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In this study, electrophoretic deposition (EPD) was used for the coating on titanium (Ti) substrate with
a composite of hydroxyapatite (HA)-chitosan (CS) in the presence of dispersing agents such as polyvinyl
butyral (PVB), polyethylene glycol (PEG), and triethanolamine (TEA). The materials were characterized
using X-ray diffraction (XRD), transmission electron microscopy (TEM), scanning electron microscopy
(SEM), zeta potential, and Fourier transform infrared (FT-IR) spectroscopy. The addition of PVB, PEG, and
TEA agents improved the development of Ti coating during the EPD process. These additives increased
the suspension stability and promoted the formation of uniform and compact HA/CS nanocomposite
coatings on Ti substrates. The electrochemical polarization tests (e.g., potentiodynamic test) of the
substrate with and without coating were investigated. Data analysis showed high corrosion resistance of
Ti substrate coated with the HA/CS NP composite. The corrosion potentials displayed a shift toward
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measuring calcium ion release at various pH values and contact times at a biological pH value of 5.5, the

DOI: 10.1039/d2ra03622¢ stabilities of Ti substrates coated with HA/CS and different dispersing agents were also evaluated. Ti
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1 Introduction

In the field of biomedical implants, composite materials are
currently being investigated.! Ceramic coatings are commonly
used on metal and metal alloy surfaces in composite implant
materials.> Generally, titanium alloy TisAl,V and commercially
pure Ti are used because they are corrosion-resistant and
mechanically strong.® Increasing the surface activity of metal
implants in living tissues through morphological, biochemical,
or physicochemical modifications improves their biocompati-
bility.* It is important to consider the composition and surface
characteristics of implants when considering the tissue inte-
gration process and implant longevity. If metal implants
corrode in vivo conditions, metal dissolution takes place and
metal ions are released, causing adverse tissue reactions and
even a lack of osseointegration.” Biocompatibility could be
improved by surface treatment and coating deposition on metal
implants.®

A great deal of attention has been paid to composites con-
taining hydroxyapatite Ca;o(PO,)s(OH), (HA).” By introducing
HA into the body environment, the so-called bone apatite can be
formed.®* Nonetheless, pure HA is brittle, limiting its
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substrates with high anticorrosion properties may have a new potential application in biomedicine.

application.” By mimicking natural bone composition, the
ceramic/polymer composite material improves HA's mechan-
ical properties. On the other side, chitosan (CS) is an attractive
natural polymer for biomedical applications due to its
biocompatibility, biodegradability, low toxicity, and good anti-
microbial activity." In the regeneration process, CS was shown
to serve as a base material for normal tissue growth during the
tissue repair process.™ Among biopolymers, CS is excellent at
forming films.” As CS increases the adhesion between
composite coatings and substrates, good biocompatibility of HA
is combined with all the beneficial properties of CS, resulting in
highly interesting composite coatings.*

Advanced composites are developed through component
selection and material design." Unique properties of natural
biomaterials are attributed to their hierarchical structure,
graded composition, porosity, and orientation of their nano-
crystals, among other factors."** There have been several
investigations on the development of laminated composites
with alternate layers of HA and various substances, including
bioglass,”®* collagen,'® zirconia,"” silica,'”® and polymers."®
According to the literature, HA/CS coatings were prepared by
EPD using ethanol,* isopropanol, methanol, or mixed ethanol/
water baths.* A great deal of attention has been paid to the
application of EPD in the development of drug delivery
devices.”” A bioactive coating containing several antibiotics was
produced using EPD, including ciprofloxacin,® ampicillin,*
moxifloxacin,* vancomycin,* tetracycline,”” and gentamicin.”®

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Bioceramic materials: advantages and disadvantages®®
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Bioceramics Artificial implants Applications

Advantages Disadvantages

Alumina Knee, hip, shoulder, Reconstruction of the
elbow, wrist fractured part
Zirconia Hip, tooth Reconstruction of the
fractured part
Bioglass Spinal fusion Protect spinal cord
HA Tooth, bone

Bioceramics is a type of biomaterial that treats, augments,
repairs, or replaces damaged or diseased hard tissue. In
general, bioceramics can be divided into three subcategories:
nearly bioinert, bioactive, and bioresorbable ceramics.* Table 1
illustrates the advantages and disadvantages of each type. The
mineral structure of bioceramics like HA, bioglass, and calcium
phosphate makes them ideal for scaffolds, bone fillers, and
coating agents. In comparison to polymers and metals indi-
vidually, bioceramics produce a higher tissue response.®® HA is
biocompatible enough to form a direct bond with the neigh-
boring bone as an implant material. However, its poor
mechanical properties prevent it from being applied to a wider
range of applications. As a result, osseous implants are only
used in non-load-bearing areas of the human body, such as
middle ear ossicles.*® An improvement in mechanical proper-
ties is highly recommended in order to fully utilize HA-based
implants for bioactive applications.®® Polymers, ceramics,
metals, and composites are among the materials that can be
deposited by EPD, but the substrate must be electrically
conductive. EPD has many advantages, including the ability to
homogenously coat porous and complex-shaped substrates at
room temperature and with homogeneity of coatings. EPD is
particularly useful for synthesizing various chitosan-based
composites in a single step. Representative examples are the
bioactive glass—chitosan composites that increase the osseoin-
tegration of 316 steel implants and their corrosion resis-
tance.**** EPD allows us to collect nanocrystals as solid
materials without added substances to investigate fundamental
science (such as nanocrystal-nanocrystal interactions) and to
study actual device fabrication approaches.***” Polymers can
allow composite materials to be processed at low temperatures.
These issues can be wiped out by the utilization of polymer-
ceramic composites.*** The utilization of polymers offers the
benefit of low-temperature preparation of composite mate-
rials.** Critical attention has been devoted to HANPs/CSNPs.
Remarkably, the most common binders in electrophoretic
deposition are composed of non-ionic-type polymers such as
polyvinyl alcohol, ethyl cellulose, polyacrylamide, etc.*?

Biomaterials such as HA and CS have been utilized in several
advanced disciplines, including biotechnology and biomedi-
cine.**** Among their applications are biomedical products,
cosmetics, and food processing.** The biomedical applications
of HA are attributable to its mediocre mechanical proper-
ties.”’ HA and Cs offered several advantages, including high
biocompatibility, good thermal stability, high chemical resis-
tance, mechanical quality, and antimicrobial properties that

© 2022 The Author(s). Published by the Royal Society of Chemistry

Replacement of damaged teeth

High hardness, low friction Weak in tension
Corrosion resistant,

hard, less friction
Biological fixation, bonding
Binds only to hard tissues

Friction problems, costly

Fragile
Sometime fragile

have been used in biotechnology. On the other hand, they form
a composite for coating applications.***®* HA or CS allowed the
fabrication of suspensions with charged nanoparticles for
coating applications using the EPD process. However, the
suspension lacks high dispersion and good stability.

Herein, a nanocomposite mixture of CS and HA was
synthesized and used for Ti coating via EPD. The synthesized
samples were characterized using X-ray diffraction (XRD),
transmission electron microscopy (TEM), scanning electron
microscopy (SEM), energy dispersive X-ray (EDX), Fourier
transforms infrared (FT-IR) spectroscopy, and Zeta potential.
The composite was used for coating Ti substrate in the presence
of dispersing agents such as polyethylene glycol (PEG), poly-
vinyl butyral (PVB), and triethanolamine (TEA). Dispersing
agents like PEG, PVB, and TEA have been widely used to control
the dispersion and morphology of the nanoparticles.
Dispersing agents have the unique ability to self-organize in
solution, which can modify their interfacial properties and
make particles of different characteristics more compatible.*
Our work is aimed at enhancing the efficiency of the nano-
particle system of HA blended with CS. This is done via the
addition of three different dispersing agents, such as PEG, PVB,
and TEA, during the preparation of the nanocomposite. The
purpose of this study is to investigate the influence of different
dispersing agents on the structure, morphology, and anticor-
rosion properties of the nanocomposite. The results obtained
in this work allow us to optimize the EPD coating method of
HA/CS on the Ti substrate system to tune the properties of the
nanocomposites.

2 Materials and methods

2.1. Materials

All chemicals were purchased from international delivery
companies and used without purification. Chitosan (My, =
200 000) with about 85% deacetylation was purchased from
Aldrich and dissolved in a 1% acetic acid solution. Sodium
tripolyphosphate (STPP) (367.864 g mol ') and ethanol solution
were bought from Sigma Aldrich Co. (USA). N,N dime-
thylformamide (DMF; 99%), triethanolamine =99.0% (GC)
(TEA) (149.188 g mol '), polyethylene glycol (PEG; My 20 000),
polyvinyl butyral (PVB, My, = 95 000-110 000), nitric acid
(HNO3, 69%), and hydrofluoric acid (HF, 40%) were delivered
from LOBA Chem (India), Across organic (USA), BDH (England),
and POCH (Poland).
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2.2. Preparation of CS nanoparticles (NPs)

The process used to prepare chitosan nanoparticles (CSNPs) is
based on the ionic gelation of sodium tripolyphosphate (STPP)
and CS at ambient temperature.®® According to the literature,
different concentrations (0.10, 0.30, 0.50, 0.80, and1.0%) of CS
were prepared.”**%' In a solution of 2% (20/80) acetic acid/
water, CS (0.5 g per 100 mL) was dissolved under mechanical
stirring for 2 h. Upon complete dissolution, the pH of the
suspension was changed to 4.6-4.8 using 0.1 M NaOH (3 mL). A
variety of TPP concentrations (0.25, 0.50, 0.75, and 1.0 mg per
mL ") were prepared. An aqueous solution of TPP (5.0 mg per
20 mL) was added dropwise with continuous magnetic stirring
at room temperature to 40 mL of CS solution. The mixture was
held in ionic gelation for 6 h to complete, and the milky
emulsion was attained. The suspension was centrifuged for
15 min at 6000 rpm, and supernatants were discarded. The
precipitated samples were thoroughly rinsed with distilled
water three times to remove traces of the unreacted compound,
followed by centrifugation. After that, the washed precipitate of
CS NPs was freeze-dried for 12 h. For further examination, the
dried powder of CS NPs was kept at 4 °C.

2.3. Preparation of HA

HA was synthesized following the literature.®* In this synthesis
process, 100 mL of phosphoric acid solution (H;PO,, 0.3 M) was
added at a rate of two drops per second at room temperature to
an equivalent volume of calcium hydroxide suspension
(Ca(OH),; 0.5 M). During the precipitation process, the pH value
was kept above 10 by adding ammonium hydroxide (NH,OH).
The resultant precipitate was observed in the mother suspen-
sion for five days and eventually washed with methanol (5 mL)
and isopropyl alcohol three times and dried using a high
vacuum.

2.4. EPD of HA and CS nanocomposite

The nanocomposite of HA and CS was prepared as follows: EPD
was performed from suspensions of 8 ¢ L' HANPs in a mixed
solution of DMF and ethanol (30 : 20 mL), containing 0.5 g L™"
CSNPs. The suspension mixture was magnetically stirred for
10 min and ultra-sonicated for 30 min to achieve a homoge-
neous dispersion of HA and CS. A sequence amount of TEA,
PEG, and PVB was added to the mixture suspensions. Then, the
suspension mixtures were applied to the EPD technique at room
temperature. Titanium (Ti) sheets (2 x 1 x 0.25 cm?®) were
cleaned with acetone for 30 min in an ultrasonic bath before
being used. The substrates were etched with a 5% solution
containing nitric acid and hydrofluoric acid for 10 min. After
that, the etched layer was rinsed in deionized water and dried
with nitrogen gas. The etching process is a routine step for the
coating process. It aims to remove the oxides formed during
storage and clean the surface from debris to ensure the coating
of the Ti substrate with HA/Cs composite. The starting surface
must generally be reproducible and homogeneous to have
reproducible surface preparation processes. The purpose of
cleaning is to achieve desirable processing and film/coating
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properties. As a separate process, external cleaning is per-
formed in a controlled environment outside of the deposition
system. The etchant of titanium with hydrofluoric acid alone
produces hydrogen gas as a by-product. The addition of nitric
acid increases the rate of etching, eliminates hydrogen gas
formation, and produces a smoother finish on the surface.
Nitric acid prevents the titanium surface from becoming rough
and nodular.®*** The electrodeposition was applied for 10 min
using an applied voltage of 30 V following the optimized values
in previous reports.®>*” The electrochemical cell for the depo-
sition included cathodic substrate commercially pure titanium
(99.66%). The substrate was centered between two parallel
platinum counter electrodes, and the distance between the
cathode and counter electrode was held at 3 cm. The sample
was characterized to obtain visual observations, the coating
deposition weight, and adhesive tape to determine the coating's
adhesive properties. As part of the tape stripping experiment,
the tape was fully laminated onto the sample surface and peeled
off three times.

2.5. Coating characterization

An electrochemical corrosion test of uncoated and coated
samples was carried out under simulated body fluid (Ringer's
solution), and a saturated calomel electrode (SCE) was used as
the reference electrode. To mimic the environment of the
human body, the temperature of the test is 37 °C if materials are
being tested for implants. Ringer physiologic solution contains:
potassium chloride (0.40 g); calcium chloride dehydrate (0.27
g); sodium chloride (6.00 g); sodium lactate (3.17 g); water for
injections (up to 1000 ml). The exact pH value of Ringer's
solution is pH 7.3-7.4. The area of the coated surface exposed to
the corrosion study was 1 cm®. The other sides of the electrode
and its edges were masked with lacquer and were dried in air.
The electrodes were further dipped into the electrolyte solution
to study the corrosion process. Potentiodynamic polarization
(PDP), open circuit potential (OCP), and electrochemical
impedance spectroscopic studies (EIS) were carried out on
uncoated and coated Ti substrate samples.

The critical parameters like corrosion potential (E.op),
corrosion current (i.or), polarization corrosion resistance (Ry,),
and corrosion rate were evaluated from the polarization curves.
The corrosion rate, CR in mm per year, is given by CR = 3.27 x
10 ieorBw/p Where i is the corrosion current density in
micro A em?, E, is the equivalent weight of the corroding
metal in grams, and p is the density of the corroding metal
in g em™>. The corrosion tests were performed three times for
each group. The electrochemical experiments were performed
using A VOLTA LAB 40 (Model PGZ301) with the aid of
commercial software (VoltaMaster 4 version 4.08) or Corrtest®
(CS350, Wuhan, China). The samples were immersed in Ringer
solution, and the OCP was monitored for 1 h. The potentiody-
namic polarization scans were carried out with a scan rate of
1 mV s~ ranging from —0.5 V to 1.0 V vs. SCE.

The HA and CS synthesized powders were investigated in
terms of particle size and shape using a transmission electron
microscope (TEM, JEOL, Japan). The microstructure and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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surface morphology characterization of Ti substrates after
modifications were carried out using scanning electron
microscopy (SEM, JEOL, JSM 5410, Japan). The chemical anal-
ysis of the surface was performed using energy dispersive
spectrometry (EDS, Model 6587, Pentafet Link, Oxford micro-
analysis group, UK). The phase composition of the synthesized
powders and coatings was proven through X-ray diffraction
(XRD) (Bruker AXS-D8 X-ray diffractometer, ADVANCE, Ger-
many). Fourier transform infrared spectroscopy (FT-IR) was
recorded using a Nicolet spectrophotometer (model 6700). A
Zetasizer Nano ZS90 (Malvern Instruments Ltd., UK) was used
to analyze the electrokinetic properties of HA and CS in both
suspensions. The calcium ion release from the Ti substrate was
evaluated at different pH values in the range of 2.2-12. The
release was also evaluated at pH 5.5. The calcium concentration
was measured using inductively coupled plasma-optical emis-
sion spectrometry (ICP-OES, Thermo Scientific, USA). The
corrosion resistance of the coated Ti specimens was tested,
determining polarization curves. A saturated calomel electrode
(SCE) and a Pt wire were used as reference and counter elec-
trodes, respectively. After that, the coated Ti substrate was dried
at room temperature for 24 h. Etched Ti substrate and Ti-
substrate coated with HA/CS were used as working electrodes
using different dispersing agents. Ringer's solution was used as
an electrolyte. EIS was measured for etched Ti and Ti coated
with HA/CS using TEA, PVB, and PEG. Two significant param-
eters were obtained based on EIS: coating resistance and
corrosion rate. A 0.5 mV s ' amplitude sinusoidal voltage is
used for measurements over a wide frequency range of 100 kHz
to 0.01 Hz. The measurements were recorded using a potentio-
stat (CS350, CorrTest® Electrochemical Workstation, Wuhan,
China).*

3 Results and discussion

3.1.
study

TEM, dynamic light scattering (DLS), and zeta potential

The morphology and particle size of CS and HA were deter-
mined using TEM (Fig. 1a and b). TEM image of CS showed
irregular particles with a size of 25-50 nm (Fig. 1a). HA nano-
particles display a needle-like morphology Fig. 1b. The long axis
of the needles corresponded to the c-axis of the hexagonal HA
structure. The average length of the crystals was about 200 nm,
and the average aspect ratio was 8. The small size of the HA
nanoparticles enabled the formation of well-dispersed suspen-
sions, which were stable against sedimentation for 1-2 days.
From Fig. 1c results, it can be concluded that the average
particle size of CS was larger than 180 nm. It is also observed
that the poly-dispersity of CS nanoparticles is 0.11 revealing the
homogeneity of the as-prepared particle of CS. However, HA has
a smaller size (55 nm), which is smaller than CS with mono-
dispersity (PDI = 0.078). The particle size using DSL is usually
measured in liquid. Thus, the measured value of the particle
corresponds to the hydrodynamic particle size. It is important
to remember that solvent molecules will interact with the
material through a variety of non-covalent interactions (e.g.,
hydrogen bonds, van der Waals interactions, pi-pi stacking). It

© 2022 The Author(s). Published by the Royal Society of Chemistry
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may be observed that the particle size recorded by DLS is
different in different solvents or mixtures thereof due to the
different solvation properties of these solvents (e.g., water is
both a hydrogen bond donor and acceptor, whereas THF is only
a hydrogen bond acceptor), and therefore differing solvation
properties can affect the size of particles. In contrast, the TEM
image shows the particle size under vacuum, i.e., no solvent,
and particles may undergo shrinking due to the vacuum.*”°
Fig. 1d shows the surface charge of the as-prepared CS and HA.
As known, the zeta potential provides a predictor of polymer
nanoparticle stability.” As the zeta potential increases to
+25 mV, the nanoparticles become more stable. From Fig. 1d, it
is observed that the zeta potential value for CS and HA is 49 mV
and —32 mV. Therefore, the formed CSNPs were stabilized and
quietly protected from agglomeration. The positive action of
these prepared CS shows that the emulsions were stabilized by
the hydrogen bonds between the amino groups and hydroxyl
groups of CS and water molecules, in which water molecules
serve as proton providers while the amino groups are the
receivers. The negative signal of HA could be attributed to the
negative charge bearing oxygen atoms. In EPD, pH is affected by
the agitation of electrolytes and the high current density as
hydrogen is evolved at the electrode surface. As a result of its
deacetylation to more than 85%, CS is insoluble in alkaline
conditions but easily dissolves in the organic acid and has
a positive charge. As the electrolyte suspension is placed in the
electrochemical cell, the HA precipitates as CaP on the cathodic
substrate, increasing the pH. The positive charge on the CS
moves to the cathode, where the pH has become alkaline,
depositing on the substrate and HA. The optimal pH for the
protonation of chitosan depends on its solubility at different pH
levels. CS undergoes protonation at pH values below 6. The
solution becomes insoluble when the pH value exceeds 6.5.
Furthermore, high pH values reduce chitosan's electrostatic
repulsion, resulting in fibers, films, or hydrogels forming as an
interpolymer. It is known that dispersing agents can adsorb
onto the surface of compound nanoparticles. Furthermore,
cationic polyelectrolytes such as PEG, PVB, and TEA have
inherent binding properties.”»”® Thus, it can be used for
charging particles and electrophoretic filings, and the positively
chargeable nanoparticles provide electrophoretic transport of
polymeric molecules to form deposits on the -cathodic
substrates.”7”®

3.2. SEM analysis

To outline the change in the surface morphology of the nano-
composite after the addition of dispersing agents (PVB, PEG,
and TEA), SEM was used to characterize the surface morphology
of the HA/CS nanocomposite. It is depicted that in the nano-
composite before treatment with PVB, the HA/CS has a small
nanoparticle size but with aggregated shapes (Fig. 2a). The
nanocomposite was treated with different concentrations of
PVB, (B): 0.25 gL, (C): 0.5 g L™", and (D): 1 g L™ (Fig. 2b-d). It
is seen that using PVB (0.25 g L', 0.5 ¢ L"), as shown in
Fig. 2(b and c), covered the particles of HA/CS nanocomposite
with a thin layer. Additionally, HA/CS nanocomposite is wholly

RSC Adv, 2022, 12, 27564-27581 | 27567
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Fig.1 TEM image of (a): CS and (b): HA, (c) particle size analyzer, and (d) zeta potential of CS and HA.

covered using 1 g L™ " of PVB (Fig. 2d). This causes uniformity in
the coating layer. The particles become more packed and
denser, affirming that PVB can enhance the dispersion of this
nanocomposite at room temperature, causing the formation of
a homogeneous solution suitable for the EPD process. Moving
to the effect of PEG on the surface morphology of the nano-
composite (Fig. 2e-g), it is remarkable that increasing the
concentration of PEG from 0.25 g (Fig. 2e) to 0.5 g (Fig. 2f) leads
to a change in the surface appearance of the HA/CS nano-
composite. Upon increasing the concentration of PEG to 1 g
(Fig. 2g), the surface of HA/CS is changed due to the potential
effect of PEG at such a concentration, which causes uniformity
of the coating layer, and the particles become more packed with
finer particle size. Meanwhile, Fig. 2(h-j) displays the SEM
images of the surface morphology nanocomposite coatings
deposited on titanium substrate from HA/CS nanocomposite
treated with triethanolamine (TEA of 2, 4, and 10 mL L™ %),
which act as a dispersant at an applied voltage (30 V) for 10 min.
It is demonstrated that HA/CS nanocomposite coating is free
from cracks and has densely packed layers (Fig. 2h—j). It is also
illustrated that increasing the concentration of TEA above 4 mL
L™ does not affect the surface morphology of the nano-
composite, which could be ascribed to the impact of both HA/
CS mixtures with TEA as dispersing and charging agent, in
addition to effectively breaking up the agglomerates existing in
the as-received coating to produce a colloidal stable suspension.

27568 | RSC Adv, 2022, 12, 27564-2758]1

Fig. 3 shows the changes in (CS/HA) PEG coating film to the Ti
substrate before and after tape stripping through high and low
magnification SEM micrographs. Upon pressing the pressure-
sensitive tape onto the film, it is rapidly stripped off. There
are three possible removal scenarios: (a) completely removing
the film from the substrate, (b) not removing the film, or (c)
partially removing or patching the film.”*”” As shown in Fig. 3,
the film is partially removed, which suggests good adhesion in
this case. Clearly, this is a highly qualitative test, and it can be
used to distinguish between cases with very poor adhesion and
those with better adhesion to the substrate.

3.3. XRD and EDS study

For further structural confirmation, XRD was used to examine
the crystallinity of the prepared nanocomposites (HA/CS) coated
with dispersing agents PVB, PEG, and TEA. Fig. 4 shows the XRD
of HA/CS coated with three dispersing agents labeled HA/CS/
PVB, HA/CS/PEG, and HA/CS/TEA. In all three XRD graphs
(Fig. 4a), it is noted that HA/CS samples have diffraction peaks
that correspond to the standard for hydroxyapatite. Addition-
ally, the XRD pattern of HA reveals that the HA powders are
crystalline, with the primary phase of hexagonal HA with
a diffraction peak at 26 = 31.5970°. The Powder Diffraction File
(JCPDS-ICDD, 44-1294) verifies the XRD pattern as hydroxyap-
atite. It is depicted that the calculated crystallite sizes of the as-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM micrographs of HA/CS composite coated specimens in the mixture at 30 V and deposition time of 10 min, with different PVB
concentrations (a) without PVB, (b) 0.25g L™ PVB, (c) 0.5g ™ PVB, (d) 1g L™ PVB, (e) 0.25g L™* PEG, (f) 0.5 L"* PEG, (g) 1g L"* PEG, (h) 2mLL™*

TEA, (i) 4 mL per LTEA and (j) 10 mL L TEA.

synthesized nanocomposite coated with PVB, PEG, and TEA are
about 7.7 nm, 9.17 nm, and 18.9 nm from the Scherrer formula
for all three examined samples, respectively. The peaks of CS are
diminished, which may be related to the encapsulation effect
for CS by HA or due to the lower amount of CS in the prepared
nanocomposite and the amorphous nature of chitosan.”” In
Fig. 4b, the EDS spectrum was used to determine the elemental
analysis of each nanocomposite based on CS/HA nano-
composite treated with PVB, PEG, and TEA as dispersing agents.
It is illustrated from the EDS spectra of HA/CS nanocomposite
coated with PVB (1g L") at applied voltage 30 V and 10 min of
deposition that the presented elements are Ca and P with
weighing ratios equal to 30.6% and 18.55%, respectively. These
mentioned weights (%) are changed to 28.30% and 16.89%
when the nanocomposite of HA/CS has been coated with an
emulsifying agent PEG (1 g L") under the same mentioned

© 2022 The Author(s). Published by the Royal Society of Chemistry

conditions of applied voltage and time of deposition. Deposi-
tion times of 5 to 15 min were used for HA/CS suspensions with
additives under constant voltage conditions in the range from
10-50 V. During EPD, voltage and deposition time were used to
control the thickness of the coating on the Ti substrate. The
coatings were prepared in a uniform composition with a thick-
ness of up to 90 pm. At the optimal potential of 30 V, we were
able to achieve a maximum thickness of 90 um in just 10 min.
As a result, different HA/CS suspensions and EPD conditions
produced various quality deposited films. Even with 2 0.1 g L™ "
concentration, the least concentrated solution showed little
deposition and inhomogeneity, regardless of where or how long
the coating was deposited. However, the 1.0 g L ™" suspension
produced films that, after 10 minutes, reached a thickness of 90
um showed high quality and homogeneity. A high-quality
coating was obtained at 30 V. High voltage results in more
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Fig. 3 High and low magnification SEM micrographs of CS/HA(PEG) coating film before and after the peel-off tape.

homogeneous HA/CS coatings. Our experiments revealed that
thick films of thickness <5 pm were not uniform when removed
from the suspension and tended to detach from electrodes.
Meanwhile, after nanocomposites were treated with TEA
(4 ml L") and submitted to EDS analysis, it was found that
there are two different weight ratios of Ca and P equal to 31.3%
and 18.5%, respectively. The cross-section images of HA/CS
revealed the formation of uniform and dense coatings with
a thickness of 77 um, and the absence of any delamination or
mismatch at the coatings/Ti substrate interface could be due to

the alkali-treatment of the substrates. Indeed, EDX spectra of
HA/CS show the presence of [Ca] and [P] elements with Ti
substrate (Fig. 5). Fig. 6 illustrates the polyhedral and packing
structure of HA and the CS chemical structure of HA/CS
composite. A variety of interaction schemes have been investi-
gated between CS and HA (Ca;((PO,)s(OH),) involving OH, O,
NH,, Ca**, and/or P>~ groups. The OH of Ca(OH), is coordi-
nated with N-H of CS unit 2, while the other one is coordinated
with the OH of CS unit 1. Based on the hypothesis that Ca®>* is
directly linked to OH™ in HA, Fig. 6 was designed. It may also be
C (b)
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concluded that Ca®" is freely interacting with CS as indicated in
the literature.””®

3.4. FT-IR study

An FT-IR study, using the KBr technique (Fig. 7), was used to
investigate the changes in the composites of CS/HA with
dispersing agents (PEG, PVB, and TEA). Based on the IR spectra
of all composites, phosphate ions and hydroxyl group content of
HA were demonstrated. The broadband appearing above in the
region 3500 cm ™' is assigned to the vibrational band of OH™
groups in HA. The spectra indicate the presence of strong
absorption bands around 900 and 1200 cm !, corresponding to
the PO,>~ ions, carbonated ions on 850-1500 cm ™', and carbon
dioxide in the range of 2200-2300 cm ™" of HA. Those belong to
the stretching and vibration bending of the PO,*~ group (vy, v3
PO,*"). The absorption band at 670 cm ™" corresponds to the
bending vibration m* of O-P-O in HA, whereas the peaks at
1211 and 1126 cm™ ' correspond to the stretching vibration m?
of P-O in HA. The band at 1029 cm ™" is due to HPO, > groups.
All composites displayed two weak IR bands at 3400-3500 cm "
resulting from the NH, group of CS. Furthermore, two medium
bands at 1635 and 1550 ecm™" are characterized by CS, where the
first band is caused by the C=0 stretching of amide I, and the
second band is driven by the N-H bending of amide II. The IR
spectra of TEA shows strong bands that are shifted at 3622 and
3555 cm™ ', which indicates the presence of strong H-bonds
between the OH groups of TEA and their corresponding in HA

View Article Online

Paper

groups. As a result of CH, symmetrical deformation, the IR of
PEG HA/CS has two strong characteristic bands at 1421 and
1320 cm™ . There is a strong band at 1250 cm ™" attributable to
the stretching of PEG and PVB along the C-O axis. Highly
shifted values indicate that HA forms an H-bond with CS
heteroatoms. It appears as the distinguishing bands of HA, such
as OH and the phosphate anion bands. An FT-IR analysis
combined with XRD analysis clearly showed the presence of HA
in CS.%%3

3.5. Study of addition of PVB, PEG, and TEA

Firstly, our work aims to design and study the effect of different
types of dispersing agents. Polymers can be used to study the
efficiency of nanocomposites based on HA and CS. According to
Fig. 8, deposition yield and thickness change as a function of
PEG, PVB, and TEA content. The addition of PEG to the nano-
composite resulted in an increased deposition yield, higher
conductivity, and lower voltage drops, indicating the co-
deposition of HA and CS. The highest deposition weight and
the coating thickness were observed at 0.65 g L™ " with PEG as
dispersing agent (Fig. 8a and B). A further increase in PEG
concentration led to a decrease in the deposition rate.

The solution was stirred after the addition of PVB as
a dispersing agent to the nanocomposite above and kept under
stirring until complete homogeneity, followed by the EPD
process. It was observed that PVB plays an essential role in the
coating thickness and deposition weight of the nanocomposite,
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Fig. 7 FT-IR spectra of HA/CS composite coatings with PVB, PEG, and TEA.
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as shown in Fig. 8c and d. The deposition weight and coating
thickness (Fig. 8c and d) and coating thickness increase using
PVB compared to the nanocomposite in the absence of PVB as
a dispersing agent. The data proved that the maximum thick-
ness of the deposited layer increases by increasing the
concentration of PVB. Fig. 8e and f show that upon the addition
of TEA, deposition weight and coat thickness increase to reach
the highest point at 10 mL L™". This observation is attributed to
the rise in conductivity by TEA. Therefore, the positive charge
increases and repulsion between particles increases, resulting
in decreasing the deposition weight and coating thickness.***

3.5.1. Particle charging. There are two popular methods of
particle charging mechanism. Fielding charging refers to
driving the ionized particles in the corona with an electric field
and then attaching them to dust particles. Alternatively, the
induced ions can be operated through diffusion charging,

© 2022 The Author(s). Published by the Royal Society of Chemistry

where they attach to the particles of dust using thermal energy.
Generally, field charging dominates the effect of particles with
a diameter greater than 1 pm. If a particle is smaller than 0.1
um, diffusion charging dominates. Particles with diameters
ranging from 0.1 to 1 pm can be charged by either mecha-
nism.***® Herein, the particle size analyzer based on the TEM
image of the CS and HA (Fig. 1) shows that HA has particles size
below 100 nm and CS possesses particles size around 300 nm,
supporting the presence of charged and diffusion charging
mechanisms.

3.5.2. Dispersion mechanisms. A great deal of research has
been conducted on the dispersion mechanism of nanoparticles
in polymer melts.*>** To explain nanoparticle dispersion, two
mechanisms must be applied: rupture and erosion. This
dispersion process is influenced by the shear stress, which has
an associated threshold value relating to nano-filling properties.

RSC Adv, 2022, 12, 27564-27581 | 27573
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According to Hansen et al.* and Kasaliwal et al.,** the ratio of
applied shear stress (fragmentation number (F,)) and cohesive
strength of agglomerates can be used to distinguish between
erosion and rupture. The dispersion is produced either by
erosion (if F, is less than F, ) or by rupture (if F, is greater
than F, _ ). The dispersion process involved several steps,
including filler incorporation, wetting, infiltration, dispersion,
distribution, and flocculation, according to Kasaliwal et al. (of
fillers in the polymer melt).”® Additionally, both dispersion
mechanisms, except for the shear stress, were affected by mix-
ing time. As a result of these two factors, HA/CS often disperses
inevitably during the melt mixing process. The first consider-
ation is that the breakdown of aggregates depends directly on
the forces acting on them. Aggregate points are determined by
several factors, including the shear/extensional strength,
velocity gradient, viscosity of the polymer matrix, and size of the
aggregates.®® HA/CS aggregates cannot be effectively broken
down when the concentration is low.”® The spaces between the
aggregates are too large to allow rotation, and as a result, they
do not detach very well from the matrix due to the lack of
a velocity gradient.®® As HA/CS is concentrated, friction,
shearing, and elongation forces between close aggregates will
increase rapidly, whereas rotation of aggregates will be reduced
due to the intervention of surrounding aggregates and
enhanced matrix viscosity. Those factors all create a more
significant disaggregation effect.

3.6. Electrochemical measurements

3.6.1. Polarization study. The polarization plots for the
uncoated Ti and HA/CS nanocomposite coated Ti with additives
are shown in Fig. 9. As a change in temperature within the
environment where the specimens reside may change the
intensity of corrosion processes, corrosion measurements were
carried out at constant temperatures. Corrosion current density
(fcorr) and corrosion potential (E.,) are calculated using the
Tafel curve graph by the intersection of the extrapolation of the
anode and cathode parts of the polarization curve.® ' Data is
tabulated in Table 2. The corrosion potential (E.) shifts
towards the positive side, indicating the protection of Ti

4 —HA/CS
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0.8 — (HA/CS)PEG
—(ITA/CS)PVB
=~ 0.6 —— (HA/CS)TEA

T i T T T T
10"  10°  10° 107  10° _ 10° 10

Current density (A/cmz)

10"

Fig. 9
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substrate using HA/CS composite, i.e., increasing the corrosion
resistance.’ The polarization curves show low corrosion
current density. The density of the uncoated Ti specimens was
0.0862 pA cm > at the corrosion potential (Ecor), which is
commonly observed for passive materials with very protective
surface films."*>'** The current densities (i.o;;) of coated Ti
surface for HA/CS nanocomposite, HA/CS (PEG), HA/CS (TEA),
and HA/CS (PVB) are 0.0887 pA cm ™2, 0.0188 uA cm™ >, 0.0298 A
cm 2, and 0.0153 pA cm 2, respectively (Table 2). The higher
current density associated with the coated surfaces may result
from the porosity of high particle volume polymeric additives
(PEG, TEA) induced by polarization.'* The HA/CS (PVB) coated
surface is not observed. This is due to fine particles packing
without defects resulting from small coating particle sizes.
Based on these results, it is concluded that potentiodynamic
polarization curves are generated under Ringer's solution, and
bioactive (PEG, PVB, and TEA) coated surfaces have better
corrosion resistance than uncoated surfaces. This improvement
was supported by a noble shift of open-circuit potential and
a lower corrosion current density. The results of this study were
summarized and compared with those from other literature
sources in Table 3.

3.6.2. Open circuit potential (OCP)-time measurements.
The OCP plots in Fig. 9b illustrate the OCPs for the uncoated Ti
substrate and the HA/CS nanocomposite coated without and
with additives. The results of the OCP measurements deter-
mined that additives contribute to the increase in the OCP of
coated HA/CS, which shifts from an active region into a passive
region. In the coated HA/CS, OCP curves shifted to the noble
direction. HA/CS nanocomposite coatings perform well due to
the characteristic surface insulating properties of CS. The OCP
of coated Ti surface for HA/CS nanocomposite, HA/CS (PEG),
HA/CS (TEA), and HA/CS (PVB) are —290 mV, —310 mV,
—214 mV, and —134 mV, respectively.

A significant shift in OCP of both HA/CS (TEA) and HA/CS
(PVB) samples was observed in the noble direction compared
to HA/CS (PEG) and HA/CS, indicating higher thermodynamic
stability of both samples. The passive air-formed oxide film on
the Ti substrate became more protective after immersion in
Ringer's solution. As a result, the OCP increased until the film
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(a) Potentiodynamic polarization curves and (b) OCP curves for Ti with and without the coating.
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Table 2 Potentiodynamic polarization parameters for uncoated and coated Ti with HA/CS using (PEG, PVB, and TEA) as dispersing agents®

Conditions —Ecorr (MV) icorr (LA cm ™ ?) R, (k ohm.cm®) g, (mV) B (mV) Corr. rate (mm year ')

Uncoated Ti 386.8 (£7.7)  0.0873 (£0.001)  0.784 (£0.06) 233.3 (£6.6) —93.9 (£5.4)  7.6068 x 10~* (+£8.84314 x 1079
HA/CS coated Ti ~ 355.0 (+5) 0.0884 (£0.0013)  1.242 (£0.12) 230.2 (+4) —120.3 (£5) 7.70265 x 10~ (£1.11245 x 107)
PEG addition 239.0 (£7.7)  0.0187 (£0.001)  7.833 (£0.73) 295.9 (£7.5)  —157.1 (£7.7)  1.33025 x 10~* (£6.53989 x 107°)
TEA addition 130.8 (+6) 0.0296 (+£0.001)  5.463 (£0.36) 190.3 (£3) —122.7 (45) 2.57917 x 10~ (+8.84314 x 10~°)
PVB addition 280.2 (£9.5)  0.0153 (£0.001)  7.251 (£0.21) 232.4 (£6.6)  —121.5 (£3.5)  1.33025 x 10~* (£6.53989 x 10™°)

% Standard deviations are between brackets.

reached its limiting level of protection. As a porous material, HA
allowed corrosive media to percolate and react with the metal,
whereas CS completely blocked the pores on the composite
coating surface, whereas the additive provided necessary
mechanical properties to the film, preventing cracking. In
contrast, the OCP stabilized much faster for coated samples.
Since the HA/CS (TEA) coating has TEA in it, it exhibits a higher
OCP than the HA/CS coated Ti substrate.

3.6.3. Electrochemical impedance spectroscopy measure-
ments. Electrochemical measurements using EIS for etched Ti
and the HA/CS-coated Ti substrate (using dispersing agents
PEG, PVB, and TEA) were reported as shown in Fig. 10a and b.
To confirm the potentiodynamic linear polarization (PLP)
results, the EIS measurements were performed in the Ringer
electrolyte solution. Fig. 10a and b shows the Nyquist diagrams
and Bode plots of the uncoated Ti substrate and Ti substrate
coated with HA/CS using (PEG, PVB, and TEA as dispersing
agents) obtained by the EIS tests in Ringer's solution. Bode
impedance plots showed that additive-coated HA/CS have
a higher Z modulus at a lower frequency, which indicates better
corrosion resistance. Fig. 10b shows the highly capacitive
nature of the impedance of HA/CS films on a Ti substrate when
coated and uncoated with different dispersing agents. A sin-
tering process is usually required to enhance the adhesion
between a coating and its substrate when applied by EPD.
During sintering, both oxidation and thermal stresses cause an
ion exchange between the substrate and the ions.'*>'*® In order
to overcome this problem, composite coatings based on HA/CS
polymers can be used. On the other hand, the resulting thick-
ness can increase adhesive resistance according to ISO 2409.

Increased coating thickness and increased adhesive strength
can be achieved by optimizing the voltage and EPD time.
Increasing the voltage and electrophoretic time resulted in the
increased adhesive quality of the coating on the substrate in
this study.'® As a result of the homogeneous microstructural
properties of the coatings, they have a high adhesion strength.
This suggests that a stable film was formed on the substrate.
Due to the thickness, homogeneous microstructure, and good
adhesion to the substrate, the result is likely caused by these
factors. The (HA/CS) TEA showed the largest circle when
compared with the other additives agents; consequently, it has
a higher impedance resistance (charge transfer). It was observed
that the Ti surface coated with HA/CS and dispersing agents
exhibited excellent charge transfer resistance than the uncoated
substrate. According to Fig. 10b, there is a greater flattening of
the maximum for the (HA/CS) TEA, suggesting greater
compactness of the (HA/CS) TEA coating on the Ti substrate.
Based on the results of the EIS tests in Fig. 10, PEG, PVB, and
TEA have a synergistic effect resulting in an improvement in
corrosion resistance of the CS/HA (PEG) coating when
compared with the other coatings. As shown in Table 2, the
polarization resistance (R,) was 7.561, 7.116, and 5.695 kQ cm?,
respectively, for (CS/HA) PEG, PVB, and TEA coatings. According
to the result of a synergistic interaction between PEG, PVB, and
TEA, CS/HA possesses the most significant corrosion resistance.
Based on Table 1, the corrosion rates for the uncoated Ti
substrate and Ti substrate coated with HA/CS (using PEG, PVB,
and TEA as dispersing agents) were determined to be 7.51096 X
1074, 7.72879 x 107%,1.33151 x 10~ *, and 2.5966 x 10~ * (mm
year ), respectively. The coating resistance associated with CS/

Table 3 Comparison of the corrosion data for different substrates coated with CS/HA composites layer using EPD and other techniques

Composite Fabrication method lcorr (MA cm*Z) Biological studies Substrate Ref.
CS/HA Hydrothermal treatment NA Antibacterial activity Ti 112
CS-HPMC-HA-LGO Freeze gelation NA Antibacterial activity Scaffold 113
CS-BNNS EPD 7.56 x 10°° Antibacterial activity Mg 114
HA-20 wt% CS Aerosol deposition 5.097 x 107° NA AZ31 Mg 115
CS/gelatin/nHA Water-in-oil emulsion NA Proliferation No substrate 116
Sr-HA-CS Sol-gel NA Antibacterial activity Powder 117
CS/PVA/GO/HA/Au Gel casting NA Antibacterial activity gel 118
HA-CS/PLA EPD 113 x 10°° NA AZ91D (Mg) 119
HA/HAC/CS EPD 7.85 x 1077 Antibacterial activity Mg alloy 120
(CS/HA) PEG EPD 1.87 x 10°° NA Ti This work
(CS/HA) TEA EPD 2.96 x 107° NA Ti This work
(CS/HA) PVB EPD 1.53 x 10°° NA Ti This work

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Nyquist plot curves and (b) bode plot curves of the uncoated and coated Ti with HA/CS using (PEG, PVB, and TEA) as dispersing agents.
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Fig. 11 The Ca ion release of HA/CS coated to substrate at (a) pH values after 1 h and (b) different times at a pH value of 5.5.

HA coatings is due to the barrier properties (PEG, PVB, and TEA)
that prevent oxygen and moisture from reaching the Ti
substrate, reacting with corrosion-causing ions, and forming
a passivation layer.'®® Induction behavior could be affected by
developing corrosion products at the active surface and
reducing surface exposure to the electrolyte, which results in
a lower resistance of modified coatings.

Consequently, PEG and PVB polymers proved to be more
corrosion resistant than TEA. The barrier properties have been
improved in the current case due to the size of the CS/HA. It has
been proven that nano-scale additives improve polymer barrier
properties by a factor of 10 or even higher for the diffusion of
solvents and gases.'” The results revealed that the corrosion ion
erosion matrix rate had been reduced more effectively. Coating
methods may interact with dispersants in the composite
coating to create a good protective barrier."® The results of the
potentiodynamic polarization and impedance studies confirm
that the Ti coated with HA/CS and additives are highly corrosion
resistant.

3.6.4. Calcium ion release. The coating of Ti substrate with
HA/CS may be useful for biomedical applications such as
implantation. Thus, the calcium (Ca) ion is released at pH
values of 2.5-12 after 1 h and at different times at biological pH
values of 5.5 (Fig. 11a)."** The Ca ion release at an acidic pH

27576 | RSC Adv, 2022, 12, 27564-2758]

value is higher than the basic one due to the decomposition of
HA in acidic conditions. The Ca ion released at environmental
pH 5.5 showed an insignificant increase in the release of Ca ion,
indicating no expansion of the material's decomposition with
time (Fig. 11b).

4 Conclusions

The CS and HA nanocomposite coatings (based on polymer as
additives) can be used to develop biomedical implants. The EPD
enabled the coating of Ti chips with an anti-corrosion thin film of
nano-HA/CS and polymers such as PVB, PEG, and TEA. These
agents improved the coating process of the Ti substrate due to
increasing the suspension homogeneity during the deposition
and forming highly uniform layers of the composite on the top
layer of Ti substrates. In addition, these additives improved the
coating process leading to the high corrosion resistance of the
coated Ti substrate. Electrochemical investigations, including
potentiodynamic polarization (PDP), open circuit potential (OCP)
measurements, and electrochemical impedance spectroscopic
studies (EIS), demonstrated that the acquired layers gave corro-
sion protection to Ti substrates. A PDP test performed under
optimized conditions significantly improved the corrosion
resistance of HA/CS nanocomposite with PVB that displayed

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a current density of 0.0153 pA cm 2. The enhancement of the
corrosion resistance of Ti substrate using HA/CS nanocomposites
may be due to the formation of a highly stable and adherent film
on the surface. EPD can be extended for the coverage of three-

dimensional (3D) and complex Ti-based materials.
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