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Abstract: Calcium phosphate/chitosan/collagen composite coating on AISI 304 stainless steel was
investigated. Coatings were realized by galvanic coupling that occurs without an external power sup-
ply because it begins with the coupling between two metals with different standard electrochemical
potentials. The process consists of the co-deposition of the three components with the calcium phos-
phate crystals incorporated into the polymeric composite of chitosan and collagen. Physical-chemical
characterizations of the samples were executed to evaluate morphology and chemical composition.
Morphological analyses have shown that the surface of the stainless steel is covered by the deposit,
which has a very rough surface. XRD, Raman, and FTIR characterizations highlighted the presence of
both calcium phosphate compounds and polymers. The coatings undergo a profound variation after
check for aging in simulated body fluid, both in terms of composition and structure. The tests, carried out in

updates simulated body fluid to scrutinize the corrosion resistance, have shown the protective behavior of the
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steel, while the corrosion current density decreased. This good behavior was further confirmed by
the very low quantification of the metal ions (practically absent) released in simulated body fluid
) during aging. Cytotoxicity tests using a pre-osteoblasts MC3T3-E1 cell line were also performed that
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of bone tissue [7,8]. Bone tissue consists of bone cells and an extracellular matrix that is
constituted of organic and inorganic components. The organic portion of tissue consists of
90% CL and other proteins such as osteocalcin, osteonectin, and osteopontin that confer
tensile strength to the bone and support the mineralized matrix [9]. The latter contains
mainly Ca and P in the form of hydroxyapatite crystals that confer mechanical strength, but
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also, other numerous elements are present [10,11]. Hydroxyapatite (HA, Ca1o(PO4)s(OH)y)
is a ceramic calcium phosphate compound largely used in the orthopedic field to obtain
coatings and scaffolds [12]. In addition, HA is already employed in the biomedical field due
to its great biocompatibility and osteoconductivity, which increase the strong connection
between bone and implanted devices [13,14]. According to Kim et al., HA coatings via
sol-gel deposition enhance osteoblastic activity in vitro because of their excellent crys-
tallinity and roughness, which gives a good response with bone cells [15]. In addition to
biocompatibility, it is also important to consider that the presence of a well-adhered and
compact coating could act as a barrier between the metal and periprosthetic tissues [16-18].
As soon as the implant is installed inside the body, corrosion phenomena can occur on the
metal surface due to the action of aggressive species such as chlorides richly present in
body fluids. The occurrence of corrosion phenomena causes the release of metal ions or
nanoparticles that can produce adverse local tissue reactions around periprosthetic tissues
during the post-surgery period [19].

In this context, the use of biopolymers can give added value in terms of performance,
and in particular, CS has been extensively adopted for composite coatings [20-23]. CSis a
linear polysaccharide compound, and it was synthesized for the first time by C. Rouget
in 1859 through the alkaline deacetylation of chitin, a homopolymer of 3-1,4-N-acetyl-
D-glucosamine. Chitin is extracted predominantly from crab and shrimp exoskeletons
and fungi [24-26]. The biological activity of CS represents a crucial factor associated
with deacetylation degree, and it is directly related to the amount of amino groups on the
hydrocarbon backbone of CS [27,28]. This biopolymer solves several technological solutions
such as in food and beverage technology, cosmetics, agriculture, water waste treatment, and
pharmaceutics [29,30]. In the last decades, numerous applications of CS have had beneficial
repercussions in biomedical fields because of its biocompatibility, biodegradability, and
antimicrobial and mucoadhesive properties. Recent studies were carried out in bone
healing, wound healing, drug delivery, tissue engineering, and biosensors [31-33].

As mentioned before, CL is the most plentiful protein in bone tissue. It promotes
the adhesion and proliferation of osteoblasts and improves the biocompatibility of the
coating [34,35]. This protein was employed in several studies regarding composite coating
on biodegradable metals [36,37], titanium alloys [38—40], and stainless steel [41,42]. In
addition, CL not only has angiogenic promotive properties [43,44] but, also, CL fibrils might
be able to chelate calcium ions in order to work as a nucleation site for CaP, stimulating the
development of a coating close to the natural bone [45].

The coating proposed in this work is aimed to inhibit corrosion phenomena and,
exploiting the characteristics and peculiarities of the three components, increase the bio-
compatibility of the orthopedic prosthesis to extend its lifetime inside the human body.
Another aspect to highlight is the deposition method adopted to coat the metal substrate.
In particular, galvanic deposition was used because it is able to realize biocompatible coat-
ing [46-51]. The distinctive feature of this technique is that it does not require any external
power supply. The galvanic contact between the working electrode and the sacrificial anode
drives the whole process in an electrochemical cell. In this process, the difference in the
electrochemical redox potential of the galvanic couple plays a crucial role in depositing
coatings on the metallic substrate [52]. Additionally, galvanic deposition is a scalable and
controllable process because it is based on the ratio of exposed areas between the anode and
cathode. This consolidated and very versatile technology is also appropriate for producing
numerous materials [53-55] in the nanostructured form [53-64]. In our other previous
works, CaP-based, CS-based, and composite coatings were obtained through galvanic
deposition on stainless steel [65-69]. In these works, we have demonstrated that, among
other things, galvanic deposition is also able to produce coatings with good adhesion on
the substrates and a lack of cytotoxicity.

In our previous work, the preliminary results on the fabrication of a calcium phosphate—
chitosan—collagen composite coating on AISI 304 were reported [70]. Here, the behavior of
these coatings was studied in detail. Corrosion tests were carried out in simulated body
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fluid (SBF) emulating the human body environment. Physical-chemical characterizations
of the coatings were carried out to investigate the morphology and chemical composition.
Furthermore, the release of metal ions from the coating in SBF was studied. The results
show that the obtained composite coatings can slow down the corrosive processes, and
also, they do not produce any kind of cytotoxic problems.

2. Materials and Methods
2.1. Materials

The composite coatings were fabricated on AISI 304 (UNS S30400, 0.025% wt. C, 18.18% wt.
Cr, 8.03% wt. Ni, 1.66% wt. Mn, 0.31% wt. Si, 0.031% wt. P, and 0.001% wt. S, and Fe at
balance) in the form of bars (1.5 cm x 7 cm X 0.3 cm). Zn (sheets of 3cm X 7 cm X 0.1 cm) was
used as a sacrificial anode. Prior to carrying out galvanic deposition, the electrodes were
mechanically pretreated. Initially, the metallic surfaces were degreased in an ultrasonic
bath in pure acetone for 10 min. Afterward, mechanical polishing with abrasive papers
(#150, #300, #800, #1200) was carried out. Finally, an ultrasonic washing was conducted
in deionized water and acetone three times, each lasting 5 min. After the degreasing step,
the surface was delimited with an insulator lacquer to expose an active area of 1.13 cm?
and 27 cm? for the cathode and anode, respectively. The cathodic solution was obtained
using calcium nitrate tetrahydrate (0.061 M), ammonium dihydrogen phosphate (0.036 M),
sodium nitrate (0.1 M), and lactic acid (0.08 M). This solution was prepared at 40 °C and
under continuous stirring. After the solubilization of the all salts, 5 gL. =1 of CS and 0.2 gL~
of collagen (type I) were added. The anodic solution consisted of sodium chloride (1 M).

2.2. Galvanic Deposition

Galvanic deposition was carried out in a two-compartment electrochemical cell con-
nected via a saturated potassium chloride salt bridge. A scheme of the apparatus can be
found in our previous works [67-69,71]. The electrodes were short-circuited through a
copper wire. A fresh solution was used for each experiment. The galvanic deposition
process was performed at 50 °C for 24 h by using a heating chamber with natural convec-
tion and an uncontrolled internal atmosphere (Binder, mod ED56, Tuttlingen, Germany).
After deposition, the samples were washed with distilled water and left to air dry before
characterizations.

2.3. Morphology Analysis

The morphology of the coatings was examined using an FEG-ESEM microscope
(model: QUANTA 200, FEI, Hillsboro, OR, USA) equipped with an energy dispersive spec-
troscopy (EDS) probe. EDS was performed in different areas of the sample to investigate its
homogeneity. In the text, the average values of deposit composition were reported.

2.4. X-ray Diffraction Analysis

The crystallographic structures were studied by X-ray diffraction using a RIGAKU
instrument (model: D-MAX 25600 HK, Tokyo, Japan). The analyses were carried out in the
2-theta range from 10° to 60° by means of copper Ko radiation (A = 1.54 A, setup conditions:
tube voltage 40 kV, current 30 mA, scan speed 4°min~!, sampling 0.01°). The results of
X-ray diffraction were studied and compared with the ICDD database [72].

2.5. Raman Spectroscopy and FT-IR/ATR Analysis

The Raman spectra were obtained using a Renishaw (model: inVia Raman Microscope,
Wotton-under-Edge, UK) spectrometer. The excitation was provided by the 532 nm line of
a Nd:YAG laser calibrated by the Raman peak of polycrystalline Si (520 cm~!). The Raman
spectra were analyzed via comparison with the RHUFF database. FI-IR/ATR analyses were
carried out by using an FT-IR/NIR Spectrum 400 spectrophotometer (Perkin-Elmer Inc.,
Wellesley, MA, USA). The spectra were collected in the range of 4000-500 cm 1.
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2.6. ICP-OES Analysis

To quantify the metal ion concentration released from the sample after 21 days of
aging in SBF at 37 £ 1 °C, inductively coupled plasma optical emission spectrometry
(ICP-OES, PerkinElmer Optima 2100 DV, Waltham, MA, USA) was also executed. In
particular, the concentration of Fe, Ni, Cr, Ca, and P was quantified by ICP-OES. Prior
to the sample analysis, for each element, a calibration line was obtained using standard
calibration solutions.

2.7. Corrosion Tests

The behavior of the coating against corrosion phenomena was studied by immersing
the samples in an SBF solution, prepared according to the procedure reported in [66],
for a period of 21 days at a temperature of 37 °C. SBF was prepared using MilliQ water
(18 MQcm) produced with an AQUA Max system (JOUNGLIN, Basic 360 and Ultra 370,
Gyeonggi-do, Korea). MilliQ water was heated at 37 &= 1 °C under stirring at 200 rpm. Then,
the salts were added in the same order reported in Table S1 (in Supplementary Materials).
Separately, 11.93 g of HEPES (2-(4-(2-hydroxyethyl)-1-piperazinyl)-ethanesulfonic acid) was
added in 100 mL of MilliQQ water at 37 °C, which afterward was mixed into the first solution.
pH was kept up to 7.40 with 0.8 mL of NaOH 1.0 M. The corrosion test consisted of the
monitoring of (OCP), potentiodynamic polarization (PP), and electrochemical impedance
spectroscopy (EIS) in a conventional three-electrode cell with a Pt wire as the counter
electrode and a 3.0 M Ag/AgCl as the reference electrode [65-69]. Corrosion potential
(Ecorr) and corrosion current density (icorr) Were calculated by extrapolation of Tafel’s
curves. The polarization measurements were performed with a scan rate of 0.166 mVs~! in
a potential range of £150 mV with respect to the OCP value. EIS was carried out in the
range frequency from 100 kHz to 0.1 Hz with 0.010 V of AC perturbation. The impedance
data were fitted using ZSimpWin software (Ametek, Berwyn, PA, USA). using an equivalent
circuit (EC).

2.8. Cytotoxicity

For cytotoxicity tests, the samples (1.5 cmx 3 cm x 0.3 cm) were first sterilized through
soaking in a 70% ethanol bath for 24 h with UV light exposure. Each sample was then
incubated with Dulbecco’s Modified Eagle Medium (DMEM, Sigma Aldrich, St. Louis, MO,
USA) at 37 °C for 24 h at a volume-to-surface area ratio of 5 mLcm 2. Subsequently, the
treated media were collected in a 50 mL Falcon to carry out cytotoxicity analyses. MC3T3-E1
Pre-osteoblastic cells, purchased from Sigma-Aldrich (ECACC), were cultured in DMEM
supplemented with 10% fetal bovine serum, 1% glutamine, and 1% antibiotic at 37 °C and
in a 5% CO, atmosphere. Cells were seeded into wells of a 24-well culture plate at the
concentration of 3 x 103 cells/well and incubated with normal DMEM at 37 °C and 5% CO,.
After 24 h, the medium was replaced with the treated medium. Cytotoxicity tests were
conducted after 0, 1, 5, and 8 days of culture. Cell viability was assessed with AlamarBlue
cell viability reagent (Invitrogen, Waltham, MA, USA). Each well was incubated for 3 h with
500 pL of AlamarBlue reagent (10x) diluted (1:10) in DMEM. The resulting fluorescence
was read on a plate reader at an excitation wavelength of 530/25 (peak excitation is 570 nm)
and an emission wavelength of 590/35 (peak of emission is 585 nm). Each experiment
reported in this work was repeated at least three times.

The determination of the cell number was carried out with a standard curve, prepared
seeding a known number of cells (from 103 up to 2 x 10°) into wells. After two hours, wells
were incubated at 37 °C with AlamarBlue following the procedure described above. The
calibration curve was obtained by plotting the number of the seeded cells as a function of
the read fluorescence.
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3. Results
3.1. Galvanic Deposition

Immediately after the electrodes were short-circuited and immersed in their solutions,
at both electrodes, a series of reactions occurred. Specifically, at the anodic compartment,
the dissolution of zinc occurred according to the following reaction (1):

Zn — Zn*" +2e~  (E° = —0.76 V/NHE) 1)

Electrons generated due to this anodic reaction moved to the working electrode,
which operated as the cathode, where the reduction reactions took place, in particular, the
reactions of electro generation of base produce hydroxyl ions on the surface of the cathode.
Nitrate ions, water molecules, and dissolved oxygen in solution were involved according
to the reactions (2)—(4) [73-78]:

NO; ™ + HyO +2¢~ — NO, ™ +20H ™ (Eeq = 0.0835 — 0.059 pH V/NHE)  (2)

2H,0 +2e~ — 20H™ + H, (Beq = 0.0 — 0.059 pH V/NHE) )
O, + 2H,0 +4e~ — 4OH~ (Eeq = 1.23 — 0.059 pH V/NHE) @)

Since the formation of the composite coating consists of a co-deposition, the reactions
that lead to the deposition of calcium phosphate and biopolymers must occur simulta-
neously. With regards to calcium phosphate, the mechanism of deposition occurs due
to equilibrium reactions related to the phosphate ions dissociation. In particular, the in-
crease in pH at the electrode interface due to the electrogeneration base reactions shifts the
dissociation equilibrium of H,PO4~ toward HPO,%~ (5):

H,PO,~ + OH™ +» HPO,>~ + H,O (pH =7.19) (5)

The formation of hydrogen phosphate ions leads to the precipitation brushite (BS)
(CaHPO4-2H;0) according to the reaction (6):

Ca?* + HPO4%™ + 2H,0 — CaHPO,-2H,0 (6)

BS is an electrically insulating compound. Therefore, if a compact and uniform coating
is deposited, the electrode surface is no longer exposed to the solution electrolyte, and
consequently, the hydroxyl ions would not be produced at the interface. However, in our
case, a non-uniform and porous layer of BS was formed and the electrogeneration of base
reactions was not hindered. Consequently, HPO,?~ ion continued to dissociate, forming
the orthophosphate ion according to the equilibrium (7):

HPO, %~ + OH™ < PO,*” + H,0  (pH = 12.03) (7)

As soon as pH reaches a value above 12, HA precipitation occurs following the
reaction (8):

10Ca%" + 6PO,>~ + 20H™ — Cajg(PO4)s(OH), |  (pH>12) (8)

Regarding biopolymers, the addition of lactic acid during the preparation of the
cathodic solution causes the solubilization of the polymeric chains. This is due to the proto-
nation of the amine groups present in the hydrocarbon backbone. As per the mechanism of
chitosan deposition, it is also due to the pH increase at the electrode/electrolyte interface.
This increase leads to the precipitation of the polymer according to the reaction (9):

Chit-NH?* + OH~ — Chit-NH, + H,O  (pKa 6.2-6.4) )
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Collagen is characterized by an isoelectric point around a pH of 7.4. According to
a study of Ling et al. the pH gradient interface plays a key role in composite formation
at the electrode/electrolyte [79]. Basically, the increase in pH causes the generation of
calcium phosphate crystals, and simultaneously, collagen fibrils assemble and mineralize
near the cathode surface. Although the increase in pH causes a negative charge on the
carboxyl groups, as a matter of fact, carboxyl groups act as nucleation points for the calcium
phosphate crystals [80,81]. In the meantime, collagen fibers are incorporated within the
coating. Therefore, this mechanism allows us to obtain a composite structure. According to
Wang et al., the presence of chitosan might contribute to changing the isoelectric point of
collagen since interactions are established between the biopolymer chains [82]. In a more
recent study, the same mechanism was proposed for the formation of the composite between
calcium phosphates and proteins, collagen/BSA, by electrochemical deposition [83].

3.2. Morphological Analysis

The SEM images of the composite coating with and without collagen and before and
after the aging in SBF are reported in Figure 1.

| After Aging in SBF "Before Aging in SBF|

CaP-5gL~'CS-0.2 gL~ CL |

‘c 100pum [

Figure 1. SEM images of the surface of the coatings at different magnifications: (a,b) CaP/CS and
(c,d) CaP/CS/CL before aging; (e,f) CaP/CS and (g,h) CaP/CS/CL after aging in SBE.

SEM images reveal that galvanic deposition allows us to deposit the coating on
the entire metallic surface exposed to the cathodic solution. In Figure la-d, a massive
deposition of the CaP crystals can be observed after deposition. However, the presence of
biopolymers was not detected since co-deposition creates an intimate structure between
the CaP crystals and polymeric macromolecules. The addition of CL does not contribute to
a substantial modification of the structure. It can be interesting to highlight the presence of
circular macropores. This peculiarity is attributable to the formation of chitosan in synergy
with the hydrogen evolution reaction (HER) [46,84,85] during the deposition. Specifically,
the final effect is a porous coating since the bubbles act as a dynamic template [86,87].
According to Makiewicz et al. [88], the high viscosity of the solution promotes the adhesion
of hydrogen bubbles on the cathode surface during deposition. This phenomenon creates
a barrier at the interface electrode/electrolyte that limits the deposition of the coating in
that area. Nevertheless, as soon as the bubble reaches a critical size value, the bubbles
detachment occurs, and therefore, the deposition begins again in the active area previously
occupied. In fact, although the holes appear hollow, their surface is covered by a thinly
deposited layer, as shown in the inset of Figure 1b.
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Coating morphology was also characterized after 21 days of aging in SBF. In previous
studies [66,68], we have observed that this time is sufficient to achieve a stable behavior
in the calcium-phosphate-based coatings. In both cases, the deposit covered the metallic
substrates, as shown in Figure 1e-h, with almost the same morphological characteristics
described above. From a chemical composition point of view, EDS data give interesting
semi-qualitative information, as shown in Figure 2.

T T T T T T T T T T T T T T T T T T
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Figure 2. EDS spectra of CaP/CS/CL coating: (a) before and (b) after aging in SBE.

In Table 1, Ca/P and Ca/Fe atomic ratios were reported. The first one is useful to
evaluate the coating composition, while the second ratio offers qualitative information
concerning its thickness. The data reported in Table 1 indicate that coatings are stable and
they are constituted by a mixture of BS (Ca/P = 1) and HA (Ca/P = 1.59~1.86) according
to the literature [89]. Fe atoms, coming from the steel substrate, were detected only in
the EDS spectra of the as-prepared coatings, Figure 2a. Even if a BS phase was present in
the as-deposited coating, after 21 days of aging, a total conversion into HA was observed.
Furthermore, Figure 2b shows the presence of additional atoms (Cl, K, Na, Mg) due to
chloride salts or the formation of other types of substances that are incorporated within the
coating [66,68]. Kumar et al. [90] have demonstrated the transformation of BS coating into
HA during aging in SBF. In particular, they have shown that a continuous dynamic process
of dissolution/reprecipitation occurs. This is in agreement with the mechanism proposed
by Nur et al. [91]. According to these authors, a reversible equilibrium is established
between the BS and HA phases in SBF according to the reaction (10):

10CaHPO, + 20H™ <5 Cayo(PO4)s(OH), + 4PO3~ + 10H*  (pH<12)  (10)

Table 1. Ca/P and Ca/Fe of the coatings before and after aging in SBF calculated from EDS results.
The mean deviation is 1.3%.

Before Aging Post Aging
Ca/P Ca/Fe Ca/P Ca/Fe
CaP—5gL~1CS 1.25 11.7 1.83 no Fe
CaP—5gL~1 CS—0.2gL~! CL 1.29 35.97 1.81 no Fe

The disappearance of Fe in the coating after aging suggests that there is a change
in the coating thickness. This is due to the continuous coating dissolution/precipitation
process that occurs in SBF, leading, as reported in the literature, to the increases in the
coating thickness. In particular, new crystals of calcium phosphate coming from the SBF
are formed and are incorporated along with other elements, as discussed above, into the
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coating [92]. The increase in thickness is also confirmed by XRD patterns where, after aging,
the diffraction peaks of the substrate are practically not present.

Figure 3 shows the XRD patterns of the coated samples. In addition, XRD analysis
was carried out also on AISI 304 to emphasize the shielding of peaks due to the presence of
coatings. In Figure 3a, BS peaks were identified for 2-theta equal to 11.65°, 20.95°, 29.29°,
and 30.54°. Furthermore, a peak for 2-theta equal to 25.87° relative to HA was observed.
Unfortunately, it was not possible to attest to the presence of biopolymers in the composite
coating. Nevertheless, an increase in the HA peaks was observed in the CaP/CS/CL
coating where the main peak of HA (2-theta = 25.87°) was more intense with respect to
the CaP/CS coating. After aging, the peaks of BS disappeared (Figure 3b), while new HA
peaks emerged for 2-theta equal to 25.87°, 31.74°, 32.18°, 32.87°, and 34.045°. These results
are in line with the equilibrium between CaP compounds described above [90,91].

T T T T b T T T T
CaP-5gL"CS-0.2gL"CL I i CaP-5gL"'CS-0.2gL" CL ]

—_

: -
o 3
~ © | l
> CaP -5gL" CS ~ CaP -5gL'CS
e 1 2
2 .‘T) M AlISI 304
) Alsl 304 C r =
€ 2

|‘ |‘ | |I||| ‘”h Al H dl | C I | |I||| Hh o ||| | ]
10 20 30 40 50 60 10 20 30 40 50 60

2-Theta (Degree) 2-Theta (Degree)

Figure 3. X-ray diffraction patterns of CaP/CS and CaP/CS/CL coatings: (a) before and (b) after
aging in SBE. The pattern of uncoated AISI 304 was also reported for comparison.

3.3. Raman Spectroscopy and FT-IR/ATR Analysis

Raman spectra were shown in Figure 4. For comparison with the composite coating,
Raman analysis was also performed on the CaPs sample without polymers. Through
this comparison, it was possible to see the effect of the presence of the polymeric matrix
within the coating structure [93-95]. BS is characterized by high splitting, and band shifts
can be attributed to the protonated phosphate group. In particular, the stretching of the
phosphate groups (v; P-O) can be observed at 985 cm~! and 878 cm~!. The Raman modes
at 1081 cm~! and 1059 cm~! were related to the stretching of the group POy (v3 P-O).
The vibrational modes at 379 cm ! and 415 cm ™! refer to the bending of the HPO, group
(v2 O-P-O). A less intense band was observed at 1121 cm ™!, which can be attributed to the
stretching of the HPO,42~ group (v3 P-O). In addition, the bands related to the bending of
the POy (v4 P-0: 593 cm ™) and to the stretching of the HPO42~ group (v4 O-P-O: 530 cm™1)
were observed. In CaP/CS/CL coating, the typical HA stretching mode (vq: 960 cm™—!)
is more intense with respect to the BS ones [94,96,97]. Signals related to chitosan can be
traced in the range between 1000~1500 cm ! and are due to stretching of the -CH,- groups
of the polymer [98-100]. The presence of collagen was confirmed by RAMAN modes at
1289 cm~! for Amide III, at 1349 cm ! related to bending (SCH), 1447 cm~! and 2933 cm ™!
related to the deformation of -CHj- and -CHs, respectively [101,102]. After 21 days of aging
in SBF, the typical HA vibrational mode was noted at 960 cm~! as the only crystalline phase
(Figure 4), in agreement with the XRD patterns previously shown. Typical fluorescence
interference, due to the polymer matrix of the coating, was also observed [103]. The absence
of collagen peaks is due to the mineralization of collagen during aging in SBF [104-106].
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Figure 4. RAMAN spectra of CaP/CS and CaP/CS/CL coatings: (a) before and (b) after aging in SBF.
The spectrum of the CaP coating was also reported for comparison.

For further confirmation of the presence of biopolymers within the composite, FT-
IR/ATR analyses were performed (Figure 5).

T T T T T T

CaP/CSICL Post Aging
CaP/CSICL Pre Aging
CaP/CS

CaP

Absorbance (a.u.)

B Brushite 7]
Hydroxyapatite | | |
[T ycnitesan, | [ L] L]

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 5. FT-IT/ATR spectra of CaP/CS and CaP/CS/CL coatings before and after aging in SBF. The
spectrum of the CaP coating was inserted for comparison.

The addition of chitosan revealed main absorption bands in the range 1700-1000 cm !

such as amine I C=0O stretching (1627 cm~!) and NH bending (1071 cm™1). In the range
3600-3000 cm ™!, the typical broad band related to the absorption of the -OH stretching of
the hydroxyl group, where the polymer matrix is present, is present [98,107]. The peaks
related to the presence of collagen are the stretching v(C-OC) at 1076 cm~! and the bending
5(N-H) at 1198 cm ! [108]. With regard to the inorganic component of the coating, a definite
absorption peak was observed in all samples for 1648 cm ! related to the bending of the H-
O-H bond. The presence of the HA phase in the composites is confirmed by the very intense
peak at 1040 cm ! belonging to the asymmetric stretching of the phosphate group. Both the
BS and HA phases are present in both coatings in agreement with the results obtained by
XRD and Raman [109-112]. The spectrum of the aged CaP/CS/CL sample in SBF solution
at 37 °C for 3 weeks was also collected to analyze its effect on the mineral phase of the
coating. By comparing CaP/CS/CL spectra before and after aging, the main changes can
be related to a slight decrease in the typical brushite peaks associated with the stretching
frequencies (VOH: 3540-3153 cm~!) and bend mode (SOH: 1642 cm~1). Furthermore, an
increase in the peaks attributable to the HA phase, in particular at 870 cm ! (vCO327), can
be observed [113]. This result is consistent with that obtained in our previous work [68].
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3.4. Corrosion Tests

To scrutinize the protective action of the coating, electrochemical tests were performed
in vitro using SBF solution at 37 °C. Each corrosion test involved a first step in which the
monitoring of OCP was executed for 30 min. This operation is necessary not only for
stabilizing the system but also because the presence of an abrupt spike of potential could be
a symptom of a chemical instability in the coating in SBE. In Figure S1 (in Supplementary
Materials) the results of the OCP measurements were reported. The OCP of uncoated
AISI 304 was also added for comparison. Considering the entire period of aging, it can be
possible to highlight that the composite coatings hold higher OCP values than bare steel.
Thus, the deposit on the metallic surface ensures a barrier effect. Although irregular and
porous morphologies were found in Figure 1, the protective skills of the coating were not
affected. In fact, the OCP value remains almost constant, with a minor variation of no
more than 10 mV during 30 min. Further confirmation comes from the polarization curves
reported in Figure 6a,b. In Table 2, values of Ecorr and icorr values were calculated by fitting
of Tafel’s curves.

1x107 : . . . . . . 1107 . . . . . b
1x10° | 4 1x10° | 4
& e
1 1
£ £
&’ 110 L 4 2 1%10% L 1
9O 1x107 | 4 @ 1x107 | 4
c c
@ [
a oD o oD
§ 1x107 | _r ] ‘g 1x10 L _r ]
——14D ——14D
t —21D t —21D
3 ——AISI 304 3 ——AISI 304
O 1x10@ | E O  1x10® | 4
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Figure 6. Tafel plots of the coating during 3-weeks of aging in the SBF solution: (a) CaP/CS/CL and (b)
CaP/CS. Tafel curves were recorded immediately after immersion (0 D), after 1 (1 D), 7 (7 D), 14 (14 D),
and 21 (21 D) days of immersion in SBE. The Tafel curve of the bare steel was also reported for comparison.

Table 2. Ecorr and icorr of CaP/CS/CL and CaP/CS coatings obtained by extrapolation of Tafel’s
curves from Figure 6. For comparison, Ecorr and icerr of the uncoated substrate were also reported.
The mean standard deviation was =+ 2%.

Time (Day)
0 1 7 14 21 AISI 304
CaP—5gL~1 CS—0.2gL~1 CL
Ecorr (mV) 24 43 85 92 71 —-183
icorr (Acm™2) 2.75 x 1077 212 x 1077 245 x 1077 215 x 1077 2.01 x 1077 8.92 x 1077
CaP—5gL~1 CS
Ecorr (mV) —147 —67 —24 -38 68 —-183

iCOI'I‘ (Acmiz)

4.86 x 1077 2.35 x 1077 213 x 1077 2.09 x 1077 212 x 1077 8.92 x 1077

In particular, in both coatings, a higher potential was observed during the aging
compared to the uncoated steel. As per CaP/CS/CL shown in Figure 6a, all the curves
remain higher than uncoated steel and shift toward nobler potentials. The same trend was
noticed for both samples, even if the CaP/CS/CL sample revealed more positive values
of Ecorr with respect to CaP/CS (Figure 6b). In Figure 6a, it can be observed that from the
beginning of aging in SBF, polarization curves move within the range of 0-100 mV and the
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Ecorr values remain positive and higher than bare steel [114]. A slight decrease in Ecorr was
observed on the 21st day of aging. In agreement with the literature data, these fluctuations
in icorr value are an additional proof of the continuous evolution of the coating in SBF
where BS/HA equilibrium was established [115,116]. The consequence of this dynamic
development is also the change in coating thickness, as discussed above, leading to the
different corrosion resistance during aging in SBF. For CaP/CS, in Figure 6b, at the end
of the 21st day of aging, an increase of approximately 200 mV from the beginning with
a slight decrease in icorr Was attested. From these data, it is possible to conclude that the
composite coating CaP/CS/CL is more stable than CaP/CS. It is important to underline,
the coatings cannot hinder phenomena corrosion, but they are able to decrease the rate of
metal dissolution inside the human body.

To evaluate the protective characteristics of the coating, EIS characterizations were
performed on CaP/CS/CL samples and Bode and Nyquist plots are reported in Figure 7.
Impedance data were fitted using an equivalent circuit Rs(CPE;R1)(CPE;(Ry(CPE3R3))),
shown in Figure 52 (in Supplementary Materials). This model was proposed by Orazem and
Tribollet [117], and the values are reported in Table S2 (in Supplementary Materials). R; is
related to the resistance of the solution. CPE; and R; are related to the outer layer of the
coating in contact with the solution. CPE; was inserted to model capacitance of the inner
layer of coating near the substrate, while R, gives information concerning the resistance
of the pore. CPE; and R3 describe double-layer capacitance and charge transfer resistance,
respectively. This model could fit systems with an outer layer thicker than the deepest one,
characterized by few pores. This morphology creates resistances related to mass transport to
diffusive phenomena [118,119]. This assumption may be plausible based on SEM images,
where inside circular macropores, there was found a compact coating in contact with the
substrate. With regard to the bare steel, a simpler Rs(CPE3R3) circuit was used, which takes
into account the resistance of the solution, the double-layer capacitance, and the charge
transfer resistance. The equivalent circuit fits the system well with a x? value of the order of
10~*. The relative error of each parameter is less than 10%. During aging, the values change,
and this is attributable to the continuous evolution of the coating in line with the above
results. The values showed an increase in overall impedance during the 3-week observation.
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Figure 7. Impedance spectra of CaP/CS/CL coating during 3-weeks of aging in SBF solution: (a—c)
Nyquist plots; (d-f) Bode plots. Impedance spectra were recorded immediately after immersion (0 D),
after 1 (1 D), 7 (7 D), 14 (14 D), and 21 (21 D) days of immersion in SBF.
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3.5. ICP-OES Analysis

A further confirmation of the protective effect of the coating was the quantification of
metal ions released (Fe, Ni, Cr) in the SBF solution after 21 days of aging. This quantification
was carried out by ICP-OES. As reported in Table 3, the concentration of metal ions is
very low, below the thresholds dangerous to human health [120]. In addition, in line with
our previous work [68], it can be noted that the concentration of calcium and phosphorus
ions changes in SBF after aging. This is due to the dissolution and reprecipitation of CaP
compounds in SBF [90,91] and, thus, is a further confirmation of the results discussed above.

Table 3. Concentration of ions in the SBF solution after 3-weeks of aging. For comparison, the
concentration of Ca and P ions in the as-prepared SBF solution was reported (SBF measured). The
mean standard deviation was 0.7%. (SBF calculated is the expected concentration determined from
the quantity of the salts used to prepare the solution).

Concentration (ppm)

Fe Cr Ni Ca P
SBF (measured) 0 0 0 103.75 31.74

SBF (calculated) 0 0 0 105 31
AISI 304 0.037 0 0 82.22 25.44
CaP—5gL~1CS 0.001 0 0 2 110
CaP—5gL~1 CS—0.2gL~! CL 0.001 0 0 4 117

3.6. Cytotoxicity

With regard to the cytotoxicity, an in vitro cellular test was carried out. The CaP/CS/CL
sample was soaked in a standard medium for 24 h at an established volume-to-surface
ratio according to the ISO standard [121]. MC3T3-E1 pre-osteoblastic cells were maintained
in culture for seven days with this treated medium. The cellular growth curve is shown in
Figure 8.

5%104 T T T T T T T T

—e—CaP-CS-CL
4x10% 7

3x104 [ .

Cells number

2x104 - 7

1%10% - A

0 1 2 3 4 5 6 7 8 9
Time (Days)

Figure 8. Viability, measured through AlamarBlue reagent, of MC3T3-E1 cells grown in CaP/CS/CL
coating treated media.

From the graphs, it can be appreciated that the number of cells increases in the time
from 3 x 10° (seeding days) to approximately 4 x 10° (8 days). These data indicate that
a physiological in vitro growth occurred. Therefore, the in vitro cell cytotoxicity assay
revealed the non-cytotoxicity—and consequently the biocompatibility—of the CaP/CS/CL
coated samples.
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4. Conclusions

In this work, CaP/CS/CL composite coatings were fabricated on AISI 304 via galvanic
deposition. The galvanic coupling between the working electrode and the sacrificial permits
the co-deposition of CaP and biopolymers creating a composite coating. SEM images show
that the metallic substrate of AISI 304 was thoroughly covered by the deposit. X-ray
diffraction reveals that the coating was a mixture of calcium phosphate compounds, in
particular brushite and hydroxyapatite, attested by their characteristic diffraction peaks.
Nevertheless, only the hydroxyapatite was found at the end of 3-week period of aging
in the simulated body fluid due to the total conversion of brushite into hydroxyapatite.
The presence of biopolymers was revealed by RAMAN spectroscopy and FI-IR/ATR.
Corrosion tests were executed for an aging period of 21 days in simulated body fluid
at 37 °C. From these tests, it was observed that the corrosion potential moved toward
higher values with respect to uncoated steel. Contemporaneously, corrosion current density
decreased, leading to a slow rate of corrosion of the substrate. In line with these results, EIS
attests an increase of approximately one order of magnitude in charge transport resistance.
A further confirmation of the protective action of coating came from the ICP-OES analyses
of the SBF solution before aging, where concentration values well below the threshold
limit value were found. In addition, the cytotoxicity test, carried out with MC3T3-E1
preosteoblastic cells, revealed that the CaP/CS/CL coated samples do not influence the
normal cellular growth and can be considered not cytotoxic and, consequently, suitable for
biomedical applications. Further tests are underway to evaluate whether the increase in
collagen concentration modifies the behavior of the coatings.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14235108/s1, Figure S1: OCP curves of: (a) CaP/CS/CL
and (b) CaP/CS coatings; Figure S2: Scheme of the Equivalent Circuit. Table S1: Composition of
SBF. Table S2: Fitting parameters of impedance measurements of CaP/CS/CL coatings obtained by
galvanic deposition during 3-weeks of aging in SBF solution.

Author Contributions: Conceptualization, C.Z., B.P, FL. and F.C.P,; methodology, C.Z., B.P, FL.,
E.C. and EC.P; validation, C.Z., B.P, FL., E.C. and EC.P; formal analysis, C.Z.; investigation, C.Z.,
B.P, EL., E.C. and EC.P; data curation, C.Z.; writing—original draft preparation, C.Z., B.P, FL.,
EC.P. and R.I; writing—review and editing, R.I., V.B. and V.L.C.; supervision, RI.,, V.B. and V.L.C. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1. Rony, L,; Lancigu, R.; Hubert, L. Intraosseous metal implants in orthopedics: A review. Morphologie 2018, 102, 231-242. [CrossRef]

2. Renganathan, G.; Tanneru, N.; Madurai, S.L. Orthopedical and biomedical applications of titanium and zirconium metals. In
Fundamental Biomaterials: Metals; Elsevier: Amsterdam, The Netherlands, 2018; pp. 211-241. ISBN 978-0-08-102205-4.

3. Jin, W,; Chu, PK. Orthopedic Implants. In Encyclopedia of Biomedical Engineering; Elsevier: Amsterdam, The Netherlands, 2019;
pp- 425-439. ISBN 978-0-12-805144-3.

4. Hudecki, A.; Kiryczynski, G.; Los, M.J. Biomaterials, Definition, Overview. In Stem Cells and Biomaterials for Regenerative Medicine;
Elsevier: Amsterdam, The Netherlands, 2019; pp. 85-98. ISBN 978-0-12-812258-7.

5. Gittens, R.A,; Olivares-Navarrete, R.; Schwartz, Z.; Boyan, B.D. Implant osseointegration and the role of microroughness and
nanostructures: Lessons for spine implants. Acta Biomater. 2014, 10, 3363-3371. [CrossRef]

6. Andrukhov, O.; Huber, R.; Shi, B.; Berner, S.; Rausch-Fan, X.; Moritz, A.; Spencer, N.D.; Schedle, A. Proliferation, behavior, and
differentiation of osteoblasts on surfaces of different microroughness. Dent. Mater. 2016, 32, 1374-1384. [CrossRef]

7. Gao, C,; Peng, S.; Feng, P; Shuai, C. Bone biomaterials and interactions with stem cells. Bone Res. 2017, 5, 17059. [CrossRef]


https://www.mdpi.com/article/10.3390/polym14235108/s1
https://www.mdpi.com/article/10.3390/polym14235108/s1
http://doi.org/10.1016/j.morpho.2018.09.003
http://doi.org/10.1016/j.actbio.2014.03.037
http://doi.org/10.1016/j.dental.2016.08.217
http://doi.org/10.1038/boneres.2017.59

Polymers 2022, 14, 5108 14 of 18

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Rho, J.-Y.; Kuhn-Spearing, L.; Zioupos, P. Mechanical properties and the hierarchical structure of bone. Med. Eng. Phys. 1998, 20,
92-102. [CrossRef]

Lian, ].B.; McKee, M.D.; Todd, A.M.; Gerstenfeld, L.C. Induction of bone-related proteins, osteocalcin and osteopontin, and their
matrix ultrastructural localization with development of chondrocyte hypertrophy in vitro. J. Cell. Biochem. 1993, 52, 206-219.
[CrossRef]

Liu, Y.; Luo, D.; Wang, T. Hierarchical Structures of Bone and Bioinspired Bone Tissue Engineering. Small 2016, 12, 4611-4632.
[CrossRef]

Monesi, V. Istologia, 7th ed.; Piccin-Nuova Libraria: Padua, Italy, 2018; ISBN 88-299-2813-5.

Huang, J.; Best, S. Ceramic biomaterials for tissue engineering. In Tissue Engineering Using Ceramics and Polymers; Elsevier:
Amsterdam, The Netherlands, 2014; pp. 3-34. ISBN 978-0-85709-712-5.

Fiume, E.; Magnaterra, G.; Rahdar, A.; Verné, E.; Baino, F. Hydroxyapatite for Biomedical Applications: A Short Overview.
Ceramics 2021, 4, 39. [CrossRef]

Firdaus Hussin, M.S.; Abdullah, H.Z.; Idris, M.I.,; Abdul Wahap, M.A. Extraction of natural hydroxyapatite for biomedical
applications—A review. Heliyon 2022, 8, €10356. [CrossRef] [PubMed]

Kim, H.-W.; Kim, H.-E.; Salih, V.; Knowles, ].C. Sol-gel-modified titanium with hydroxyapatite thin films and effect on osteoblast-
like cell responses. J. Biomed. Mater. Res. 2005, 74A, 294-305. [CrossRef]

Walter, N.; Stich, T.; Docheva, D.; Alt, V.; Rupp, M. Evolution of implants and advancements for osseointegration: A narrative
review. Injury 2022, 53, 569-573. [CrossRef]

Bohara, S.; Suthakorn, J. Surface coating of orthopedic implant to enhance the osseointegration and reduction of bacterial
colonization: A review. Biomater. Res. 2022, 26, 26. [CrossRef]

Kumar, S.; Nehra, M.; Kedia, D.; Dilbaghi, N.; Tankeshwar, K.; Kim, K.-H. Nanotechnology-based biomaterials for orthopaedic
applications: Recent advances and future prospects. Mater. Sci. Eng. C 2020, 106, 110154. [CrossRef]

Eltit, F; Wang, Q.; Wang, R. Mechanisms of Adverse Local Tissue Reactions to Hip Implants. Front. Bioeng. Biotechnol. 2019, 7, 176.
[CrossRef]

Kocak, EZ.; Yar, M.; Rehman, I.U. Hydroxyapatite-Integrated, Heparin- and Glycerol-Functionalized Chitosan-Based Injectable
Hydrogels with Improved Mechanical and Proangiogenic Performance. Int. J. Mol. Sci. 2022, 23, 5370. [CrossRef]

Huang, Z.; Chen, Y.; Feng, Q.-L.; Zhao, W.; Yu, B.; Tian, J.; Li, S.-J.; Lin, B.-M. In vivo bone regeneration with injectable
chitosan/hydroxyapatite/collagen composites and mesenchymal stem cells. Front. Mater. Sci. 2011, 5, 301-310. [CrossRef]

Sun, F; Pang, X.; Zhitomirsky, I. Electrophoretic deposition of composite hydroxyapatite-chitosan-heparin coatings. J. Mater.
Process. Technol. 2009, 209, 1597-1606. [CrossRef]

Kocak, EZ.; Talari, A.C.S.; Yar, M.; Rehman, I.U. In-Situ Forming pH and Thermosensitive Injectable Hydrogels to Stimulate
Angiogenesis: Potential Candidates for Fast Bone Regeneration Applications. Int. J. Mol. Sci. 2020, 21, 1633. [CrossRef]

Xiong Chang, X.; Mujawar Mubarak, N.; Ali Mazari, S.; Sattar Jatoi, A.; Ahmad, A.; Khalid, M.; Walvekar, R.; Abdullah, E.C,;
Karri, R.R; Siddiqui, M.T.H.; et al. A review on the properties and applications of chitosan, cellulose and deep eutectic solvent in
green chemistry. J. Ind. Eng. Chem. 2021, 104, 362-380. [CrossRef]

Qin, Z.; Zhao, L. The History of Chito/Chitin Oligosaccharides and Its Monomer. In Oligosaccharides of Chitin and Chitosan;
Zhao, L., Ed.; Springer: Singapore, 2019; pp. 3-14. ISBN 9789811394010.

Rkhaila, A.; Chtouki, T.; Erguig, H.; El Haloui, N.; Ounine, K. Chemical Proprieties of Biopolymers (Chitin/Chitosan) and Their
Synergic Effects with Endophytic Bacillus Species: Unlimited Applications in Agriculture. Molecules 2021, 26, 1117. [CrossRef]
Pérez-Alvarez, L.; Ruiz-Rubio, L.; Vilas-Vilela, J.L. Determining the Deacetylation Degree of Chitosan: Opportunities To Learn
Instrumental Techniques. J. Chem. Educ. 2018, 95, 1022-1028. [CrossRef]

Bhattarai, N.; Gunn, J.; Zhang, M. Chitosan-based hydrogels for controlled, localized drug delivery. Adv. Drug Deliv. Rev. 2010,
62, 83-99. [CrossRef]

Kabanov, V.L.; Novinyuk, L.V. Chitosan Application in Food Technology: A Review of Rescent Advances. Food Syst. 2020, 3,
10-15. [CrossRef]

Morin-Crini, N.; Lichtfouse, E.; Torri, G.; Crini, G. Applications of chitosan in food, pharmaceuticals, medicine, cosmetics,
agriculture, textiles, pulp and paper, biotechnology, and environmental chemistry. Environ. Chem. Lett. 2019, 17, 1667-1692.
[CrossRef]

de Sousa Victor, R.; Marcelo da Cunha Santos, A.; Viana de Sousa, B.; de Aratjo Neves, G.; Navarro de Lima Santana, L.;
Rodrigues Menezes, R. A Review on Chitosan’s Uses as Biomaterial: Tissue Engineering, Drug Delivery Systems and Cancer
Treatment. Materials 2020, 13, 4995. [CrossRef] [PubMed]

Amirthalingam, S.; Rangasamy, J. Chitosan-Based Biosensor Fabrication and Biosensing Applications. In Chitosan for Biomaterials III;
Jayakumar, R., Prabaharan, M., Eds.; Advances in Polymer Science; Springer International Publishing: Cham, Switzerland, 2021;
Volume 287, pp. 233-255. ISBN 978-3-030-83806-5.

Liu, Y.; Chen, J.; Li, P; Ning, N. The Effect of Chitosan in Wound Healing: A Systematic Review. Adv Ski. Wound Care 2021, 34,
262-266. [CrossRef]

Holzwarth, J.M.; Ma, P.X. Biomimetic nanofibrous scaffolds for bone tissue engineering. Biomaterials 2011, 32, 9622-9629.
[CrossRef]


http://doi.org/10.1016/S1350-4533(98)00007-1
http://doi.org/10.1002/jcb.240520212
http://doi.org/10.1002/smll.201600626
http://doi.org/10.3390/ceramics4040039
http://doi.org/10.1016/j.heliyon.2022.e10356
http://www.ncbi.nlm.nih.gov/pubmed/36082327
http://doi.org/10.1002/jbm.a.30191
http://doi.org/10.1016/j.injury.2022.05.057
http://doi.org/10.1186/s40824-022-00269-3
http://doi.org/10.1016/j.msec.2019.110154
http://doi.org/10.3389/fbioe.2019.00176
http://doi.org/10.3390/ijms23105370
http://doi.org/10.1007/s11706-011-0142-4
http://doi.org/10.1016/j.jmatprotec.2008.04.007
http://doi.org/10.3390/ijms21051633
http://doi.org/10.1016/j.jiec.2021.08.033
http://doi.org/10.3390/molecules26041117
http://doi.org/10.1021/acs.jchemed.7b00902
http://doi.org/10.1016/j.addr.2009.07.019
http://doi.org/10.21323/2618-9771-2020-3-1-10-15
http://doi.org/10.1007/s10311-019-00904-x
http://doi.org/10.3390/ma13214995
http://www.ncbi.nlm.nih.gov/pubmed/33171898
http://doi.org/10.1097/01.ASW.0000723128.58588.b5
http://doi.org/10.1016/j.biomaterials.2011.09.009

Polymers 2022, 14, 5108 15 of 18

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Xia, Z.; Yu, X,; Jiang, X.; Brody, H.D.; Rowe, D.W.; Wei, M. Fabrication and characterization of biomimetic collagen—apatite
scaffolds with tunable structures for bone tissue engineering. Acta Biomater. 2013, 9, 7308-7319. [CrossRef] [PubMed]

Qian, J.; Zhang, W.; Chen, Y.; Zeng, P; Wang, J.; Zhou, C.; Zeng, H.; Sang, H.; Huang, N.; Zhang, H.; et al. Osteogenic
and angiogenic bioactive collagen entrapped calcium/zinc phosphates coating on biodegradable Zn for orthopedic implant
applications. Biomater. Adv. 2022, 136, 212792. [CrossRef]

Guo, Y,; Su, Y,; Gu, R; Zhang, Z; Li, G,; Lian, ].; Ren, L. Enhanced corrosion resistance and biocompatibility of biodegradable
magnesium alloy modified by calcium phosphate/collagen coating. Surf. Coat. Technol. 2020, 401, 126318. [CrossRef]

Sun, T.; Lee, W.-C.; Wang, M. A comparative study of apatite coating and apatite/collagen composite coating fabricated on NiTi
shape memory alloy through electrochemical deposition. Mater. Lett. 2011, 65, 2575-2577. [CrossRef]

de Jonge, L.T.; Leeuwenburgh, S.C.G.; van den Beucken, ]J.J.J.P; te Riet, J.; Daamen, W.E,; Wolke, J.G.C.; Scharnweber, D.;
Jansen, J.A. The osteogenic effect of electrosprayed nanoscale collagen/calcium phosphate coatings on titanium. Biomaterials
2010, 31, 2461-2469. [CrossRef]

Hu, C.; Yu, L.; Wei, M. Sectioning studies of biomimetic collagen-hydroxyapatite coatings on Ti-6Al-4V substrates using focused
ion beam. Appl. Surf. Sci. 2018, 444, 590-597. [CrossRef]

Liu, X,; Liu, W.-C.; Wang, H.-Y; Li, V.L.; Chen, Y.-C.; Wang, A.-N.; Wu, C.-J,; Li, Y.; Zhao, G.; Lin, C; et al. Polyelectrolyte
multilayer composite coating on 316 L stainless steel for controlled release of dual growth factors accelerating restoration of bone
defects. Mater. Sci. Eng. C 2021, 126, 112187. [CrossRef] [PubMed]

Tapsir, Z.; Saidin, S. Synthesis and characterization of collagen-hydroxyapatite immobilized on polydopamine grafted stainless
steel. Surf. Coat. Technol. 2016, 285, 11-16. [CrossRef]

Turner, K.R.; Adams, C.; Staelens, S.; Deckmyn, H.; San Antonio, J. Crucial Role for Endothelial Cell «231 Integrin Receptor
Clustering in Collagen-Induced Angiogenesis. Anat. Rec. 2020, 303, 1604-1618. [CrossRef]

Whelan, M.C.; Senger, D.R. Collagen I Initiates Endothelial Cell Morphogenesis by Inducing Actin Polymerization through
Suppression of Cyclic AMP and Protein Kinase A. J. Biol. Chem. 2003, 278, 327-334. [CrossRef]

Niu, X.; Fan, R.; Tian, F.; Guo, X; Li, P; Feng, Q.; Fan, Y. Calcium concentration dependent collagen mineralization. Mater. Sci.
Eng. C 2017, 73, 137-143. [CrossRef]

Pawlowski, L.; Bartmanski, M.; Mielewczyk-Gryni, A.; Cieslik, B.M.; Gajowiec, G.; Zielifiski, A. Electrophoretically Deposited
Chitosan/Eudragit E 100/ AgNPs Composite Coatings on Titanium Substrate as a Silver Release System. Materials 2021, 14, 4533.
[CrossRef]

Bartmanski, M.; Pawlowski, L.; Zieliiski, A.; Mielewczyk-Gryn, A.; Strugala, G.; Cieslik, B. Electrophoretic Deposition and
Characteristics of Chitosan—Nanosilver Composite Coatings on a Nanotubular TiO, Layer. Coatings 2020, 10, 245. [CrossRef]
Cometa, S.; Bonifacio, M.A.; Baruzzi, F,; de Candia, S.; Giangregorio, M.M.; Giannossa, L.C.; Dicarlo, M.; Mattioli-Belmonte, M.;
Sabbatini, L.; De Giglio, E. Silver-loaded chitosan coating as an integrated approach to face titanium implant-associated infections:
Analytical characterization and biological activity. Anal. Bioanal. Chem. 2017, 409, 7211-7221. [CrossRef]

Kharitonov, D.S.; Kasach, A.A.; Gibala, A.; Zimowska, M.; Kurilo, L.I.; Wrzesiniska, A.; Szyk-Warszynska, L.; Warszynski, P.
Anodic Electrodeposition of Chitosan—-AgNP Composites Using In Situ Coordination with Copper Ions. Materials 2021, 14, 2754.
[CrossRef]

Li, B,; Xia, X,; Guo, M; Jiang, Y.; Li, Y.; Zhang, Z.; Liu, S.; Li, H.; Liang, C.; Wang, H. Biological and antibacterial properties of the
micro-nanostructured hydroxyapatite/chitosan coating on titanium. Sci. Rep. 2019, 9, 14052. [CrossRef]

Yuan, Q.; Zhang, Z.; Yang, Y,; Jian, Y,; Li, R.; Dai, X.; Wu, W.; Zhong, J.; Chen, C. Synthesis, characterization and biological
performance study of Sr-doped hydroxyapatite/chitosan composite coatings. Mater. Chem. Phys. 2021, 270, 124752. [CrossRef]
Schlesinger, M.; Paunovic, M. (Eds.) The electrochemical society series. In Modern Electroplating, 5th ed.; Wiley: Hoboken, NJ,
USA, 2010; ISBN 978-0-470-16778-6.

Battaglia, M.; Piazza, S.; Sunseri, C.; Inguanta, R. Amorphous silicon nanotubes via galvanic displacement deposition. Electrochem.
Commun. 2013, 34, 134-137. [CrossRef]

Inguanta, R.; Ferrara, G.; Piazza, S.; Sunseri, C. A new route to grow oxide nanostructures based on metal displacement deposition.
Lanthanides oxy/hydroxides growth. Electrochim. Acta 2012, 76, 77-87. [CrossRef]

Inguanta, R.; Piazza, S.; Sunseri, C. A Route to Grow Oxide Nanostructures Based on Metal Displacement Deposition: Lanthanides
Oxy/Hydroxides Characterization. . Electrochem. Soc. 2012, 159, D493-D500. [CrossRef]

Patella, B.; Inguanta, R.; Piazza, S.; Sunseri, C. A nanostructured sensor of hydrogen peroxide. Sens. Actuators B Chem. 2017, 245,
44-54. [CrossRef]

Cocchiara, C.; Sunseri, C.; Piazza, S.; Inguanta, R. Pb-PbOHCI Composite Nanowires Synthesized by Galvanic Deposition in
Template. J. Nanosci. Nanotechnol. 2019, 19, 4677-4685. [CrossRef]

Patella, B.; Inguanta, R.; Piazza, S.; Sunseri, C. Nanowire ordered arrays for electrochemical sensing of HyO,. Chem. Eng. Trans.
2016, 47, 19-24. [CrossRef]

Inguanta, R.; Piazza, S.; Sunseri, C. Synthesis of self-standing Pd nanowires via galvanic displacement deposition. Electrochem.
Commun. 2009, 11, 1385-1388. [CrossRef]

Inguanta, R.; Piazza, S.; Sunseri, C. Novel procedure for the template synthesis of metal nanostructures. Electrochem. Commun.
2008, 10, 506-509. [CrossRef]


http://doi.org/10.1016/j.actbio.2013.03.038
http://www.ncbi.nlm.nih.gov/pubmed/23567944
http://doi.org/10.1016/j.bioadv.2022.212792
http://doi.org/10.1016/j.surfcoat.2020.126318
http://doi.org/10.1016/j.matlet.2011.05.107
http://doi.org/10.1016/j.biomaterials.2009.11.114
http://doi.org/10.1016/j.apsusc.2018.03.045
http://doi.org/10.1016/j.msec.2021.112187
http://www.ncbi.nlm.nih.gov/pubmed/34082986
http://doi.org/10.1016/j.surfcoat.2015.11.024
http://doi.org/10.1002/ar.24277
http://doi.org/10.1074/jbc.M207554200
http://doi.org/10.1016/j.msec.2016.12.079
http://doi.org/10.3390/ma14164533
http://doi.org/10.3390/coatings10030245
http://doi.org/10.1007/s00216-017-0685-z
http://doi.org/10.3390/ma14112754
http://doi.org/10.1038/s41598-019-49941-0
http://doi.org/10.1016/j.matchemphys.2021.124752
http://doi.org/10.1016/j.elecom.2013.05.041
http://doi.org/10.1016/j.electacta.2012.04.146
http://doi.org/10.1149/2.047208jes
http://doi.org/10.1016/j.snb.2017.01.106
http://doi.org/10.1166/jnn.2019.16362
http://doi.org/10.3303/CET1647004
http://doi.org/10.1016/j.elecom.2009.05.012
http://doi.org/10.1016/j.elecom.2008.01.019

Polymers 2022, 14, 5108 16 of 18

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Inguanta, R; Ferrara, G.; Piazza, S.; Sunseri, C. Nanostructure fabrication by template deposition into anodic alumina membranes.
Chem. Eng. Trans. 2009, 17, 957-962. [CrossRef]

Inguanta, R.; Ferrara, G.; Piazza, S.; Sunseri, C. Fabrication and characterization of metal and metal oxide nanostructures grown
by metal displacement deposition into anodic alumina membranes. Chem. Eng. Trans. 2011, 24, 199-204. [CrossRef]

Battaglia, M.; Piazza, S.; Sunseri, C.; Inguanta, R. Amorphous silicon nanotubes. In Silicon Nanomaterials Sourcebook; Sattler, K.D.,
Ed.; Series: Series in Materials Science and Engineering; CRC Press: Boca Raton, FL, USA, 2017; pp. 565-590. ISBN 978-1-315-
15354-4.

Cocchiara, C.; Patella, B.; Ganci, F; Insinga, M.G.; Piazza, S.; Sunseri, C.; Inguanta, R. Nanostructured Materials Obtained by
Electrochemical Methods. In 21st Century Nanoscience—A Handbook; Sattler, K.D., Ed.; CRC Press: Boca Raton, FL, USA, 2020;
ISBN 978-0-429-34042-0.

Blanda, G.; Brucato, V.; Pavia, E.C.; Greco, S.; Piazza, S.; Sunseri, C.; Inguanta, R. Galvanic deposition and characterization of
brushite/hydroxyapatite coatings on 316L stainless steel. Mater. Sci. Eng. C 2016, 64, 93—101. [CrossRef]

Blanda, G.; Brucato, V.; Pavia, FE.C.; Greco, S.; Piazza, S.; Sunseri, C.; Inguanta, R. In Vitro Corrosion and Biocompatibility of
Brushite/Hydroxyapatite Coatings Obtained by Galvanic Deposition on 316LSS. J. Electrochem. Soc. 2018, 165, G1-G10. [CrossRef]
Blanda, G.; Brucato, V.; Carfi, F.,; Conoscenti, G.; La Carrubba, V.; Piazza, S.; Sunseri, C.; Inguanta, R. Chitosan-Coating Deposition
via Galvanic Coupling. ACS Biomater. Sci. Eng. 2019, 5, 1715-1724. [CrossRef] [PubMed]

Mendolia, I.; Zanca, C.; Ganci, E; Conoscenti, G.; Pavia, FC.; Brucato, V.; La Carrubba, V.; Lopresti, F,; Piazza, S.; Sunseri, C.; et al.
Calcium phosphate/polyvinyl acetate coatings on SS304 via galvanic co-deposition for orthopedic implant applications. Surf.
Coat. Technol. 2021, 408, 126771. [CrossRef]

Zanca, C.; Carbone, S.; Patella, B.; Lopresti, F.; Aiello, G.; Brucato, V.; Carfi Pavia, F.; La Carrubba, V.; Inguanta, R. Composite
Coatings of Chitosan and Silver Nanoparticles Obtained by Galvanic Deposition for Orthopedic Implants. Polymers 2022, 14,
3915. [CrossRef]

Zanca, C.; Cordaro, G.; Capuana, E.; Brucato, V.; Pavia, F.C.; Carrubba, V.L.; Ghersi, G.; Inguanta, R. Galvanic Deposition Of
Hydroxyapatite/Chitosan/Collagen Coatings On 304 Stainless Steel. Chem. Eng. Trans. 2021, 86, 1399-1404.

Zanca, C.; Mendolia, I.; Capuana, E.; Blanda, G.; Carfi Pavia, F.; Brucato, V.; Ghersi, G.; la Carrubba, V.; Piazza, S.; Sunseri, C.;
et al. Co-Deposition and Characterization of Hydroxyapatite-Chitosan and Hydroxyapatite-Polyvinylacetate Coatings on 304 SS
for Biomedical Devices. KEM 2019, 813, 153-158. [CrossRef]

International Centre for Diffraction Data. Power Diffraction File; International Centre for Diffraction Data: Newtown Square, PA,
USA, 2007.

Nobial, M.; Devos, O.; Mattos, O.R.; Tribollet, B. The nitrate reduction process: A way for increasing interfacial pH. J. Electroanal.
Chem. 2007, 600, 87-94. [CrossRef]

Dronova, M.; Lair, V.; Vermaut, P; Ringuedé, A.; An, V. Study of ceria thin films prepared via electrochemical deposition: Role of
selected electrochemical parameters on growth kinetics. Thin Solid Film. 2020, 693, 137674. [CrossRef]

Therese, G.H.A.; Kamath, P.V. Electrochemical Synthesis of Metal Oxides and Hydroxides. Chem. Mater. 2000, 12, 1195-1204.
[CrossRef]

Indira, L.; Kamath, P.V. Electrogeneration of base by cathodic reduction of anions: Novel one-step route to unary and layered
double hydroxides (LDHs). |. Mater. Chem. 1994, 4, 1487. [CrossRef]

Patella, B.; Moukri, N.; Regalbuto, G.; Cipollina, C.; Pace, E.; Di Vincenzo, S.; Aiello, G.; O'Riordan, A.; Inguanta, R. Electrochemi-
cal Synthesis of Zinc Oxide Nanostructures on Flexible Substrate and Application as an Electrochemical Immunoglobulin-G
Immunosensor. Materials 2022, 15, 713. [CrossRef]

Lei, Y.; Song, B.; van der Weijden, R.D.; Saakes, M.; Buisman, C.].N. Electrochemical Induced Calcium Phosphate Precipitation:
Importance of Local pH. Environ. Sci. Technol. 2017, 51, 11156-11164. [CrossRef]

Ling, T.; Lin, J.; Tu, J.; Liu, S.; Weng, W.; Cheng, K.; Wang, H.; Du, P; Han, G. Mineralized collagen coatings formed by
electrochemical deposition. J. Mater. Sci. Mater. Med. 2013, 24, 2709-2718. [CrossRef]

Toworfe, G.K.; Composto, R.J.; Shapiro, LM.; Ducheyne, P. Nucleation and growth of calcium phosphate on amine-, carboxyl-
and hydroxyl-silane self-assembled monolayers. Biomaterials 2006, 27, 631-642. [CrossRef]

Kikuchi, M; Itoh, S.; Ichinose, S.; Shinomiya, K.; Tanaka, J. Self-organization mechanism in a bone-like hydroxyapatite/collagen
nanocomposite synthesized in vitro and its biological reaction in vivo. Biomaterials 2001, 22, 1705-1711. [CrossRef]

Wang, X.; Sang, L.; Luo, D.; Li, X. From collagen—chitosan blends to three-dimensional scaffolds: The influences of chitosan on
collagen nanofibrillar structure and mechanical property. Colloids Surf. B Biointerfaces 2011, 82, 233-240. [CrossRef]

Zhuang, J; Lin, J.; Li, ].; Wang, H.; Cheng, K.; Weng, W. Electrochemical deposition of mineralized BSA /collagen coating. Mater.
Sci. Eng. C 2016, 66, 66-76. [CrossRef]

Nawrotek, K.; Grams, J. Understanding Electrodeposition of Chitosan-Hydroxyapatite Structures for Regeneration of Tubular-
Shaped Tissues and Organs. Materials 2021, 14, 1288. [CrossRef] [PubMed]

Witecka, A.; Valet, S.; Basista, M.; Boccaccini, A.R. Electrophoretically deposited high molecular weight chitosan/bioactive glass
composite coatings on WE43 magnesium alloy. Surf. Coat. Technol. 2021, 418, 127232. [CrossRef]

Gong, J.; Zhang, W,; Liu, T.; Zhang, L. Facile fabrication of chitosan—calcium carbonate nanowall arrays and their use as a sensitive
non-enzymatic organophosphate pesticide sensor. Nanoscale 2011, 3, 3123. [CrossRef] [PubMed]


http://doi.org/10.3303/CET0917160
http://doi.org/10.3303/CET1124034
http://doi.org/10.1016/j.msec.2016.03.088
http://doi.org/10.1149/2.0391802jes
http://doi.org/10.1021/acsbiomaterials.8b01548
http://www.ncbi.nlm.nih.gov/pubmed/33405548
http://doi.org/10.1016/j.surfcoat.2020.126771
http://doi.org/10.3390/polym14183915
http://doi.org/10.4028/www.scientific.net/KEM.813.153
http://doi.org/10.1016/j.jelechem.2006.03.003
http://doi.org/10.1016/j.tsf.2019.137674
http://doi.org/10.1021/cm990447a
http://doi.org/10.1039/jm9940401487
http://doi.org/10.3390/ma15030713
http://doi.org/10.1021/acs.est.7b03909
http://doi.org/10.1007/s10856-013-5028-9
http://doi.org/10.1016/j.biomaterials.2005.06.017
http://doi.org/10.1016/S0142-9612(00)00305-7
http://doi.org/10.1016/j.colsurfb.2010.08.047
http://doi.org/10.1016/j.msec.2016.04.088
http://doi.org/10.3390/ma14051288
http://www.ncbi.nlm.nih.gov/pubmed/33800345
http://doi.org/10.1016/j.surfcoat.2021.127232
http://doi.org/10.1039/c1nr10286a
http://www.ncbi.nlm.nih.gov/pubmed/21674113

Polymers 2022, 14, 5108 17 of 18

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.
105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Yang, S.; Jia, W.-Z.; Qian, Q.-Y.; Zhou, Y.-G.; Xia, X.-H. Simple Approach for Efficient Encapsulation of Enzyme in Silica Matrix
with Retained Bioactivity. Anal. Chem. 2009, 81, 3478-3484. [CrossRef]

Makiewicz, M.; Wach, R.A.; Nawrotek, K. Investigation of Parameters Influencing Tubular-Shaped Chitosan-Hydroxyapatite
Layer Electrodeposition. Molecules 2020, 26, 104. [CrossRef] [PubMed]

Abdel-Aal, E.A; Dietrich, D.; Steinhaeuser, S.; Wielage, B. Electrocrystallization of nanocrystallite calcium phosphate coatings on
titanium substrate at different current densities. Surf. Coat. Technol. 2008, 202, 5895-5900. [CrossRef]

Kumar, M.; Dasarathy, H.; Riley, C. Electrodeposition of brushite coatings and their transformation to hydroxyapatite in aqueous
solutions. . Biomed. Mater. Res. 1999, 45, 302-310. [CrossRef]

Nur, A.; Setyawan, H.; Widjaja, A.; Lenggoro, I.W. Electrochemical Processes for the Formation of Hydroxyapatite Powders. Bull.
Chem. React. Eng. Catal. 2014, 9, 168-174. [CrossRef]

Lu, X.; Leng, Y. Theoretical analysis of calcium phosphate precipitation in simulated body fluid. Biomaterials 2005, 26, 1097-1108.
[CrossRef]

Penel, G.; Leroy, N.; Van Landuyt, P,; Flautre, B.; Hardouin, P.; Lemaitre, ]J.; Leroy, G. Raman microspectrometry studies of
brushite cement: In vivo evolution in a sheep model. Bone 1999, 25, 815-84S. [CrossRef]

Koutsopoulos, S. Synthesis and characterization of hydroxyapatite crystals: A review study on the analytical methods. J. Biomed.
Mater. Res. 2002, 62, 600—-612. [CrossRef] [PubMed]

Sauer, G.R.; Zunic, W.B.; Durig, ].R.; Wuthier, R.E. Fourier transform raman spectroscopy of synthetic and biological calcium
phosphates. Calcif. Tissue Int. 1994, 54, 414-420. [CrossRef]

Penel, G.; Leroy, G.; Rey, C.; Bres, E. MicroRaman Spectral Study of the PO4 and COj3; Vibrational Modes in Synthetic and
Biological Apatites. Calcif. Tissue Int. 1998, 63, 475-481. [CrossRef]

Baradaran, S.; Moghaddam, E.; Basirun, W.J.; Mehrali, M.; Sookhakian, M.; Hamdi, M.; Moghaddam, M.R.N.; Alias, Y. Mechanical
properties and biomedical applications of a nanotube hydroxyapatite-reduced graphene oxide composite. Carbon 2014, 69, 32-45.
[CrossRef]

Zajac, A.; Hanuza, J.; Wandas, M.; Dymiriska, L. Determination of N-acetylation degree in chitosan using Raman spectroscopy.
Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2015, 134, 114-120. [CrossRef]

Socrates, G. Infrared and Raman Characteristic Group Frequencies: Tables and Charts, 3rd ed.; repr. as paperback; Wiley: Chichester,
UK, 2010; ISBN 978-0-470-09307-8.

Lin-Vien, D. (Ed.) The Handbook of Infrared and Raman Characteristic Frequencies of Organic Molecules; Academic Press: Boston, MA,
USA, 1991; ISBN 978-0-12-451160-6.

Gullekson, C.; Lucas, L.; Hewitt, K.; Kreplak, L. Surface-Sensitive Raman Spectroscopy of Collagen I Fibrils. Biophys. ]. 2011, 100,
1837-1845. [CrossRef] [PubMed]

Carcamo, ].].; Aliaga, A.E.; Clavijo, R.E.; Brafies, M.R.; Campos-Vallette, M.M. Raman study of the shockwave effect on collagens.
Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2012, 86, 360-365. [CrossRef] [PubMed]

Purcell, EJ.; Bello, ].M. Fluorescence-Free Raman Spectra of Polymers; Adar, F., Griffiths, J.E., Eds.; SPIE: Bellingham, WA, USA, 1990;
pp. 135-143.

Cui, E-Z.; Li, Y.; Ge, ] Self-assembly of mineralized collagen composites. Mater. Sci. Eng. R Rep. 2007, 57, 1-27. [CrossRef]

Liu, Y;; Luo, D,; Liu, S;; Fu, Y.; Kou, X.; Wang, X; Sha, Y.; Gan, Y.; Zhou, Y. Effect of Nanostructure of Mineralized Collagen
Scaffolds on Their Physical Properties and Osteogenic Potential. J. Biomed. Nanotechnol. 2014, 10, 1049-1060. [CrossRef] [PubMed]
Du, C,; Cui, FZ.; Zhang, W.; Feng, Q.L.; Zhu, X.D.; de Groot, K. Formation of calcium phosphate/collagen composites through
mineralization of collagen matrix. J. Biomed. Mater. Res. 2000, 50, 518-527. [CrossRef]

Vigneshwari, S.; Gokula, V. Extraction and FTIR characterization of chitosan from Portunus pelagicus shell wastes. Int. J. Adv. Sci.
Res. Manag. 2018, 3, 91-95. [CrossRef]

Belbachir, K.; Noreen, R.; Gouspillou, G.; Petibois, C. Collagen types analysis and differentiation by FTIR spectroscopy. Anal.
Bioanal. Chem. 2009, 395, 829-837. [CrossRef]

Gheisari, H.; Karamian, E.; Abdellahi, M. A novel hydroxyapatite -Hardystonite nanocomposite ceramic. Ceram. Int. 2015, 41,
5967-5975. [CrossRef]

Binitha, M.P,; Pradyumnan, P.P. Dielectric Property Studies of Biologically Compatible Brushite Single Crystals Used as Bone
Graft Substitute. J. Biomater. Nanobiotechnology 2013, 4, 119-122. [CrossRef]

Singh, S.; Singh, V.; Aggarwal, S.; Mandal, U. Synthesis of brushite nanoparticles at different temperatures. Chem. Pap. 2010, 64,
491-498. [CrossRef]

Lee, D.; Kumta, P.N. Chemical synthesis and stabilization of magnesium substituted brushite. Mater. Sci. Eng. C 2010, 30, 934-943.
[CrossRef]

Slésarczyk, A.; Paszkiewicz, Z.; Paluszkiewicz, C. FTIR and XRD evaluation of carbonated hydroxyapatite powders synthesized
by wet methods. J. Mol. Struct. 2005, 744-747, 657-661. [CrossRef]

Paul, S.; Mandal, C. Biocompatibly Coated 304 Stainless Steel as Superior Corrosion-Resistant Implant Material to 316L Steel. J.
Mater. Eng. Perform. 2013, 22, 3147-3154. [CrossRef]

Shibata, H.; Yokoi, T.; Goto, T.; Kim, L.Y.; Kawashita, M.; Kikuta, K.; Ohtsuki, C. Behavior of hydroxyapatite crystals in a simulated
body fluid: Effects of crystal face. J. Ceram. Soc. Jpn. 2013, 121, 807-812. [CrossRef]


http://doi.org/10.1021/ac802739h
http://doi.org/10.3390/molecules26010104
http://www.ncbi.nlm.nih.gov/pubmed/33379393
http://doi.org/10.1016/j.surfcoat.2008.06.139
http://doi.org/10.1002/(SICI)1097-4636(19990615)45:4&lt;302::AID-JBM4&gt;3.0.CO;2-A
http://doi.org/10.9767/bcrec.9.3.6686.168-174
http://doi.org/10.1016/j.biomaterials.2004.05.034
http://doi.org/10.1016/S8756-3282(99)00139-8
http://doi.org/10.1002/jbm.10280
http://www.ncbi.nlm.nih.gov/pubmed/12221709
http://doi.org/10.1007/BF00305529
http://doi.org/10.1007/s002239900561
http://doi.org/10.1016/j.carbon.2013.11.054
http://doi.org/10.1016/j.saa.2014.06.071
http://doi.org/10.1016/j.bpj.2011.02.026
http://www.ncbi.nlm.nih.gov/pubmed/21463598
http://doi.org/10.1016/j.saa.2011.10.049
http://www.ncbi.nlm.nih.gov/pubmed/22079890
http://doi.org/10.1016/j.mser.2007.04.001
http://doi.org/10.1166/jbn.2014.1794
http://www.ncbi.nlm.nih.gov/pubmed/24749399
http://doi.org/10.1002/(SICI)1097-4636(20000615)50:4&lt;518::AID-JBM7&gt;3.0.CO;2-W
http://doi.org/10.36282/IJASRM/3.10.2018.879
http://doi.org/10.1007/s00216-009-3019-y
http://doi.org/10.1016/j.ceramint.2015.01.033
http://doi.org/10.4236/jbnb.2013.42016
http://doi.org/10.2478/s11696-010-0032-8
http://doi.org/10.1016/j.msec.2010.04.007
http://doi.org/10.1016/j.molstruc.2004.11.078
http://doi.org/10.1007/s11665-013-0590-3
http://doi.org/10.2109/jcersj2.121.807

Polymers 2022, 14, 5108 18 of 18

116.

117.

118.

119.

120.

121.

Thanh, D.T.M.; Nam, P.T.; Phuong, N.T.; Que, L.X.; Anh, N.V.; Hoang, T.; Lam, T.D. Controlling the electrodeposition, morphology
and structure of hydroxyapatite coating on 316L stainless steel. Mater. Sci. Eng. C 2013, 33, 2037-2045. [CrossRef]

Orazem, ML.E.; Tribollet, B. Electrochemical Impedance Spectroscopy; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2017; ISBN
978-1-119-36368-2.

Juittner, K. Electrochemical impedance spectroscopy (EIS) of corrosion processes on inhomogeneous surfaces. Electrochim. Acta
1990, 35, 1501-1508. [CrossRef]

Bockelmann, M.; Becker, M.; Reining, L.; Kunz, U.; Turek, T. Passivation of Zinc Anodes in Alkaline Electrolyte: Part, I.
Determination of the Starting Point of Passive Film Formation. J. Electrochem. Soc. 2018, 165, A3048—-A3055. [CrossRef]

Leikin, J.B.; Paloucek, E.P. (Eds.) Poisoning and Toxicology Handbook, 4th ed.; CRC Press/Taylor & Francis Group: Boca Raton, FL,
USA, 2008; ISBN 978-1-4200-4479-9.

ISO 10993-5; Biological Evaluation of Medical Devices—Part 5: Tests for In Vitro Cytotoxicity. ISO: Geneva, Switzerland, 2009.


http://doi.org/10.1016/j.msec.2013.01.018
http://doi.org/10.1016/0013-4686(90)80004-8
http://doi.org/10.1149/2.0331813jes

	Introduction 
	Materials and Methods 
	Materials 
	Galvanic Deposition 
	Morphology Analysis 
	X-ray Diffraction Analysis 
	Raman Spectroscopy and FT-IR/ATR Analysis 
	ICP-OES Analysis 
	Corrosion Tests 
	Cytotoxicity 

	Results 
	Galvanic Deposition 
	Morphological Analysis 
	Raman Spectroscopy and FT-IR/ATR Analysis 
	Corrosion Tests 
	ICP-OES Analysis 
	Cytotoxicity 

	Conclusions 
	References

