb13Zr substrate compared to the
coated samples. In addition, these differences between samples were
also not significant. So, the EPD suspension preparation method did
not notably affect the surface roughness of the coatings.

Wettability test results (Figure 1C and Table 2) showed that all
samples tested were hydrophilic. For all samples tested, the measured
value of the contact angle decreased over time. Samples with coatings
showed a significantly higher contact angle value compared to the
titanium alloy substrate. There was also a significant difference in
wettability between samples with coatings. The differences in the sur-
face roughness of the coated samples were not remarkable, so the
disparities in the wettability of these surfaces were most likely caused
by the adoption of various methods for preparing EPD suspensions.

The chitosan hydrogels prepared for deposition differed in the pH
value. The pH of the CO,-saturated chitosan solution was about 6.5,
while for chitosan dissolved in 1% hydroxyacetic acid it was lower by
at least 2 units. The presence of hydroxyacetic acid increased the
intensity of the water electrolysis process and the intensity of hydro-
gen secretion on the surface of the electrode, which hindered the
polymer coating efficiency. Electrophoretic deposition of chitosan
coatings was carried out using alcohol (methanol, ethanol, and isopro-
panol)-water mixtures with different contents of acetic acid by the
Farrokhi-Rad team. They concluded that the EPD rate increased with
acid content to the maximum and then decreased with its further
addition. They also observed current density increase during EPD
from solutions with higher acetic acid contents due to the enhanced
water electrolysis.’>* The presence of residual acid in the CS-
RGD-Acid sample can also be an explanation for the result of the con-
tact angle measurement. Applying the drops to the material can cause
partial dissolution of chitosan as a result of its protonation, and reduc-
tion of roughness. Unfortunately, this kind of observation is impossi-
ble to observe in non-dynamic measurements.

Coatings prepared by dissolving CS-RGD powder using CO, satu-
ration showed greater thickness. Such an assumption was also

TABLE 2 Results of surface roughness, contact angle, and
thickness measurements obtained for the tested samples;
*significantly different from Ti1l3Nb13Zr sample; *significantly
different from CS-RGD-Acid sample (ANOVA with Bonferroni
correction p < .05)

Coating
Sample Sa (nm) Contact angle (°) thickness (um)
Ti13Nb13Zr 108 + 16 4982 +£5.74 -
CS-RGD-Acid 98 + 14 72.01 £ 5.29* 0.42 +0.20
CS-RGD-CO, 95+9 65.18 £3.35™* 1.50 + 0.07*

supported by the results of SEM and AFM studies. The difference in
the thickness of the deposited coatings may be due to the fact of
increased aggregation of chitosan particles in hydroxyacetic acid sus-
pension compared to the CO, saturation method. Literature data
report that under similar deposition conditions, in the case of hydro-
chloric acid, for example, is much less effective in suppressing inter-
molecular aggregation compared to carbonic acid. This difference may
be due to the higher intensity of fluctuations when chitosan is dis-
solved in CO,. The large amount of dissolved CO, at high pressures
provides strong local fluctuations of CS in suspension. As a result of
the increased fluctuation intensity, the dispersion capacity of the fluid
increases, resulting in a lower degree of aggregation of CS macromol-
ecules.?* During electrophoresis, the size and shape of the molecule
affect the rate of migration in such a way - the larger the size, the
slower rate at which the molecule will move through the suspension.
In the case of the CS-RGD-CO, sample, CS particles were less
agglomerated, and migrated faster toward the cathode, allowing more
particles to reach the cathode in 1 min exposure, thus leading to a
thicker coating compared to the CS-RGD-Acid sample.3?

Figure 2A shows the infrared spectrum obtained for the coated
samples. In both coatings, the individual maxima were quite clearly
visible, however, the maxima relating to the peptide were weakly
seen, as the degree of chitosan embedded with the peptide was low.
However, the bands relating to chitosan would be observed. The band
in the 3390-3360 cm™? region corresponds to N-H and O-H stretch-
ing vibrations. Accordingly, the bands at about 2921 and 2877 cm™?
are responsible for symmetric and asymmetric C-H stretching. The
presence of N-acetyl residues was confirmed by C=O stretching
bands from amide | at about 1645 cm™! and C-N stretching from
amide Ill at 1325 cm™1. The bands at about 1423 and 1375 cm™?,
respectively, refer to CH, bending and CH3 symmetric deformations.
The peak at 1153 cm~* comes from the asymmetric stretching of the
C-O-C bridge. The bands at 1066 and 1028 cm™?! are from C-O
stretching.3®

The spectra obtained for core levels C1s, O1s, and N1s measured
for coated samples using the XPS technique are depicted in Figure 2B.
Using curve-fitting analysis, the core level C1s spectrum was resolved
into three components for both samples tested. Peak 1 for the binding
energy of 285 eV referred to the aliphatic carbons (C-C) of the side
chains of the RGD peptide. Peak 2 (286.4 eV) confirms the presence
of O=C-C-N carbons of the peptide backbone, with the C-N carbons
of the lysine groups. Peak 3 (288.1 eV), in turn, is due to the O=C-N
carbons of the peptide and the O=C=0 carbons of the aspartic acid
group. The presence of the fourth peak at a binding energy of about
289.3 eV relating to bonds from aspartate and arginine noted in other
references®* was faintly apparent. Spectra for O1s for both samples
revealed three peaks. The peaks for individual samples are slightly
shifted concerning each other, possibly due to the method of prepar-
ing EPD suspensions. Peak 1 (530.5 eV) comes from oxygen from the
oxide layer of the substrate material. Peak 2 (532.0 eV) comes from
O=C oxygens of the peptide and the carboxylate group of aspartic
acid and was more intense for the sample made from the hydroxyace-

tic acid suspension. Peak 3 potentially could be attributed to the
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FIGURE 2
(D) O1s, and (E) N1s spectra (peaks described in the text).

oxygen of the C-O bonds. Two peaks were visible on the N1s spectra.
Peak 1 (400.0 eV) was probably related to the C=N nitrogens of the
arginine group. Peak 2 (402.0 eV), was due to the arginine groups.
XPS examination confirmed that the peptide remained unseparated
from the chitosan chain during the electrophoretic deposition of
coatings.

Figure 3A and Table 3 collect the results to determine the adhe-
sion of coatings to metallic substrates obtained from the scratch test.
Based on the dependence of the friction force of the indenter in con-
tact with the sample and the normal force at which the indenter pene-
trated the test surface, the value of the critical force (Lc) causing
complete removal of the biopolymer coating from the titanium alloy
substrate and the corresponding value of the friction force were
determined. The determined values of the Lc force were relatively
low indicating poor adhesion of both types of coatings. The weak
adhesion of chitosan-based coatings has already been reported.3®
Attempts to mitigate this problem should become the subject of
future research work. Possibly, an improvement in adhesion would be
brought by additional roughening of the substrate surface before
coating deposition, application of interlayer, or functionalization of

the titanium alloy surface. Adding another biopolymer and preparing

Binding Energy (eV)

Binding Energy (eV)

(A) FTIR spectra for samples with coatings, and (B) XPS survey obtained for CS-RGD-Acid and CS-RGD-CO, samples with (C) C1s,

the blend was also noted as a way to improve the adhesion of chito-
san coatings.®®

Corrosion study results are presented in Figure 3B (open circuit
potential course and corrosion curves). The values of corrosion param-
eters obtained after the Tafel extrapolation procedure are collected in
Table 3. All samples tested stabilized their potential after staying in
the SBF solution for an hour. There were differences between the
measured OCP values among the coated samples. A more positive
value of —0.088 V was recorded for the CS-RGD-Acid sample in com-
parison to the CS-RGD-CO, sample (—0.329 V). The bare substrate
with Ti13Nb13Zr achieved an intermediate OCP value equal to
—0.176 V. The measured OCP values were close to the determined
Ecorr Values. The CS-RGD-CO, sample showed the highest corrosion
resistance with a jeorr value of 161 + 49 nA/cm?. It was a significantly
lower value compared to the coated sample prepared from a
suspension of CS in hydroxyacetic acid. In this case, the j... value was
considerably higher even from a bare substrate. The CS-RGD-CO,
coated sample, due to its greater thickness, most likely provided a bet-
ter barrier separating the substrate material from the corrosive envi-
ronment, which translated into higher corrosion resistance. For a

much thinner CS-RGD-Acid coating, possibly the SBF solution in
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FIGURE 3 Curves of frictional force dependence as a function of normal force with the critical force (Lc) value marked, obtained during a
single scratch of samples with (A) CS-RGD-Acid and (B) CS-RGD-CO, coatings, and the results of corrosion studies: (C) open circuit potential, and

(D) corrosion curves.

Scratch test results

Corrosion parameters

TABLE 3 Scratch test and corrosion
study results obtained for prepared

Sample Critical Force (mN) Friction force (mN) Ecorr (V) Jeorr (NA/cm?) samples; *significantly different from
. N APy
Ti13Nb13Zr - - ~0.227+001 332+ 48 Ti13Nb13Zr sample; “significantly
. . . different from CS-RGD-Acid sample
CS-RGD-Acid 492 +1.01 7.42 £2.29 —0.201 + 0.04 654 + 109 (ANOVA with Bonferroni
CS-RGD-CO, 5.19 £ 1.15 7.02 £2.13 —0.386 £ 0.027* 161+ 49 correction p < .05)

which the corrosion tests were conducted could penetrate the coating
and intensify corrosion processes.

The results of investigating the antimicrobial activity of the pro-
duced coatings against E. coli and S. aureus are shown in Figure 4.
Both proposed coatings showed high antimicrobial activity against
Gram-positive and Gram-negative bacteria compared to the substrate
subjected to grinding only. Stronger activity against the tested bacte-
rial strains was noted for the sample with the CS-RGD coating depos-
ited from suspension in hydroxyacetic acid. For the S. aureus bacteria,
the reduction in the bacterial count was more than twice as high as
the CS-RGD-CO, sample. Chitosan is probably primarily responsible
for the antibacterial effect of the produced coatings. The mechanism

of chitosan's antibacterial effect is not fully known, but most likely
positively charged protonated amino groups of chitosan interact with
the negatively charged cell wall of the bacteria and disrupt its continu-
ity, resulting in leakage of intracellular components and its elimination.
Hence, the importance of chitosan's molecular weight, degree of dea-
cetylation, and coupling with other functional groups in maintaining
its antimicrobial properties are crucial. There is evidence in the litera-
ture that the RGD peptide does not affect bacterial cells. No negative
effects on the antimicrobial activity of systems containing the RGD
peptide were observed.'? Moreover, acid residues were likely present
in coatings deposited from a suspension containing hydroxyacetic

acid. An acidified environment can potentiate the antibacterial
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FIGURE 4 Antimicrobial activity results for a bare Ti13Nb132Zr
substrate and samples with CS-RGD coatings; *significantly different
from Ti1l3Nb13Zr sample; #significantly different from CS-RGD-Acid
sample (ANOVA with Bonferroni correction p < .05).

effect,’” hence a stronger antibacterial effect was observed in CS-
RGD-Acid coatings. The difference in antibacterial effect against
E. coli and S. aureus was probably due to the different cell wall struc-
tures of Gram-positive and Gram-negative cells.*® Gram-negative bac-
teria contain a double cell membrane, compared to Gram-positive
bacteria, which may have contributed to their greater survival rate
when in contact with the test samples. Further studies are needed to
accurately determine the antibacterial activity of the various coating
components.

The use of highly biocompatible materials (such as chitosan) on a
non-toxic titanium alloy substrate in the production of coatings should
not cause a toxic cellular response. The studies conducted and the
results of human osteoblast cell viability and LDH release shown in
Figure 5 confirm the previous assumption. Cytotoxicity tests were
performed under direct contact conditions (Figures 5B and D) and for
different dilutions of the extract under indirect contact conditions
(Figures 5A and C). The results of cell viability studies indicate high
biocompatibility of the materials with survival rates above 75% under
indirect contact conditions and above 100% under direct contact con-
ditions. The critical limit is estimated to be 75%. Both for tests under
direct and indirect conditions, this value was obtained. Tests indicate
that the modification used does not affect cell viability under direct
contact conditions. For indirect contact conditions, only for CS-
RGD-Acid samples (dilution 1/1 and 1/5) and CS-RGD-CO, samples
(dilution 1/1 and 1/2), a significant decrease in survival was observed.
Still, the value is above 75%. The release of lactate dehydrogenase
was below 30% for direct and indirect contact conditions. The study
showed no differences between the modifications used. According to
the statistical analysis, there were no significant differences between
coated samples, but they were significantly different from the con-
trols. The probable lower survival rate of hFOB 1.19 cells in contact
with the CS-RGD-Acid coating (compared to the CS-RGD-CO, sam-
ple) could be due to the presence of the acetic acid residue used to

prepare the EPD suspension in this coating.

Y sk WILEY-L2

Finally, it is important to decide which preparation procedure has
given better results and what are advantages of both technologies
over already proposed solutions are. Five such properties are worth
considering: wettability, adhesion, corrosion resistance, antibacterial
efficiency, and cytotoxicity.

Considering wettability, it is noticed that all coatings in this
research have been hydrophilic. The differences between a substrate
and two here investigated coatings can be neglected as they do not
potentially affect the anticipated adhesion of cells. Such hydrophilicity
is a necessary condition and has already been demonstrated at 35.6°
for chitosan-gelatine hydrogel,®® 60° for the catechol functionalized
chitosan and gelatin with Ag nanoparticles,® for the silica xerogel/
chitosan as varying from 7° to 34° with chitosan content and its frac-
tion approaching 50%, for silica-chitosan the contact angle changed
from 53° to 71° with increasing chitosan amount,** and for chitosan-
hydroxyapatite coatings on nanotitania layer, all samples were hydro-
philic, possessing a contact angle of 20-25°.42

A comparison of adhesion reported by different authors is
extremely difficult as three different methods have been used: a quali-
tative tape test, a quantitative pull-out test with stress measured, and
a nanoscratch test with force measured. As concerns the tape test
results, positive opinions have been given for the coating composed
of calcium phosphate, titanium oxide, and chitosan oligosaccharide
lactate,*® titanium diboride - chitosan,** the coating comprising of
carbon nanotubes, hydroxyapatite, biocompatible macromolecules of
kappa-Carrageenan, and chitosan,*® the catechol functionalized chito-

san and gelatin with Ag nanoparticles,*’

and composite coating of
hydroxyapatite, bioglass, iron oxide particles and chitosan.*® For the
pull-out method, the bonding between the hydrogels of different chit-
osan concentrations and titanium alloy substrates ranged from
1.94 MPa to 3.36 MPa.*® In nanoscratch tests, the reported values
were 434 mN for chitosan/gelatin hydrogel,47 7.19 mN for HAp/Ti,
and 10.4 mN for HAp/MgO interface, with no determined bond
strength between a substrate and a coating,*® and between 16.2 and
33.2 mN for chitosan-ZnO.* The last values are similar to those
obtained in our research, 4.92 mN and 5.10 mN, for acidic and CO,
preparation ways, respectively. The employed titanium alloy substrate
possessed low roughness, which could also result in poor adhesion of
coatings to the substrate. A roughened surface should promote the
improvement of coatings' adhesion to the substrate, as the coating-
substrate interface increases.

Corrosion resistance was reported several times in recent litera-
ture. The ratio of the corrosion rate of coated sample to that of bare
titanium was 12-18% for alginate - chitosan coating,”® 16% for the
catechol functionalized chitosan and gelatin implemented with Ag
nanoparticles,®? for Ag-doped TCP-chitosan composite coating of 26-
85% of corrosion rate of titanium, the best for 5% Ag addition,*® for
HAp-bioglass and Fe;0, particles between 3% and 23%,>* and for sil-
ver nanoparticles doped chitosan and sodium alginate composite coat-
ing the corrosion rate equaled 12-18% of the basic value.>® However,
in*” for three-dimensional hydrogel nanoclay coating composed of
chitosan, gelatin, and halloysite, the corrosion current density was
changed between 7.8 nA/cm? and 374 nA/cm? widely indeed,
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depending on composition. In our research, the corrosion resistance
was almost twice as high after CS-RGD-Acid treatment and over 50%
lower for CS-RGD-CO, as compared to titanium corrosion in SBF,
again similar to a few studies. It seems mentioned that the coatings
have not been designed as anticorrosive and the corrosion current
density always has remained in a safe area.

Antibacterial efficiency of the proposed here coatings is among
the best so far noticed as our results changed between 99% and, in
the case of CS-RGD-Acid and S. aureus strain, about 99.9999%,
i.e. total killing capacity. To compare, in a highly interesting study on
this feature, composite coating of chitosan-PVA-silver the antibacter-
ial activity was assessed at and near the surface. Chitosan demon-
strated a no-inhibition zone associated with the growth of E. coli and
S. aureus. The antibacterial activity of investigated nanocomposites
was enhanced by silver nanoparticles, and at their extremely high con-
tent, the bacterial adhesion and growth were stopped.>? Considering
the other results, the antibacterial rate of the composite coating of
the catechol functionalized chitosan and gelatin with Ag nanoparticles
reached 96-99% against E. coli and S. aureus,*® for HAp/MgO coating
over 96% against E. coli and S. aureus,*® for coating with silver nano-
particles doped chitosan and sodium alginate, the antimicrobial effi-
ciency remained after immersion for 30 days at a level of 96.8%, still a
good value.’® On the other side, in®® for chitosan-gelatine hydrogel
implemented with nanoAg antimicrobial effect against E. coli and
S. aureus reached for 24 h only 70% and 67%, and ~89% reduction in
S. epidermidis adhesion.>® A 1.2-fold increase in the antibacterial

FIGURE 5 The effect of tested
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activity of chitosan/ZnO coating against E. coli was detected as com-
pared to the chitosan coating alone.*? Qualitatively, an antibacterial
effect was also reported in vivo 5-day test for the coating of hydroxy-
propyltrimethyl ammonium chloride chitosan, and in vitro as not only
the inhibitive effect on the bacterial adhesion and growth but also
prevention of bone destruction was found.>*

Finally, in our research, considering cytotoxicity, the cell viability
based on extracts was over 75%, and for direct contact practically
was unchanged. In comparison, in®® for chitosan-gelatine hydrogel
and in another study*® on silica-chitosan coatings, the osteoblastic
cells cultured on the hybrid coating were more viable than those on a
pure chitosan coating, and the bare titanium substrate. For the coat-
ings of chitosan combined with Ca?* and Mg?* ions (HAp and MgO),
osteoblasts and vascular endothelial cells showed good adhesion and
proliferation on the nanocomposite coating.*® For ALP-PDA coating
the number of attached osteoblasts shows an increasing trend over
the 7 days except for the last day for which some chemical composi-
tions of coatings showed a lower amount of attached cells than on
Ti.>® Also, the Ag-TCP-chitosan composite coatings did not show any
detectable toxicity except for the highest content of silver.*® It is
interesting that when investigating the alginate/chitosan composite
coatings, the indirect in vitro cytotoxicity test on the extracts of com-
posite coatings revealed no significant effects on cell viability, but algi-
nate coating more promoted the cells' growth than chitosan coating.>®
Almost no cytotoxicity was observed for multi-walled carbon nano-
tubes joined to KCG@MHAp.** A gallium-modified chitosan/poly
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(acrylic acid) bilayer influenced positively MG-63 adhesion and prolif-
eration, but the results were significantly dependent on the day of
examination.’® For a biocomposite coating comprising chitosan and
ZnO deposited on a porous Ti, a good cytocompatibility in MG-63
cells was observed as compared to pure Ti; the cell attachment values
of Ti and a coating were 92.8% and 91.4%, and the last specimens
demonstrated the cell variability over 98% of the control group.*® A
three-dimensional hydrogel nanoclay coating also induced osteoblast
viability.*” The composite coating of hydroxyapatite, bioglass, and iron
oxide particles displayed significant cell proliferation relative to the
Ti13Nb13Zr alloy.>* The silicon-chitosan coating demonstrated also
that the hybrid coatings were not cytotoxic and promoted cell prolif-
eration on their surfaces,** and the chitosan-ZnO coating also showed

no cytotoxic responses in MG-63 cells.*?

4 | CONCLUSIONS

Chitosan coatings with attached RGD peptide on a Ti13Nb13Zr alloy
substrate were successfully deposited by electrophoresis using vari-
ous suspension preparation methods. The RGD peptide did not
detach from the chitosan chain during coating deposition.

The adoption of different methods of preparing suspensions for
deposition, i.e., dissolution in hydroxyacetic acid or CO, saturation,
resulted in significant differences in the wettability and thickness of
coatings with almost the same roughness of these surfaces. The sec-
ond method produced a sample with higher corrosion resistance, but
both types of coatings adhered relatively weakly to the substrates.

Both coatings demonstrated highly efficient antimicrobial activity,
especially for Gram-positive bacteria. The tests on the human hFOB
1.19 osteoblasts cell line showed also sufficient biocompatibility
expressed by the viability of cells on the surfaces of proposed
coatings.

The novel solution can be assumed as among the best as regards
antibacterial activity, with sufficiently low cytotoxicity, expected
hydrophilicity, and good corrosion resistance. Both applied proce-
dures give similar results and can be taken into account in further
research aimed to improve the adhesion to the substrate and studies

in vivo.
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